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Abstract

Magnetic fields and theirmeasurement are an important part of human
technologicalevolution.Navigation in the seas and oceans for many years was based on
the magnetic compadgRIs (Magnetic resonance imaging), an essential tool for soft tissue
imaging in medicine, rely on the different properties of each material when exposed to a
magnetic field.For the above reasons it was considered appropriate to examine the
possibility of a contribution to the field of magnetic measurements and magnetic sensors.

As a contribution to the field of magnetic sensors, AMR (Anisotropic Magneto
Resistor) magnetic sensor technology was chosen for a number of rddsohso main
reasons for the above selection are firstly that AMR semsec®mpact and secondly their
manufacturing method is compatible with integrated circuit (IC) manufacturing
technologyIn addition, the AMR sensor is commercially available in a discrete form and
is widely usedDespite the widespread use of the AMR sensor, it seems tliat, &3
behavior has not been studied in depttorder to arrive at the choice of the AMR sensor,
an extensive literature search was first carried out as well as a study of other sensor
technologies used to measure the magnetic ffeldrge part of the literature review was
devoted to magnetic sensor technologiése remaining part of it refers to the physical
phenomena that govern the behavior of the magnetic materials used in magnetic sensors.

This PhD thesis delves into the behavior of the AMR type sefBerAMR sensor
used is the Honeywell HMC100x (HMC1001 and HMC1002arious circuits and
experimental devices were developed to study the behavior of the above 3éwsor.
behavior of the HMC100x sensor in continuous magnetic fields was investigated and
characterizedA mathematical and circuit model was developed for its behavior at high
frequencies, due to the problems of clekmmp instability at high frequencieghis
instability is due ¢ the flat construction of the AMR sensor under studyaddition, the
response time of the sensor to high frequency current pulses was exarhiesel pulses
were used to repolarize the senddren, based on the previous results of the study, a new
measurement architecture was developed which aims to improve the response of the sensor
in question.Finally, three circuits based on this new architecture were devel®pede
circuits experimentally confirmed the correct and efficient operation of thencbwtezture
in the response of the sensor.

Keywords: AMR, Sensor, Sensors, Magnetic Sensors, Anisotropic Magnetoresistor,
Magnetoresistor, Calibration, Magnetic Sensor Calibration.
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|l ntroducti on

The present Ph.D. thesis focuses on developing a magnetic sensor system based on t
Anisotropic Magneto Resistance effect (AMR)his sensor system has a compact size but
accurateenough to beised in many applicatiorssich asvlagnetic Compas#lagnetic Anomaly

Detection (MAD),Ship Navigation, etc. which will be discussed later in the chapter.

The earthds magnetic field t hatnternsthatir e at
createsa physical shield from thienized particles derived from solar storf§ [9]. The earth's
magnetic field permeates everything, and many living organisms rely on it for their s{tOival
[18]. As the magnetic field travels through the spaee be attracted orcan berepeled by
materialsvhich have magnetic propertisgschferromagnetism, antiferromagnetic, paramagnetic,
diamagnetisnfil]i [9].

The humanity has discovered the properties of magnetism and magnetic materials anc
develoddifferent sens@and actuators to utilize those physical phenonmeaderto improve
the way of living. One of the magnetic sensors Haasbeen discoverd,the AMR sensqrwhich
is the core of the magnetic sensor systbas beerused for the present thesis to develop an

innovative sensory system.




AlMagnetic Measurements

NowadaysMagnetic Measurements are a major field in science, which are spreading from
material technology, mechanical and electrical engineering up to the everydapdifmagnetic
measurements began as humanity discover the electric current in 1831 by Michael Faraday, and
earn the ability to experiment with different magneticf@ldn d e pendent of t he ear
field. Our modern civilization is based dhe electric current and the magnetic fiald this is
maybe due to James Clerk Maxwell (183379) whorealized at his timehat the electric current
and the magnetic field are closely related.

Everyday appliances usually work in a clo$edp architecture, (i.e. the washing machine).
To do that a system needs to measure the (i.e. the water level) physical size with a specific device
called a fAsensoro and a s ytketphysicaltpmpertyocalled ao | (i
Atransducer 0. Both sensor s -mapdaystenr. Gaherallye this ar e r
closedloop architecture goes unnoticed by the public until an appliaateinction Usually this
closedloop architectures habetter performance characteristics than dpep architectures and
that is the main reason that are so widely uBedplequestionthe purpose of a magnetic sensor
or a magnetic actuator in everyday life, and where they are used. The choice of the sensor depends
on the physical effect to be sensed and the response reddiagaetic sensorareoften usedo
measure other physical properti€se next subsection will ggresentinghe applicationsf the

magnetic measurementsaumletailformat.

Magnetic measurements can be both easily and highly difficok wmontacteddepending
on the demand for the dynamic range, the resolution and the frequency response in the specific
application.Unlike other physical quantities such as temperature and hunitiigneticField is
a vector quantitythat means in order to loescribedt is need three parameters, the magnitude,
the orientation and the directihli [9],[19]7 [22]. It may sound simple, but some magnetic sensor
can measure only the magnitud® theycannotsense the directigrand other can sense the
magnetic field on a specific directioblsing the last type of sensor and combine at least three
together in an orthogonal configuration the vector for the magnetic field can be reconstructed. The
question arises as to whether the three sensors can indeed be perfectly perpendicular to.each other
In fact, it does not have to be completely perpendicular, bubtisiglighment carbe calculated
and corrected through a rotation matrix after the calibrgtoatrix rotation] The smallest
magnetic flux that can be measured is the half of the magnetic flux qugntugy wherelz is

Q Qi

CBT @ X WEToArc8t @ X Y@ o (% [1]7[9],[219]i [22]. Smaller magnetic flux quantities

as far as today is impossible to measure. Generally speaking, in order for a physical property to




be measuredome specificationeed tobe taken into account such as: i) the dynamic range, ii)
the resolution, iii) the accuracy, iv) the offset, v) the noise vi) the frequency response vii)
environmental conditions viii) codt.is well known that if you try to improve a property you will

lose at least one of the other properties. For this reason, the sensor outputs should be careful
examined to avoid any inconsistencies. The same contradictions can becémaedningthe

magnetic sensors.

A2Appl i cation of Magnetic Measur

Magnetic measurements can be applied to a plethora of applications. Magnetic
measurements are not onlgedto measure the earth's magnetic field or an objecataitlso
usedto measure other physical phenomena and sizes, such as length, velodiythescsub
sectionsome applications such as Magnetic Compass, Magnetic Anomaly Detection (MAD),
Magnetic Camera)uclear Magnetic Resonance (NMR), Magnetic Resonance Im#iiRd)

and measuring other physical propertial be presented
A.2.1 Magnetic Compass

The Magnetic Compass is the most widely known and extensively used magnetic sensor
The magnetic compass is estimated to have been discovered between 300 and 200 BC during t
Han dynasty in Chindn the following yearsthe Song Dynasty used the magnetic compass for
both inland and naval navigations purposes. This resulted in the Song dynasty obtaining at
unparalleled advantage, which brought it great profit from the tré@8jg[27]. It would probably
be a bigmistake not to mention the European seafarers, Vasco da Gama i(14&24),
Christopher Columbus (14511506) and et.al., whose, with the use of magnetic compass, carried
out large exploratory campaigns.

Magnetized Needle
Points to North Pole

€Y (b) (c) (d)

9

Figure A-1: The evolution of magnetic compass.




Over time, the flat magnetic compass veatvancedtio a threedimensional magnetic
compass. The latter became a valuable tool for all land and sea explorers, reaching the beginning
of the last century to be used in aviation as well. In the late 20th century and today with the advent
of electronics, micrdectronics and electromechanical systems, the magnetic compass could not
be left untouched. It changed its shape once again and took a more compressed form made of 3D
magnetometers. Despite the evolution of other navigation systems such as a Globalifpsitio
System (GPS), it has not lost its glamor, and remains an integral element in all inertial navigation
systems. Inertial navigation systems incorporate an Inertial Measuring Unit (IMU). Some may
wonderabout the purposef a magnetic compass or a magnetic sensor when we have GPS without
realizing that most modern uskiendly GPS systems have an integrated magnetic compass.

FigureA-1 shows the evolution of the magnetic compass.
A.2.2 Magnetic Anomaly Detection (MAD)

Magnetic Anomaly Detection (MAD)is a family of application concerning the
deformation of the magnetic field. This deformation of the magnetic Getdis due to the
presenceof an object with magnetic properties in the e@rttnagnetic field, odue tothe
deformationof the magnetic properties on a ferromagnetic maténidhe literaturethe term of
MAD refersmore frequentlyto the detection of moving vehicles, vessels and submakivigite
a vessel travels in theaéts keel, which is constructed by steel and it is a ferromagnetic material,
attracts the magnetic field of the earoth areshown inFigureA-2.
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Magnetometer as a MAD

Figure A-2: Distortion of the Magnetic Field due to the present of (a) a car and (b) a vessel.

The MAD usually is useadn traffic lights to detect the number of the cars in order to
optimize their throughput. In the sea the MAD can detect v@ssdiarsh weatheconditions
when the radatannot28], [29], [38]i [47], [30], [48]i [57], [31], [58]i [60], [32]i [37].
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A.2.3 Magnetic Camera

The Magnetic Camera is a system with one or multiple magnetic sethsdcapture the
magnetic field of an object or arda.comparisorto the well know image camera the magnetic
camera desnot havdenssthathelpedto focuson theimage. Due to the absencetbils type of
technology magnetic cameras are constructed with a single layer or multiple peyalsdf 1D
or 3D magnetic sensor arrag it is presented iRigure A-3 [61]i [63]. Moreover, Magnetic
Cameras need to be moved during the measurements in different positions usually with a use of
robotic arm in order to capture a whaesa Examples ofcommercial magnetic camerare
shown in theFigureA-4 as well as aexample ofapplication[30], [64] [68].
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Figure A-3: Magnetic sensors configuration for a Magnetic camera.
(a) a single, (b) an 1D array and (c) 2D array of 3D magnetic sensors. Source: Melexis, Hackaday.io.

VK|

MiniCube3

(a) (b) (c)
Figure A-4: Commercial Magnetic Cameras (a) the module, (b) an application and (c) results. Source: MAGCAN

Magnetic cameras are essential $dol Non-Destructive Testing (NDT). They are theeanto

identify a magnetic anomaly andraportedn different literaturemagnetic anomalies are related
to mechanical stresses or craf8]i [75].

A.2.4 Nuclear Magnetic Resonance (NMR)

NuclearMagneticResonance (NMR) is a technique that idésdian atom or a molecule
This can be achievdny applyingthe appropriatenagnetic field and measuring its resporides
first steptowardsthe discovery of NMR waisiitiatedby Isidor Isaac Rabi in 1938 at the Columbia
University, who successfully measured the nuclear magnetic momdatsitilized theMagnetic
Resonance absorption of molecular beams in order to measure the nuclear magnetic moment

Due tohis discovery he was awarded by The Swedish Academy the Nobel Prize in Physics in
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1944.[76]. Also, the Felix Bloch and thEdward Mills Purcellwereawarded the Nobel Prize in
Physics in 195877], for their work in 1946 of successfully demonstrgtheNMR for condensed

matter This marked the beginning @f new era ithe chemical identificatiorf78].

(@ (b)
Figure A-5: The evolution of NMR. (a) First Generation JNIM(1956), (b) Second Generation JMIAHL. (1963), (c) INM
GX400, a Fully automated spectrometer. (1981), (d) Modern GenerationREXBRR500 (2015). Source: JEQRO].

(d)

Nuclear magnetic resonance (NMR) is the physical phenomenon in which the nucleus of
an atom or molecule is resonate in specific frequency under the influence of an external strong
magnetic field. The external magnetic field is constant during a specitadurement and is
dependent by the technology of the NMR spectrometer and can vary from 1 Tesla up to tens of
Tesla. The frequency that the nucleesonatess from 3 MHz (HF) to 3GHz (UHF). NMR
frequency is a specific magnetic property of certain atomatei. NMR spectroscopy is widely
used to identify the structure of organic molecules in solution, study molecular physics, and to
characterized crystals as well as woopstalline materials. NMR is the fundamental principle for
the Magnetic Resonance Igiag (MRI) however usually MRI scanner cannot identify the
different molecule but only the soft and hard tissod=igure A-5 is presented the evolution in
NMR spectrometef79], [80].
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Figure A-6: The hydrogen nucleus under magnetic field.

Under normal conditions the thernelergy that causes the nucleus of an atom to rotate
around its axis has two effects, i.e. hydroger{Rigure A-6): on the one hand, electricity is
generated on its surface since the proton carries a positive charge and on the other because the
proton has an atomic charge mass of one, also has angular momehtdine( current at the

proton surface creates a small magnetic field whose magnitude is called magnetic monent (

Both rotation and magnetic torque are vector sizes pointing in the same direction along the axis

6



of rotation as defined by the righind rule. To be a nucleus useful for MR, it must have
both characteristics, so it is saildatit hasthe Nuclear Magnetic Resonance (NMR) property. A
nucleuswith an NMR property can also be referred to as a spin, while a collection ohsetdus
in space is known as a spin system. tfugleusdoes not have these twharacteristicsthen it

cannot be studied using magnetic resonai8d.

A.2.5 Magnetic Resonance Imaging (MRI)

Magnetic Resonance Imaging (MRI) is a technique that utilized the NMR phenomenon to
create an image ahobject. The MRI is more known to the public as a medical imaging technique
to visualize different pastof the soft tissue of the human bodye Swedish Academy in 2003
awardedscientistsPaul C. Lauterbur and Sir Peter Mansfield tfogir contributiors to the MRI
for medical application with thilobel Prize in Medicing82]. Additionally, Prof. Raymond V.
Damadian, contributetb theMRI by usingthe NMR to create images that can separate cancer

cells from normal celldy comparing their relaxation tini82]i [85].

Radio
Frequen

Radio Freqliency
Coil (Transceiver)

Scanner

Patient

() (b)

Figure A-7: The MRI . (a) An MRI scanner sketch, (b) MRI 6
Source: Nationalmaglab.org & Nobelprize.org.

The matter is composed from three different types of particles: the protons, the neutrons
and the electrondhe first tvo makethe nucleus of the atom and the electromst it. Every atom
has is own different nuclear structures and these different structures have different impact in the
NMR. Living organisns have vast amount of watéhereforethey havehydrogenatoms In fact,
the MRI does not measure the magnetization of individual hydrogetei, but the total
magnetization of nuclei psent in the body under te§the MRI can only visualize atasnvhich
theirnucleihas the NMR property and hydrogen is one of {igdiii [85].

TheMRI is requred toreconstruct a 3D image of the bodyis can be accomplished by
a sequence of pul ses that create different
magnetic sensorgirst a strong constant magnetic field of some Tesla is applied as shown in

FigureA-7a usingt h e fi ma geseenagneis. are Adtually coils, where a current is passing
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throw them, to makéhe magnetic fielamore efficient and possihl&@he coilsare made outrom

supper conductive materials in cryogenic temperatures. This strong magnetic field polarized and
orients the atomsef the body.The RF coils stimulate the atoms that will be examined., i.e.
hydrogen atoms\lext using the gradient coiis FigureA-7b, a magnetipulsecan bantroduced

in the body undetest The magnetic pulses divert the atpine.hydrogen atoms, from their stable

orbit by offering them a perpendicular moment@theruses of gradierdoils are the creatioof
theisl i ceo a s pec.i fest. Agdtheatpnastretumn ko thair selae orbihah echo of
the previously appd pulse igransmitted. Sensitive magnetic sensors captwse echoes of the
magnetic fieldandby combing themusing appropriate algorithneanreconstructhe 3D spatial
allocation of the specific atoms.

A.2.6 Recording Devices.

MagneticRecording is by far the most well knaamd wild usedapplicationof magnetic
sensors and actuatofgdagnetic storage is belonging to the category of-vwlatile memory,
which means they can keep the data after power off the device or the MvEdjaetic storage
devices utilize different patterns of magnetization in different magnetizable material,
(ferromagnetic material), to store data with literally infinity cycles of rm@adrite. Compare to
other media like optical disks (Compact Disk (CDJgital Video Disk (DVD)) and electrically
erasable programmable readly memory (EEPROM), flash storage has a finite number of write
cycles.Even if the magnetic media is cable of infinity cycles of reagrite, that does not mean
that it cannofail. In case othe mechanical device controlling thegnetc storage medidails
it will lead to the damags themedia(FigureA-8 - FigureA-11). For examplethe heads athe
hard disk usually hit the magnetic plates scratching tRe&are A-10, or the plastic polymer
(Figure A-8, Figure A-9), which the magnetic material is deposited, starts to decompose
more weather conditianlike humidityand temperature can also damage the n{EdjareA-11).

If the temperature is high enough (Curie Temperat¥ehe media losessmagnetic properties
andas a resulthe stored data will be lagtlowever if the temperature fallower than theY the

media is perfectly capable to store new dateour daysmagnetic storage media is one of the
mostreliable reacandwrite storage media in the wdr In order not to be misle@ptical Storage

(in film or in plates), is the most reliabdndlong-lastingdata media in the wh until today, as

far aswe known AccordingtoF u j i f i |-amdwhit® miarofikm is an archival medium with

a Life Expectancy (LE) of at least 500 years when processed and stored according to
recommended st a[@H ahe dollowing &igureiAeB,ets Figure A-11 present

different applicatios of magnetic recording devices.
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(a (b)
Figure A-8: Audio Cassette and Recording/Playback device. Source: Wikipedia.

(b) (d)

Figure A-9: Video Home System (HSV) , (a) Tape, (b) Tape structure, (c) System, and (d) Reading heads.
Source: Wikipedia.

(d)
Figure A-10: Computer Storage. (a) Hard Disk Drives (HDD), (b) open HDD, (c) Hard Disk heads and (d) Heads p
Source: Wikipedia.

@ ’ (b)

(b) (©)
Figure A-11: Computer Backup Storage. (a) Digital Data Storage (DDS), (b) Linear-Cggmn (LTO) cartage, (c) LTO syste
Source: Wikipedia , Britannicg0].

The principal of the magneticrecordingis datedsince190® #hen the Danish engineer
Valdemar Poulsen was able to record a speech in a steel wire. Following this invention, he
developed the first magnetic telegraphdi®&]. Another important milestone in magnetic
recording was made by Olle Karlgvist his publicationin 1954 titled fiCalculation of the
Magnetic field in the Ferromagnetic layer of a Magnetic Dif@8]. In his publication he had
solvedaproblemwhich trouble the scientific world at the time, the one relatinbegapbetween
t he magnetic media and t he r e dhusrdidcovergoperee a d ,

newpathwaysconcerninghe magnetic storage which are stikdsoday. More information about
9




the magnetic reading head and magnetic media can be found in the following biblidg@&iphy
[90].

A.2.7 Measuring other Physical Properties.

Magnetic sensors are used to measure a plethora of different physical properties
phenomena. It is well known that magnetic sensors measure the magnetic field, however this is
not the most frequently used application. The magnetic properties of the sensing element of the
sensor othe magnetic properties ahobject under testing afat the magnetic fieldf the object
can be variedlue to different reasonkor example, mechanical stresses in the sensing element
cause deformsn the molecule lattice thefore deformation of the magnetic domains of the
structure ledsto the changed of the relative magnetic permealdility of the sensing element.

It is known from the physics, that the phy$§iparameters are interdepended as the example above
thus one type of sensor or different subcategories of senaarde used to measure other
phenomenaOccasionally, it is necessary to measure the sizes through other routes known as
indirect methodsSuch methods ofteproduce better results in comparison to the traditional
methods. Next, examples of these methodsll be presented involving magnetgensors
measuring other phenomefia, [2], [3]i[9], [19], [20]i [22], [90], [91].

A.2.7.1 CurrentMeter

Current Metefcurrent sensoliy an essential tool in many automationiseie aréwo main
types of electriccurrent sensorsThe first oneis with the use of a simtiresistor (a small value
resistor). When the current passes tigioa resistor, a voltage differea appeas across its
terminal, and this voltage is proportional to the current value. This may work very Vi@ in
currents but in high currents teeuntresistor shouldhe lower invaluebutbulky in size,to avoid
overhead93], [94]. Anotherdifficulty is when the voltage between the resistor terminal and the
ground is highthe voltmeter may not be able to measur®dth difficultiescan be overcome
with the second type of current sensevlich aremagnetic sensemeasuring the magnetic field
that is produced by the curref®,[19],[93]. This method of measurement is known as indirect
method of measuring a physical property. In this case, the magnetic sensor offers an isolation
between the high current / high voltage circuit with the measuring equipment. Moreover, there is
no energy wasd in heat loss as in the case with shentresistor. The two different tygef
measuring the electric curresrtepresented ifrigureA-12 using alsan example of commercial

application.
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Figure A-12: Ways to measure the electric current in a circuit with
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A.2.7.2 Position, Displacement and Level Sensors

Measuring the position or the displacementhalevel of an object is paramount ohaily

living situationsand industrial automatic control systerhe are many different ways to measure

the positionof an objectsuch asusing a variable resistor, an electrolytic calljght sensor, an
optical encoder, a capacitive coupling, an ultrasound transceiver, a radio radar and a magneti
sensor These measurement approachas be found in literaturf9],[19],[93]. However, this
section of the papdocusesin finding out thetype ofthe magnetic sensathat can be used to
measure a linear and a circular position of an objécere are many types of as well as
applications for the magnetic sensors relating to position or displacement meter but here only on

example of their actually capacity will be presented
A.2.7.2.1LVDT sensor as a linear position sensor.

The Linear Vibrable Differential Transformer (LVDT) istgpe of a transformer witk
variable core. This sensor has the ability to acclyrateeasure the position of the core
displacemendas well as to provide the absolute positiérnypical structure of this sensor is shown

in FigureA-13 among with a&commerciallyavailable LVDT sensor.

Vout=V1 -V, =0V

S~ @3
?];E]

Figure A-13: LVDT sensor as a linear position sensor, (a) the physical diagram (b) the circuit diagram of LVDS and (c) i
LVDTs sensors wittheir controller.
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The LVDTs areconstructed by three solenoidal coils placedtereind around a tube and
a movableferromagnetic core. The center colil is the primamgwhere the excitation signal is
applied, and the two outer coils are the secondartes movablecylindrical ferromagnetic core
can slide along the axis of the tube. This corattached to the object whose position is to be
measured. An alternating currestimulateshe center coilandas a resula voltages induced in
each secondarmpoil. The voltagas proportional to the length of the core linking to the secondary

coils. Thecurrent stimulahg frequency is usually in the range 1 to 10 KBIz[19],[93].

Whenthe core moves, the primargsupling coefficiento the two secondary coils changes
andconsequentlgauses thenductedvoltages to change. Thoaitputcoils are connected so that
the output voltage is the difference (hence "differential”) betweelethgecondary voltage and
theright secondary voltagas shown irFigureA-13. When the core is ithe middle equidistant
between the two secondaries, equal voltagesdtetedin the two secondary coils, but the two
signals cancel, so the output voltage is theoretically zero. In practice minor variations in the way
in which the primargoil is couplednot only inductively but also capacitively, each secondary
coil, means that a small voltagemslucedwhen the core ig centralposition When it is properly
designed this sensor offers a high accuracy position measuring.

A.2.7.2.2 AMR / Hall sensor as eotation position sensor.

Rotation position of a rotor is also common in industrial applications. Imagine that there is
a robotic arm that needs to be posiédim a specific spot in the space. The robotic arm has many
rotating joins that need to Ipmsitionedin a specific pattern in order to achieve thdiere is a
need for high precision rotating sensors. There are two maisidf/patating sensors, the absolute
and the incremental one. The incremental sensors need to be initialized in evewhilgctke
absolute sensors dwt need that. Both sensors can be developed haselifferent sensing
principles suchas, therotating resistorthe encoding optical diskor therotating magnet. The
FigureA-14 shows an example of the rotation send@sed on the magnetic eff¢@f,[19],[93].

apC —{Sin  Angle] ‘% b Logic
CORDIC Cs0 b & [ Angle
aoc |—cos  Mag 685 E Counter
(b)

Figure A-14: Magnetic sensor as, (a) absolute and (b) incremewtakion position sensor
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A.2.7.3 Circular Velocity Sensors

Circular Velocity sensors measure the rotation speed of a Agdn many applications
there are different methods to meastie circular velocity as wellThere are two main
techniques, the optical one and the magnetic baldng as an examplemaagnetic techniquave
can measure the absolutgation speetdy measuing the Electro Motive Force (EMF) of a motor.

The EMF is proportional to the rotation speed and is given by the following equation
[ foRe)
wherg is the angular speed, and fkeis an electrical constant, which is inherent to the motor.

This techniques like using ananalogapproactHor measuing the rotationspeed Another
way tomeasure the rotation speed in a discrapgfgoachis to place a small magnet in the shaft
of a rotor. Amagnetic sensor counts the passes of the mdghgt9],[93]. Both types of

measuring the rotation speed are present&ijumeA-15.

>

Signal & Logic
Conditioning | Spee i b e |speed
Electronics # Counter

>

(b)

Figure A-15. Magnetic sensor to measure the circular velocity, (a) using a motor/generator/synchro and (b) with a |
sensor in a discreate way

A.2.7.4 Flow Sensors

Flow sensorgan measure the flow of the airtbe liquidtraveing througha pipe. A flow
sensorbasel on the electromagnetiprinciple utilizes the Faradajlenry effectin order to
measure the flowThe Figure A-16 present a diagram of sucla sensor.In this case, the
conductive media is the fluid which travels through the gipd an external magnetic field is
applied perpendiculamthe flow.As a result, aElectraMotive-Force (EMF) is generated in the
conductor, (i.ethe fluid). The amplitude of the EMF is proportional to the velocityhefmoving
conductor. This methodeeds the fluid to be conductive in order to be applid&h)E.9],[93].

FI ow=Kk L:B/DI
k = Scale Factor

Figure A-16: Methodology to measure the flow based on the Elédtve-Force (EMF)
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A.2.7.5 Acoustic Sensors

An acoustic sensor, @microphoneareconsideredgensos that measure the sound both in
water and in the aifThere are many different types of microphonesrbthis sectionfocuswill
be givenonly to those that utilize the magnetic field to measure the acoustic @ageof those
Is the microphone that is presentedrigureA-17. This type of microphone works withsalenoid
coil movinginsideof a magnet. When an acoustic waeenesit hits the membrane of the sensors
which the colil is connectdd. As the coil is moving in a magnetic field an EMF voltage is created
in its terminal. The voltage is proportional to the amplitude of the acoustic wave and the frequency.
This type of acoustic sensor can also be used as an a¢@]4i®],[93].

Wires carrying

Sound Signal

—} Magnet

Waves C?Oil
Diaphragm

Figure A-17: Magnetic sensor to measure the circular velocity.

A.2.8 Conclusion

Undoubtedly, magnetic sensors are an important discdoempe humanity. Not only as
they were originally discoveredsing themn navigation, but also as means of measuring other

physical propertiesT he magnet i ¢ s aerep@sersain ooder foatheireladers ioe s
understand their value.
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A3 Thesi salPropos

The aim of this thesis is to study and design the proper elect@ragaits for a magnetic
sensorlt is attemptingo inventthe best circuit architectufer signal conditionindor the selected
magnetic sensof.he sensor which was selected for this thesis is the Anisotropic Magneto Resistor
(AMR) with the part number HMC100X produced by the Honeywell If85]. The circuit
architecture that igoing tobepresentedh this thesiwill utiliz ethe selected sensor and maximize
its sensitivity and dynamic range while miniimg its noise. Morespecifically, the proposed
circuit architecturgrovides the lesthermalnoise pj "Q that is possibldor the specfic sensor

and minimizes the noise introduced by the electrahiesnal noise pj "Q and white noise.

A thorough study of different magnetic sersoas conducted. The two most suitable and
fissile sensor technologies that wetee best candidatefor experimentaltesting were, the
MagnetoResistors and the Fluxgates sensd@]i [22]. Both of those technologies can be
separated in different subcategorigbe MagneteResistoror Magnetoresistor (MR) of the
magnetic sensors can be dividethiasubcategoriesf, theAnisotropic Magnetd&esistor (AMR)
[8], [20], [22], [96]i [98], the Giant Magneto Resistor (GMR20], [22], [98]i [103], the Giant
Magneto Impedance (GM[RO], [22], [104]) [109] and Tunnel Magneto Resistor (TMR20],
[97], [110]i[115]. The FluxGate or Fluxgateof the magnetic sensors can theided in the
subcategories d?arallel FluxgateandOrthogonal Fluxgate§.urthet theParallelFluxgateshave
additional subcategories thatte identifiedas, theSingle Rode ParalletheDouble Rode Parallel
and theRing Paralle[90], [115], [116], [117][123],[124]i [133],[134].

Numerus applicationstilizing the AMR sensocan be found in bibliograph$6], [67],
[135]i [142], [143] [149]. More relevant to this work ka the publications that use different
mechanisrato reduce the noise, the hystericizes, the efies and the offset of the AMR sensor
[21], [67], [157) [163], [96], [141], [151][156]. However, neitheof those publications examine
the sensors internal parasitic elements and coupling, nor the effect whiepdlagizatiorpulses
have to the sensbrperformanceor the closedoop stability wasstudied Most probably these
issues weraot examind because sensongereusedin low frequencies up to 1kHz, in which the
effect of parasiticide dmsnot emergeMoreover there are applications thtte AMR sensor is
used in frequencies up to 1MHz but there isreference in literatureslevant to the problems
arising from the applicationd64], [165] During this research tise issues were determined,
studied and published idifferent conference and journals[127], [166], [175][177], [167]
[174]..

When reviewingthe literatureconcerningthe Fluxgate sensors someoren discover

similar problemsas with the AMR sensorg.ots of researcltonsecrates minimizing the noise
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and the hysteresis from two different perspestivEhe first one studiesthe technology of
materialg20], [96], [98], [119], [144], [178][180] and thesecond one studi¢ise circuit topology

and signal excitatiof20], [21], [140], [141], [145], [148], [149], [151]153], [157], [159], [67],

[160]i [163], [181)[186], [68], [187], [96], [101], [130], [133], [136], [139]Surprisngly,

al though this type of s enthergis roanormatieggveaninused s
literature concerningny mathematical or circuit moddbr the parasitic coupling between the

coils.

In summary, lte intention of this thesis is to desi@gcompetitive magnetic sensor that will
enable pilots, archeologists, engineers in general to have a wide band magnetic sensor for better
magnetic field measurements. This does not suggest that the attempt to create such a sensor also
implies that it willbe the perfect one for such applicati@ssthere is not a perfect system in the
nature. This research also attempts to examinallipossible ways the Anisotropic Magneto
Resistor (AMR) sensor and try to address the drawback that this sensor class has. The main issues

that are trying to address here
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AdAi ms & Objectives of the Thesi

Reviewingthe literaturejt is obviousthat there is gapas there is no magnetic sensor that
can perform to its best capacity in a wide band of frequencies from constant magnetic field (DC)
to some Mega Hertz (MHZJ.herefore, the purpose of this research is to fulfil thislgab

1) Modeling the AMRparasiticelement and parasitic coupling. This is useful for a closed
loop topology to model any unwanted side effects like instability.

2) Examine the AMR performance for short Set/Reset (S/R) pulsed and the effect that they
have in the sensitivity and offset of the sensor. Thisgairedto give useful information for faster

S/R cycles in order tbavea higher frequencyesponsén an open or closekbop.
3) Presentinganew innovated advance circuit architecture that eslihe abovemodel of

the AMR sensoythe sort S/R pulses to reduce thwise, reduce the hystereaisdeliminate the

offset.

4) Designinga circuit base on the proposed circuit architectiités will be presented,

tested and measutand will address those issues.

There are manynagneticsensorswhich are comparably available, thaerform very well
in low frequencies (up to some kHz) such as Fluxgatensorsmagneto strictive delay lines
(MDL) sensorsGiant Magneto Impedance (GMI) sensors, and other magnetic sensors that they
need an AC expiation to perforfi], [19]i [21], [96], [101], [115], [123], [151], [188]Other
sensors such &earchCoils cannot perform at all in DC magnetic figdid, [19]i [21], [66], [96],
[151], [152], [188], [189]

The Anisotropic Magnet®&esistor (AMR) is a magnetic sensor that can perform in a wide
frequency spectrum from DC up to 5MIB5]. However this doesnot come without cost. As all
other magnetic sensors, it has thermal nogéQ and especially for AMR sensthis type of
noiseis strongelin compaisonto other sensors such as Fluxgates, GMRARs, GMIs, Search
Coils, andetc.[7], [9], [19]i [21], [96], [188] Another issue with the AMR sensor is that when it
is exposed ta strong magnetic fieldt loses its ability to sense the magnetic field until it is
repolarized9], [19], [20], [182], [185] AMR sensorsarequite linear only near zero magnetic

field and they also have hysteresis

As this thesismain focusis to address the problem of the AMR in a circuit architecture
level, the sensing element was taken from the shelf. The AMR sehaotwsll be usedfor this
purposearethe HMC100X produced by the Honeywell Ifgh]. The advance circuit architecture
thatis proposed in this thesis is not limited only to HMC10€etsorput it can beppliedto any
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AMR sensor.Moreover, under some conditions in can apply to sensors of the magneto resistor
family (MR), such as GMRs, TMRs and GMIs sensors.

It is attempting to invent the best circuit architecture for signal conditioning for the selected
magnetic sensor. The sensor which was selected for this thesis is the Anisotropic Magneto Resistor
(AMR) with the part number HMC100X produced by the Hondi/\me. [Ref Honeywell].The
reasons behind selecting this particular sensor Westethe fact that it has wide frequency
response and second based on the bibliography it has a great pdteniiaprovement in

performance.

To accomplish the aims of this thesis, the theoretical model of the AMR sensor must be
reinvested and tested in order to design a new solid and durable circuit architecture of the AMR
sensor. A series of experimenterenecessaryo be carriedoutin order to findhow the sensor

behaves in terms of magnetic perspective angainasitic componence.

The parasiticcomponencesuch as capacitancesge produced from the lithography wh
thesensingelementarecoming close together agdeatlyaffect the sensérperformance in high

frequencies (frequencies above 1kHz).

The results of these experimertgated the idea that a neelid-statearchitecture was
important to be developed in order to addresthalldrawbacks that the AMR sensor family has.
Moreover theseseries of gperimentgrovided useful information for a better amecisemodel
of the AMR sensor
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A5 Chapter OridghepbsErat Oanl i ne

The thesis i®rganized ireightchaptes. Each chapter is segzed in different sections.

Thefirst chapter (the current onajives an introduction to magnetic field atgleveryday

applications. Followinghis chapterthe proposalthe aims and objectives of the themis stated

The second chaptefocuses in the literature reviewt begins by presenting the
conventionaimethods of measuring the magnetic fi@lle backgrounadf the magneticsensors
is givenand, in the subsectionfmllowed in the chapterthe theoies of the magneticfields in
relation to the magnetic senspen analysisof the AMR sensor and the current electronic
topologiesused in AMR sensorare presented At the end a suggested way to measure the

magnetic field utilimg the AMR sensor isemonstrated

The following chapters are not listed in a chorological order, in which the experiments or the

publications have been conducted. It is listed rather than in a more logical order which are:

AMR DC Characteristicdn this chapter the behavior of the AMR HMC100X is examine in
a steady state. The hysteresis and magnetization of the AMR sensor have been examined al

presented.

AMR Parasitic Modelin which a model that incorporated the parasitic capacitances and

inductances of the AMR sensor is presented. The model is evaluated with a series of experiment

High Speed Agile Current Pulse Generator for AMR Set/R&stign and simulation of a
high-speed agile pulse generator for AMR polarization is presented in this chapter. Additionally,
experimental result for evaluated the thermal performance of the AMR sensor after repeatec

Set/Reset is presented.

Design of AMR sensor system architecture thydtimize s  the @edormanceAfter
extensive experiments literature review a measuring algorithm that offer the AMR a supreme
performance is presented. An analog and a digital cllusgd architecture were developed to
examine which of two has superior performance. Moreover, expptahresults shown the
advantages of the proposed algorithm.

Apply the Sensor in the FielBuring this thesis multiple design was tested amalysedThe
digitally closedi loop architecture of the previous chapter was selected and integrated in to a
UAV.

Finally, the conclusion for this thesis which is summarizes the result of all experiments.

19



This page deliberately left blank

20



Literature Revi

The present Ph.D. thesis focuses on developingreovativemagnetic sensor system based
on the Anisotropic Magneto Resistance effect (AMMagnetic sensarare essential tools to

measure the magnetic field itg disturbances

In order to understand the different tgp# magnetic sensor, and how they waaikbrief
literature review about the physics behind the magnesigssential and will be presentetiere
To begin with, ahort historicalretrospection antbllow up with whatis well knowntoday about
the magnetismvill be presentedollowing this,a brief presentation of the magnetic effects that
are been widely used in magnetic senswitsbe reviewed.In the next subsection a literature
review about different categes of magnetic sensorsiiistrated The AMR sensor that is been
examinedn this thesis will be analyzed and presented in détdibwed by different techniques
for utilizing it in order to measure the magnetic fiedso, the most ugio-day circuit architecture
topologies thaareusedfor the AMR sensor and itsignal conditioningare shownFinally, the

suggested ways to measure the magnetic diedchlso demonstrated.
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Bl1Magneti sm

B.1.1 Discovery of Magnetism

Nowadays, magnetism has become a-ketlwn principlealthoughit is not really known
who discovered it phenomenonThe first scripts and references, suggest that magnetism was
discovered in Greece prior to 600 BC. Diogenes Laértius, Hieronymus of Rhodes, made a
reference about the use of magnetic stones by Thales of Miletus. Aristotle, also talked about the
use of lodstones (Fe304 Fe203) by Thales of MiletuR7]. The mineral lodestone/as in
abundance in Magnesia of Greece. According to the previous historians, magnetism received its
name from Magnesia of Gree[@6]. Nevertheless, there is another reference about the origin of
magnetic stones (lodestone) by Pliny. Pliny assumed that magnetism was named after the shepherd
Magnes, fithe nails of whose shoes and the tip
he past ur e d24]hHosvevef, Ithis crdfesence came much later and is relatively
controversial. Another important milestone in the area of magnetism is the invention of the
compass, which is dated between 300 and 200 BC during the éiarasty in China. Later on,
the Song Dynasty used the compass for navigation purfii3@js [191] It is obvious from the
literature that philosophers and scientists were troubled about the origin of the magnetic and the
electric field. Many of them tried to understand the source of the magneti¢lfie[@4], [27],
[190]i [193]. Nevertheless, it was not only until the beginning of theckEdtury that scientists
were able to begin to understand the meaning of the magnetic field. The first completed work was
published in 1873, by James Clerk Maxwell by the tiileA Tr eati se on EIl ect
Ma g n e t Magwrlbwas revising his work to publish a second edition when he died in 1879.
The revision was completed by William Davidson Niven and was published in 1881. A third
edition was prepared by J. J. Thomson and was published in 1892. In his work, Niapneled
and combined preexisting wolly enhancing th& a u sasdtseF ar aday 6s Law of I n
in the electric field and th& a u sandtlseA mp e r e 6 s  C ifor magnettsra. [Today avwe
know that these four Laws ar equatiansahd tmesedaret o f or
presented in the next subsection. Moreover, based on these equations and several experiments that
followed, show that the source of the magnetic field is the motion of electric charges such as
electrons and other particles. As a resultntfagnetic monopoles do nexist. Some of the most
common books in Classic Electromagnetics and Quantum theory of electromagngijc[@te
[194], [195]and[19], [85], [97], [196] [200]. Currently, more complex and more precise systems

are available for navigation and magnetic field sensing.
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B.1.2 Magnetism as we knowt today

During the last few decades, the continuously increasing demand for accurate and reliable
AC/DC magnetic field measurements, has pateday for the development of various types of
magnetic sensing systems as well as di ffer.
linearity, signalto-noise ratio, measurement range, citadk between sensors in mutensor

applications are ogylsome of the aspects that have been examined in the past.

Magnetic sensors are categorized primarily based on their sensing principle, which impacts
directly the performance characteristics like measurement range, resolution, frequency responst
working temperature and manufacturing cdst.an example Hal | Ef fect and
based sensors have been proven to be practical andffaasive solutions in many common
applications. Neverthel ess, Apick up <coil's
magnetic fields, whilst Hakkffect devwces cannotprovide the resolution levels needed in
demanding applications. On the other hand, Anisotropic Magnetoresistance (AMR), Giant
Magnetoresistance (GMR), Giant Magnétgpedance (GMI), Magnetstrictive and FluxGate
sensors, although available athagh cost, are frequently employed in cases where higher
resolution is required. Moreover, Superconducting Quantum Interference Devices (SQUID) offer

the highest resolution and lower noise levels but requires cryogenic refrigeration.

Many industrial applicationtoday, use magnetic sensors as measuring systems. These
sensors have several advantages such as the fact that they can easily operate under ha
environmental conditions and elevated temperatures, they are very reliable due to the absence
moving parts and #y can be embedded inside building materials. Magnetic Sensors are
commonly used for laboratory measuremenftsr both home and industriaphysical
measurementthat utilized the changes in the magnetic fiéddderstandig the various types of

magnetometers and their limitations is crucial forlibst selection to a specific application

In laboratoies usually there is the flexibility of using more cplex and delicate
equipment. For accurak@boratory measurements, therareed for a&5ausschamber to provide
a magnetically clean environment. This chamber can be usedlilmration of magnetic sensors
for measuring theoiselevel for amagnetic sensgfor identification of the magnetic signature of
the Equipment Under Test (EUThere are passive and active techniques to create a magnetically

clean room and tlsedepend on the shielding specifications/requirements.

However,it is vital tounderstand the physibehind every sensam order to identify the
best sensor type for each application. Tlausgexcellent knowledge of the magnétiphysical
principles isof paramount. For this reasorhaef overview of those physical princigldaws will
be presented.
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B.1.3 Mathematical Description of Magnetic Field

Mathematical description of the electric and magnetic field is vital in order to understand

how the magnetic sensors work. Magnetic sensors can be both passive and hetaetive

magnetic sensors are workinging an electral current and consequently a magnetic fidlde

basics for theinderstanding aheelectromagnetic theorg centerecbn Maxwell6 squations.

B.1.3.1 Maxwell Equations

The Maxwell equationdescribe the relationship between the electric fieldtha@durrent

one in relation to thenagnetic field.n order toaccomplish that Mxwell introduced the use of

vector fieldsto combinethe original equations to vector equations and their boundary conditions.

He labetdthe vectors as follow, and theedewill be keptthroughouthis thesis

f

MagneticPotential ‘R : MagneticPotential is define@sits curl is equal to the magnetic fieddd

is measuréin wd) & Weber per metetn quantum mechanics, most equations use potentials
rather than fields.

Magnetic Inductionor Magnetic Field "R : The Magnetidnduction(field) is theresult of the

external apply magnetic field (forcé) and the magnetic permeability of the material. The
magnetic induction is measured itY Tesla Alternative names that can be found in literature for

the Magnetic InductiofAare, Magnetic Field and Magnetic Flux Density.

Electric Current ®: The Electric Current is measured i & Amperesper meter squarand

is the motion ofhe particles with electric charge

Electric Displacement R : Electric Displacement Field or Electric Induction is measured in
0j & Coulomb per meteit accounts for the effects of free and bound charge within materials.
Electric Fieldi Ma x we |l | 6 s E| e ct R oAmBléciriorFeeld is definedsthe fielg

which is generatedndsurrounds an electric charge, and exerts force on other charges in the field,

attracting or repelling them and is measurediinVolt per meter.

Mechanical Force ® : Mechanical Force is measurediin Newtors and is the force that a body

attracs or repes.

Magnetic Fieldi Maxwell's Magnetic Force €P : The Magnetic Field is the result of moving

electric chargesnd is measured in0j & Ampere per meterThe Magnetic fieldalso has
alternative names in literature which are, Magnetic Field Intensity, Magnetic Field Strength and
Magnetizing Field.

Vectors Magnetic Induction® , Eclectic Field @ and Mechanical Force® are fundamental

sinceall contribute in the basic equati¢h).

(0]2)
D N3O AO® &)Hab":r;@&) )

Wherer is the charge andl is the speed of an object.

® - 00 ) @ * J06 3)
& . X (4
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The vectors Electric Displacemen® and Magnetic Field (P are connecttto the

vectors ofMagnetic Induction & , ElectricField ‘@ throughthe equation$2),(3) respectively

Thet is thethreei dimensionatensorfor theelectric permittivityand is measudein "Q@ & k

& ¢oa , Farad per meter, or Coulomb per mefdre H is the threadimensional tensor for the
magnetic permeabilivo r  j ust fAper mealblinlQiat y®c & Gid , Hermy me a
per meter, oWeber per Amperdmeter. The equation4) expresssthe relation between the
electric current density® and the electric field@ throughthe tensord . The tensorQ is a

threei dimensionatensor oklectric conductivityand is measudamy . If the medium issotropic

then £, H and A become scalar functions and in linear material they become constants. The

relations(2), (3),(4)areal so call ed Aconstitutive relatio

By applyingthe above definitions and equations we can express the Maxwell equations.
The Maxwell equations capme writteninto two forms the integral form(5) and the derivative

form (6). These equations express the conservation of the electric charge.

~ ” n :Ig —
% Rectio R A :
- rl w ”
Gaussb , ,
Magnetism PAW T TP
. (5) (6)
Maxwell i ‘ e ! T 0
Faraday Law QR — Oy n Q —.
of Induction 0 T o
Ampére's T e
Circuital PR ‘00 — W n® 12300
Law 0 :
T o

The Maxwell derivative forrmeeds boundary conditions so the equations can be exclusively

solved in a unique approach. These boundaries conditions are expressed in the EQuétidns
® 0@ 0 1 ©) ® B 0 0 (8)
®o00e 0O 7 9) ®O® F 0 (10)

Whereu is the current density at the surface, measuredjist and” is the current density at
the surface, measured iti & . The®&is the vertical unit vectosn the two regiongzrom the
equations(5)i (10) the conclusion can be drawn that the primary sourteeaiectric field is the
electric chargesand for the magnetic field is the motion of the electric chargjeeselectric and
the magnetic field time variationsnake up the secondary sourcesh&#magnetic field andhe

electricf i el d respect i velHluygens principl®i. s Tkhreo wlrevarcde sa
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the electric field aree a IChpacitor® and are characterized by thetapacityd , which is
measured in"Ok & o Faradlt describes the ability to convert the electric chatgé ¢

density to electric fluxwy 6 ®. The dual el ement I generditigehe A1l nduct
magnetidield, whichis characterized by its inductande and is measured in Henry. It describes

the ability to convert the electric current to magnetic flux @ o .

Both Maxwell equation forms aexjuivalentandthey are connectetiroughthe equation
(11) which expresss the Gauss Theorenmand the equatioiil2) which expresss the Stokes

Theorem

20001 OBDVe (g §200:] TR (gp

b b

0 [€]09.C] (13) 0 PXXP (14)

The electrical and the magnetields haven themselves a storage of energy per unit volume and

are presented with and0 and are calculated from the equati¢b3) and(14) respectively.

B.1.3.2 Gradient& Vector Potential

ThePotentialvectors arepreferred to be solderather than the equatis(b)i (10) as they
are easierThe equationg5)i (10) are becoming difficult tdoe solved since the primary and
secondary sourceme presenteth a complex way. Bysingthe Potentialectors itis possible
the separate the two fiedghe electric and the magnetic. Then the calculation of their vectors can

be done directly from the primary sourchkoreover, the Potentias a continuesunction even

on surfaces wherihevectorfunctionof @, ®, (Pand"™® discontinue.

L e tingagine a vectoi®o which theequationi condition(15) is true.A group of scalar

functions™Q can be definednd by applying the identit{16), then the vecto®is connected to
the "Oby the equation(17). In the"Ogroup alsahe functionswhich have the form™0 "0 Q
where™ p belong to the same group and satisfy the equétiBn

T Re T (15 vonem (16)
Vb n"Ob & "Ob Bip b 17

In the case of electrostatic field, the equatiaondition(15) is also trughen the equatiofiL7)

can be used to export the gradient potential of the electric field, which is symbolizeahasis
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measured inw Volts. The Electric Potential 5 is relatedto the source€ of the electrostatic

field throughthe Poisson equation as it is shown in equdtl& We assume that the  -.
B ng, nP RAIR R B+ nNR - (18)

If the Magnetic Potential Vector ® based orthe Helmholtz conditionshat the vectors®

n ®andn 3P Tare knownthenthe vectorcan be defined in equatiqd9). The magnetic
potential is symbolizeds "R and is measured irb ¢} & . The use of the identit§20) and the
relation(21) which is appkedin magnetostatic, can export the equa(@? assuming that

‘. The equation(22) also connects thdlagnetic Potential Vector /& and the sources of

magnetostatic fielavhich are the currer@

d n @, NP T (19
Po ® ewv ® ‘oo 22

The result from the equatiq@2) is that for each pair of vector components 0 np Of
thelPandthe®, Poi ssonds equation is applied.

The time varying potentials can be defireedwell as irthe case of the time varying field.
The electric field vector®@ and the magnetic potential vectt® are related to each other by the

first Maxwell equatior(6), and this is presented in equat{@3). Due to the identith 1O Tt
and the equatio(23), the gradient vector of the electric field is defined2®. The second and

third Maxwell equations can be written @%) and(26) respectively.

1® 1 o 1
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According to the Helmholtz principle, traetermination of the vectom 3P is mandatory in

order to fully defined the magnetic potential vecti®r. Moreover, the solving of equatio(5)
and(26) become easier if the Lorentz principle is fulfilladd ispresented in equatigi27). In
this case thé25) and(26) are beconmg (28) and(29) respectivelyThe equation$28) and(29)
also describe the potential waves which are spreading in the space with finite speed equal to
A pjt O.Fheequation8) and(29) arealso calledi Ret ar d e d bé&ausedheythave | s 0

a time delay to propagate in space due to its finite transmission&peed
B.1.3.3 Calculatingthe Poissonequation.

The integral form of the Poisson equati(#8), (22), (28) and (29) are expressed in
equationg30)1 (33). Where'Y is the distance of the calculation point and the elementary volume

'Q aihat has the field sources.

” 1 :ﬁ
b ’ “D y, il
T Ne (30) 0 T @ (31)
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Ty Qw (32) 0 Ty Qw (33)

The Poi ssonds e qu adoftherspacerwhich is enxlesed b a alosed sudaceo n

S and vectoécan be solved in the following cases:

1. If the potential value is known in the whole surface, this implies that the boundary conditions are
Dirichlet type.

2. If the derivative value along th® is known in each point of the surface, it implies that the
boundary conditions are Neuman type.

3. If the potential value is known on a part of the surface and on the other part the derivative value
along thedis known, and it implies that the boundary conditions are mixed type.

The calculation of the potentials in the volume&an be done by solving the Poisson only

knowing the sourcé and®in the volumew and the boundary contitions in the surfagerhe
knowledge of the sources outside of the volubrere not necessary for the integral for{86)i

(33). The information about the external sourcespaoided by the boundary conditions. The
theory of uniquenessays if a function satisfies the Poisson in the voldnand the boundary
contitions in the surfacéthen it is unique and there is no other function that can also satisfy the

Maxwell equations.

B.1.3.4 Bioti Savart Law

The Biot Savart Law states that when a curfpasseshrougha conductor a magnetic

field is generated around the conductor and it is shown in equ&dprFigure B-1 shows the
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Bioti Savart Law. The BidtSavart Law can be exported using the 'P & and the equation
(34). The unity vector is symbolized B2 Y] 'Y and is directed from the elementary volume
Q aor lengthQ o the point where th®is calculated) symbolizes the current that passes through

the conductor L.
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Figure B-1: The Biot Savart Law

B.1.3.5 Magnetic Sources and Equivalent Currents

According to Maxwell equations there is not a source of North (positive) or South
(negative) magnetic field. The magnetic sources always have both north and south magnetic field
both in nature and in the laboratdgdj, [6], [92], [96], [191], [194], [200][203]. That is a
significant difference between the magnetic sources and electric sources hence the electric sourc
have positive and negative charges. For simplicity reasons, we set the amount of magnetic chareg
N so that the equatio(85) is fulfilled. Base on the Coulomb law of the preservation of the
magnetic charges the equati@) can be revised d86) in a way that is completely symmetrical

to electric one.
v n J0 (35
nap " v c'PSQPYr']ic'P—ﬁ
° Y (36)
The above assumption, in most cases, can simplify the use of the Maxwell equation.
Moreover, in the case where the magnetic chafgean be defined, it becomes as a primary

source of the magnetic inductid®the same way a&is the primary source of the magnetic field
€D, The time variation of thelectric displacementf is still the secondary source for bdgh

andéeb. In case the electric chargérs are in the vacuum, then thlg, 1P gad,

then thePis through théRfrom”  are calculated from th@6) asn J® ” j* . To avoid the

use of the magnetic permeability tenddr, the vector of MagnetisiiPis defined and is measured

in "Y Teslaor ®c)&@ Weber per meter square and is presented in equ@ifpnBased on

the equatiori37) the corresponding Maxwell equation and the boundary conditions are expressed

as (37) and(38) respectively.
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® HJG ‘' 0® (Pt ® — P (37)

nd* 0@ 0 mw O JO no* )P (39)

®d' J6 * J6 ®d' P  * P (39)
Also, the equatior{37) and (38) have the same form of the Maxwell equation and boundary
condition respectively in the case which in the vacuum space are present distributions of magnetic
sources such ds n J)Pfor the spatial density arid &€ Q)Pfor the surface density. The

effect of the matter in the vecta®and’® which is described by the Maxwell equations through

the magnetic permeability tensdf, or the equivalent Magnetization vect&, have the same

result with a specific distribution of magnetic sources in the vacuum. Consequently, every space
that the matter occupies with any properties is possible to be replaced with a vacuum and a specific
distribution of magnetic sources. Then Maxwell equations have the form () with the only
correction of the equation presented36). The magnetic field®Pthat is the result of the solution

of the modified Maxwell equations is a complete solution to the problem. Contrary to this, the
vector ‘R is calculated by the summation of MagnetizatiBhand the integration of all the
parameters as presented in equaf®f). Obviously, the magnetization is nonzero only in the
region where the matter is. In the region where there is no matter the ed®ation kP is true.

If it is assumed that an infinitesimal volume of matter is removed from one point in space, the

modified Maxwell equations provide a complete solution for B®#mdE Bat this point.

n f e ‘B:)l 0P T'r_@c‘> (40)
[ E i [ l‘)—D ?—D (42)
n "® by n B n P * PgnD * Ob & (42)
e ...O0 J06 (43)
I n a similar way, B9, nMaMaxlwled 4 6secgmuEat e gu:

corresponding boundary condition take the fqd) and (41) respectively. Consequently, the
material can be replaced by equivalent electric currents in vacuum with spatial distrébution
n 0P * and surface distribution on discontinuous surfaBes 1 0P * . Inthis case,
vectorRi s fully calculated from t hetPthmeftectbfthed Max w

material should be added, based on the equ&sidn Noted that equationg0) and (41) are

generally valid even when matter is neither linear nor isotropic, so does the permeability of the
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tensor H . In this cas®also includes the equivalent currefits as shown by equatidd?2). The

magnetization vectd®describes the natural matter magnetization and it depends from the overall
tension of the magnetic field H, as it is presented in the equ@®nThe tensorf is called

susceptibility of matter.

B.1.3.6 Dipole Magnetic Momenand Magnédtation

The two quantities that represent the response of magnetic materials in a magnetic
induction are the magnetic moment and the
current in an electrical circuit generates a magnetic field. The simplest ciiuitii generate a
magnetic field, is a loop of a conductor carrying an electric current. If the seosenal area of

the loop is-|| & and the loop carries a currehtd , the magnetic dipole momeat & & is
@ @Y In the magnetic inductiofp 4 A O/itha torques . | applies on a magnetic dipole
momentip ! J T @ Ad is:
P o & (44)
and in free space (vacuum):
P ' O & (45)

The magnetizatiodP (A/m) is the vector field that expresses the density of permanent or
induced magnetic dipole moments in a magnetic material. The magnetization is generated by th
magnetic moments in the material that can be either microscopic electric currents résulting
the motion of electrons in atoms, or the spin of the electrons or the nuclei. The material respond
to an external magnetic field by rotating its unbalanced magnetic dipole to reduce the energy o
the magnetic field (e.g. in ferromagnets). Magnetirais not uniform within a solid due to
imperfections such us dislocations and solute atoms or even vacancies. Magnetization als
describes how a material responds to an applied magnetic field as well as the way the materiz

changes that magnetic figldi], [7], [9], [20], [204], [205]
Magnetization can be defined as the magnetic moment per unit volume of a solid:
o
o (46)
wherew is the volume of the solida . Magnetization defines the auxiliary magnetic field

strength’O — as shown in the equati@87) that is simplified as:

® * 0@ 0P 47
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According to the Jileg\theron model for the magnetic hysteresis that appears in a
material, the magnetization is composed of two components: one hysteretic and one anhysteretic.
The hysteretic magnetization is the cause of a hysteresis inHaldp. Theanhysteretic
magnetization is composed by the isotropic magnetization and the anisotropic magnétkation
[9], [26], [204], [205]

m B

Figure B-2: The definition of magnetic dipole moméntand its relationship with the magnetization vediBr

To better understand the equat{d4) let us observe théigureB-2. A closed loop with a surface

"Yof arbitrary shape, is penetrated evenly by a curi@with intensity s where'Q is
symbolized the width of the side. This loop is under the influence of an external applied magnetic
field which it is symbolized a8 . Using the equatio(i), it can be proved that the total torgoe
which is developed in the loop is given by the equafiaf and consequently the equati@i).

It should be noted thaib symbolizes the vector which connects the calculation point of the torque

to the point of the vectd® and expresses the elementary length in the side of the loop.

The equation(48) defines the vector of the magnetic dipole momentasip * JDY

Assuming that the volume '‘QJY is a part of a matter in which there is Magnetizati®n

parallel to the vector of the surfaCéthen the surface current density is given by the equation

s 0P ‘ . In the case of the infinitesimal volume, the definition of the equd#®his

applied. Moreover, thé d) is true because the material have been replaced with vacuum

and a distribution of equivalent currents. Both 'O come from the field, and the effect of the
equivalent currents of the elementary loop are subtracted.
QB P O Ty 0P Qo Q' JIDPY
v ®Y %0 T qe (49
Qw Q ®J0O

v Qw Qw

0P JO (50)
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The dynamic energy, of the elementary volume of the mateifatwunder the influence of a
magnetic field is calculated with the equati@®). The energy of the vectoi® and® are
minimized if there are parallel to each other due to the fact that the dynamic énéayg/ a
negative sign. The application of equatidd) for the calculation of the volume density of the
magnetostatic field energy in a region of the material with large area is presented in the equatiol
(50). In this equation there is the assumption that the véBtisrindependent and unchangeable
from the vectoi®.

B P P np & 0P 1P
o VXD D — P a5 i (51)

The equatior{51) can be driven if we assume that the elementary volQmwhich is under the
influence of an external apply filed has a dynamic energy08fJ® . Due to the fact that tH®

interacts with other magnetic sources inside the vol@meudside of the volum& aihe &

* JO is true, consequently the dynamic energy of the magnetic dipole M ¢ = Ifin

the same equation the field energy of the vacugms added, then the equati®i) is driven.
This is also in the case of infinitesimal voluifeis also trué ¢ .

. oO0PD D 0P )
(0]C) =5 oy N w (52)

, P 5 b cOm® IO Jm O
© o or 0P Y 3

The equatiori52) provides the intensity of the magnetic field, which is generated from a magnetic
dipole@p X @when is placed in the vacuum. Additionally, the above mentioned equation
derives from the BidtSavart Law of the equatiq4). The dynamic energy of the system of the

point sources of magnetic dipole in the vacuum is given by the eqaBon

33



B.1.4 Origin of magnetism in matter

The origin of the magnetism in the matter as it is known today is the spin of particles and
the movement aflectric chargepl], [9], [26], [85], [204] As it is presented in Maxwell equations
(5) and (6), the motion on electric charge particle creagemagnetic fieldNowadays, itis
common in our systems to use the electrons which have negative @hdngaeveinto a conductor
I.e. metal, to create a magnetic field. This is the basic of all our modern systems, electric motors,
electromagnetic actuatgrstc. Furthermore, in electronic circuits the electrons are not the only
source of electricity but also the holes wharlethe absencef electrons in the crystal latitude

hence the holes have positive charge.

The motion of electric charge patrticles in not the only source of magnétcaally, in
materials such as iron (Fe), cobalt (Co) and nickel {hat exhibit magnetizationthese can
remain magnetizedvenin the absence oén electric currentln generalmatteris made upof
moleculesthemoleculedrom atoms, atoms fromrotons, neutrons and electromgilst protons
and neutrons amade upf quarks. Thd-igureB-3 shows the elementary particlige way they

are known todga

Standard Model of Elementary Particles

interactions / force carriers

three generations of matter (fermions) (bosons)

mass  €2.2 MeV/e £128Gev/e  é173.1GeVe 0 £124.97 GeV/e
charge | | | 0 0
w (U v & v 1 @ o H
up charm top gluon higgs

&4.7 Mev/e €96 Mev/e 64.18 GeV/e 0

'@ ‘® 'O '@

o

down strange bottom photon
60511 Mev/e é105.66 MeV/e 617768 GeVe &91.19 GeV/e
'@ @ ‘@ '@
electron muon tau Z boson
<1.0evie <0.17 MeV/ié  <182MeV/é  &80.39 GeV/e
@ @ » @ a W
electron muon tau W boson
neutrino  neutrino neutrino

Figure B-3: The Standard Model of Elementary Particl8surce: Wikipedia

The magnetization in the mater comes from what wefispiho. The spin is an intrinsic form of
angular momentum carried ®fementary particlescomposite particles (hadrons), and atomic
nuclei. Therefore, magnetization is an intrinsic property of the matter. However, not all the
material we know have magnetization. In the matter usually the atoms nuclei do not participate in
the magnetic properties of the matter as the spin of the individual quarks are cantelrarg.

cases, such as an extremely high external apply field, the atoms nuclei can excite and participate
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in the magnetization prosses. This phenomenon is called Nuclear Magnetic Resonance (NMR
which hagnanyapplicationss it was mention itheIntroductionThat 6 s why i n noi
the matter dose not exhibit high magnetic fidlde magnetization as we experieitda everyday
life comes mainly for the electromé$ the atomsmoreoveyorbital electron®f the subshells 3d,

and 4 usuallyhave morampact to the magnetization of the atgfh [9], [26], [85], [204]

B.1.4.1 The Quantum form @&ftomic Magnetism

The electrons have two kinds of motion, orbital and spin, and each has a magnetic momen
associated with it. The orbital motion of an electron around the nucleus remyilaeto a current
in a loop ofawire having no resistancé&he classicaltheory of Bdr (1913) suggestghat the
electraos which rotatearound thenucleus in orbitsarecalled shellsand are separateds it is
illustrated inFigureB-4(a).

® M
K L
Shel: K L M N Spin: tup (down
Sub Shell:es op ed
a

Figure B-4: The el ect r ohnREedite (Re) atonoim(a) the classical Bohr model and (b) the quantum Bohr r

Today it is know that his motioni stateof electron inorbits is quantized and can be
described by four quantities thewhich is theprincipal quantum numberthem T1iph8 & p
which is the azimuthal (angular momentum) quantum number the O, oh &
pf8 h phth pMB h & ph awhich is themagnetic quantum numberand thevwhich is the
spin gquantum number The motion or electrons as it @gescribedby the quantumtheory is
illustrated inFigureB-4(b). Thequantiationin theelectrord erbital vectorhasits impactonthe
e | e c tqguantimbamgular momentum andnsequentlyto the quantumelectro® s ma g n e t
dipole momentumThe quantum otheelectroris magnetic momenthich is a physicalconstant
is calledfiBohr Magnetrord, andis symbolizedas{ and its definition is shown in equation
(58), wherethe* is themagnetic permeability of the vacuuthe Qwhichis the constant of the
elementary charge of the electrtiieo " ¢* whichis the reduced Planck constant anddhe

is the electron rest mass
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The BohrMagnetron constans givenin equation(58) andcan becalculatedbased on

(59
(57)
(58)
(60)
(61
(62
(63)

(65

equation(54), (55), (56) and(57). Theequation(54), describes thenagneticdipole moment 0P

which isdevelopingdue to theelectro® sQ angular momentum 0 in the orbt based on the

classicalmechanicsin order to calculate the equati(@b) which describes the quantum magnetic

dipole moment in the z axisve assumdirst that there isan external applynagneticinduction

(magnetic field) in the axis 7P

the z axis{equation(56)}, for the electron orbiting &rajectory base on thBohr atond s

and thequantum mechanicsjill be 0 and is given irequation(57).

__BoA __BoA
Magnetic Field Magnetic Field
\‘E)recessio y (P) Angular Momentum\precessio 4
\\ &'/ . y\\""'
’ ) . /s
s I/,' I=orbital quantum . //,'
Rotation*s {." number S {." Rotation
i i =7 7 1 v . Axis
Axis ,'/" . P=A | ( I+ l) Kk ,'/J .
7 . . - .
S M==S-P
o 2my *
! M /' M
’ y /
’r /o
B e A
& / S & / T
..... Lo v
2<0 2 > 0

M and P antiparallel M and P parallel

Figure B-5: The Larmor Motion, (Larmor Precession)

"O T hen the projection of the angular momentum in

mo d el

The energy of the system is given by the equath® and it is getting leger when the

magnetic quantum number 4 increasesThis is known as the Zeeman effe@ased on the

classical theory the dipole develops a momenttim, which is given in equatio(60), and it is

intencedto changehe total angular momentum. &tariation of the angular momentum is given
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in equation(61) where theQ is thegyromagnetic constanfThe equatior{61) also describes the

rotation motion of the vectobP around the vectd® with a constant angkbat isequal withe

AAT&O] ada p and constant circular frequengy  "Q JO. This motion of the

electron with respect to the imposed fi@happensnticlockwise and is illustrated in tikégure

B-5. The rotational motion of the magnetization vedi®rof the electron which is shown in the
same f i gur e Larmorkaiond e darnsoBPrecdssion &ind the angular speed

i s ltalmer Ciicular Frequency. The Larmor motion according to equati(@®) causes an
additional increase in thangular momentumFurther this extra angular momentuntauses
additional magnetic dipole moment.adquation(62),i denotes the distance of the electron from
the atomic nucleusMoreover, the electron does naly have angular momentum due to its
circumferential(orbit) motion around the nucleus but alkas angular momentumue to its

rotation around itself (spin). The electron spin which is one of the four quantum swabeake

two values the —and -.

The equation(63), gives the relationship of the electrors angul ar® mo mi
projection in the z axis due this motion. The equafié) gives the vector magnetic dipole
momentOPfor the Larmor motion.

The Aigyromagnetic factoo, is definedin equation(65) and itcan be calculated based on
the equation x1 and xZhel , describsthe source of the magnetic dipole momghtf thel ©

p thenthe orbital motionmpacts more othe development of thé®. In the cas¢ © ¢ the (P

mainly comes from the electramspin.

It is worth noting thathese three different angular mometandtheir bipolar moments

generated by themselvexistentirelyindependently, without affecting each other.

B.1.4.2 Sum of Spiflorm of Atomic Magnetism

The Magnetism in atoms comes from the combination ofitldévidual e | ect r on
magnetic dipole momerAccor ding to the Pauliés excl usi
quantum vectoré th A as itis explained in the above subsecti@ach electron is taking an
orbit in such a way to minimize the total energy of the system, electrostatic, motion and
magnetostatic energy (Zeeman eff¢dt) [9], [26], [85], [204] The vector of the total magnetic
dipole moment UP is the result of théndividual electrod spin vectorand h e e | abital r o n
vector sumBased on the quantum theory there are three electron interactions that the individual

angular momentum swwip andthey are known adund Rules[26], [85].
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a) Spini Spin Interactions The electrons in the open subshell maximize their total spin quantum number
in order to minimize the total energy of the sys{86i. This can be achievethen theotal quantum
spinnumber‘Yis maximized according to the equati@®). The spini spin interaction is responsible
for relaxation processes in the systems and makes a contribution to the widilectbn
Paramagnetic Resonand&PR)[198], [206]

Y i (66)

b) Orbit T Orbit Interactions The total energy, based on quantum mechanics theory, must be minimized
and is described iliterature[4], [5], [205]. This can be achieved when the total azimuthal (angular
momentum) quantum numbeiis maximized according to the equati@?) [85], [197], [207]

0 a 67)

¢) SpinT Orbit Interactionsor Russelli Saunders Couplinglf the sutshell (s,p, d, f) is occupied with
less than the half of the electrons that can be accommodated by théhehdlbr the quantum number
0 of the total angular momentum of the equatii68) apply the . In the opposite case, when the
shell has more than the half electrons than can be accommodated by the shell, theappiges to
the equation(68).

O O Y (69)

The total annular momentufhis characterized by the quantum numbédte magnitude
of "Eand i projection in theitis presented in the equati(60).
» *m)N:)jer ] o 20 m 69
where Q th 0 p8 h o pho
The Zeeman effect also is observable in atoms with multiple electrons, in the same way as
in hydrogen atoms. Both spin and orbital angular momentum in each electtosely related
due to their interactions. Hence the total angular momentum has a constant magnitude and in an
applied field it i's reactant in the same way
under the influence of extremely high magneticdfitle offered energy is enough to overcome
the magnetostatics energy of the system aed tlerules of Hundwhich govern the summation
of the angular momentum$he Hund rulesrepresented ira hierarchical orderywhich implies
that rule a is the most important, therefone rule bcannotviolate rule a and rule@nnotviolate
the rules a and [he Hund rules determine which place the electron will take in a subshell (s,
d, f) and is the way how the quantum nunsxer andi are distributedThe quantum numbees
and a determined which place the electrons will take in shell (K, L, My{re B-2). Both =
(principal quantum number) anel (azimuthal (angular momentum) quantum number) are

determined fist from the summation of electrostatic and kinematic energy of the classical theory
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because the classical Coulomb interaction between nucleus and electrons asgongeithan

the quantum interactions.

Spini Orbit(Russell Saunders Couplingjustrated inFigureB-6) Interactiors suggested
that theelectron$spinstotal angular momentum » andthee | e c tomitalntatabangular
momentum ® are rotatinganticlockwise (right turning) around the total angular momentum
vector B (Larmor precession). Thealso rotatesnticlockwise around the vector of the applied
magnetic field®. The magnetic dipole moment)P from the spin and orbital angular
momentum 0P is given in equation$70) and (71) respectively. The total magnetic dipole

moment is given in equatidid3) and the 0P in(74) andi s c Effedtive Magfietic Momenti .

The gyromagnetic ratip is given in equatiori72) and it is calculated by the vector sum of the

0P andiP .
2] ¢J DOYOY p (70) 0P ¢d D020 p (71
000 p "YZ,)"Y,p 000 p 2
¢VOL p
) 9 sIO a 3 J0 (73) 0 13 2000 p (74
A
H

Figure B-6: The Russél Saunders Coupling. Source: Physics of Ferromagnetism.
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Tablel: The quantum number of angular momentum and gyromagnetic ration for the Fe, Co, Ni ancel@emeirts.

Element

Electrons Configuration ¢Q S J omHary ‘1 AQD
Fe pi ¢i ¢noi on oQri 6 4/2 4 1.378 200000
Co pi ¢i ¢n oi of 0Qrti 7 32 9/2 10.054 70+250

4 -3.810 100+ 600
0 11.295 0.999

0 2.669 0.9999..

Ni pOcOcb oOob oA 10 8 2/2
Cu pOcOcPboOoboA 1O 10 1/2
Zzn pOcOcb oOob oA 1O 10 0

O Ow w N ™

Letds i magine a free af{66)in(69),adahe magneticidipge t o t h ¢

moment can bexistingonly if the number of electrons is such thatistable condition there is
at least one subshell that is not fully completed. In this configuration the efisdwtal magnetic
dipole moment is not cancelling odthe transition elements, {dblock of the periodical table)

have intense magnetiehavior Theseelements have electrons in external shells without their
lower shells be complete, something that contradict the Bohr middslcan beexplaineddue to
the electron interactions of the lower shells, which in the hydrogen Bohr model it had been
assumed tt these areegected. Now the electron interactions becan@e significant as the
number of electrons increases. More precisely, the electrons of the lower shells have a spherical
distribution around the nucleus, andtlaegc o n s i d e r e d hiahsmedinethaetltey reduce 6 w
the Coulomb interaction between the nucleus and the electrons in their orbitGhedisquently,

in order to minimize the energy of the atom the elestadrthe external subshglQor "Q of the

lower shellare moved to the internal subshell of the external sfietir ) [4], [9], [26], [85],

[204]. The transition elementwre called 0Q, 1Q and for rare earth elements’Q, vQ this

depends on which subshmelleft incomplete The elements of th€ablel, Fe, Co and Njexhibit

the most intensive magnetization from all the other elements and all of them have empty slots 4,
3, 2 in the 3d subshell respectivelyis almost certain that at least one of those three elements in
Tablel, or a combination of their alloys will be present in a magnetic sensor, or an electromagnetic
actuator. Additionally, the rare earth element with electron configuration

TQ vi vy UVQ ¢ also have venyinterestingmagnetic properties as their empty
subshell T°Q which contributes to the magnetic dipole momestprdected by the external
electrons of the external shell and subshells. The reason is that the electrons of the external shells
are integrated with the other electsaf the other atoms in different electron bonds anyl lieve

the 1°Q subshell intactConsequentlythe atomicmagnetic dipole moment stays intacithe

crystal lattices. That is not the case for tli€ elements, in which their electrons in th&Q

take part in the chemical bontithgisthe magnetic dipole moment is not coming from the individual

ions but from the mean value of the whole cryptgl[9], [26], [85], [204]
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B.1.4.3 Magnetism in Solid State

Magnetism in solid state may not have the same properties as the atoms that construct tr
solid matterin accordance with the Pauli exclusion principlee electrons in gas atomsghen
they have enough distance between théray sharplyo ¢ ¢ u p yd edeegy lewelsin more
detail,the Pauli principlestates that no two electrons in the atom can have the same set of four
quantum numbersté Rt Fi in other words, each energy levebntairs a maximum of two
electronswvhich haveopposite spii4], [9], [26], [85], [204]

Typically, y 1l 1 i ng up o fthetelernestefrom hydroggnto argaoceed s
normally with argon havind8 electronsand the on at this point is filled upHowever, when
someone observed the optical spectrum of heal@enentshe wouldnoticeirregularities in the
way thattheor] and ti | e v el s . Ehat sbegalisé thade twsubshellshave nearly the
same energy and they shift their relative positions almost from atom toAtiymical example
is theferromagnetic elements which are a part whasition elementgresented iTablel. These
elements havthe 0Q subshellincompleteand theyare the onethat are oimost interestor the

magnetic properties
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Figure B-7: The separation between the electronbs energy
in the 0Q and 1Q bands. Source: Physics of Ferromagnetism.

As the atomsiregetting closer and take their position in a cryistiiice,new forces appear
due to Coulomb interaction between the nucleus and the free ele@tnepssitions of the energy
l evel s arLetmedii yneddtome of iroh approach each otleth their pi
levels, each containing two electrongh exactly the same energy. When tloemyme to a close
proximity that their electron clouds begin to overlap, the Pauli principle applies to the two atoms
as a unit and prevents them from having a singile level containing four electronmstead, the
pi level must split into two levels with two electrons in each. Similarly, when N atoms come

together to form a solid, each level of the free atom must split into N levels, because the Paul
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principle applies to the whole group of N atoms. However, the extent of the splitting is different
for different levels, as indicated kigureB-7(a). The energy that the electrons have in each level
is denoted witfOand the energy density is denotedia® due to the fact that the energy density
is not constantutit is a function of the energ®. FigureB-7(b) illustrates the density level that
some of the transition elements hat®r examplein the transition elements, the outermost
electrons are thedQ and Tti ; these electron clouds are the Yy
brought together, and the corresponding |l evels
‘Qhas decreased 1@, the equilibrium value for the atoms in the crystal, @ levels are spread
into a band extending from B to C, and the levels are spread into a much wider band,
extending from A to D, because the electrons are farther from the nucleus. At the same atom
spacing, however, the inner core electroms (and ¢i ) are too far apart to have much effect
on one another, and the corresponding energy levels show a negligible amount of §ilting
[204].

The aboveheory about the energy levelskisownasi Tie Band Theorg andattempts
to explain a variety of physical properties, e.g. cohesive, elastic, thermal, electrical, and magnetic
that the solids have. Moreover, this theasy applicable not only to metals, but also to
semiconductors and insulatoBmeone can also fitdattheBandTheoryi s appl i ed speci
to magnetic problems, it is sometimes call@dhe Collective i Electron Theoryo. This
application oBandTheorywa s yr st maodeby k. €. Sfo®eBaBd N. F. Mdtt the
United Kingdom and by J. C. Slater in the United Stft88], [204]. Base on the Band Theory
the Fermi level can beexplainedand it isdefined aghe maximum distributed energy level at
temperature of absolute zermy , is symbolized a8 and is given in equatio(v5) [4], [26],

[204]. The equivalent temperature for the Fermi level is definerjuation(76).

o) ol )
' (79)
© e ) O W
(0]
v — 76
Y - 5 (76)
0 © (77

Whereo is thereduced Planck constaigt is the rest mass of each fermiomis the volume of

the system{) is thenumber of atoms, th&®is the Boltzmann constar®) is the energy of the
Fermi level and théYis the temperatureneasurdin Kevin. Typically,in most magnetic materials
the equivalent temperature is several hundred Kelia.equatior{77) definesthe Fermi surfaces

on a Nspace of a crystal.

The first approximatiomo carry outin orderto understand the behavior of the electrons is

to use the rigid band model, which makes the assumption that the shape of these bands does not
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change much from one element to anothieen they comén range. Note that the ‘O curves,

in Figure B-7(b), show the density of available levels. The extent to which these levels are
occupied by electrons depends on the numbec@f ti electrons in the atom. Th&Qband

can hold a total of 10 electrons per atom, but in the transition elements it is never completely full.
The Pauli Paramagnetism (weak spin paramagnetisicgn alsobe explaired based on this
theory.Magnetic field canndbeformed fromtwo electrons in each leyelhen theyhave opposite

spirs because they are cancelling each othef4juf26], [204]

Spin H=0 Spin
Up || Down E Up || Down
1
s y +
s . s .
: f NE e : i
; ; Spin Moments ; ; Spin Moments
— Parallel Antiparallel - - Parallel Antiparallel

en=0 To H ey= ( 2 /eddomA To H

(@) (b) () (d)

Figure B-8: The Band Theory model for transition elements to explain the paramagnetic materials and the change ir
level. Source: Physics &erromagnetism.

This situation is depicted irigureB-8(a), where a band of levetsesplit intotwo columns one
for the upi spin and one for the downspin electrons. When the external magnetic field is zero
the two columns havequal numbexr of spini up and spini down electronsThe external
magnetic fieldO is applied andhe electrons havenoughenergy to change their spiriBhe
energy that electrons need to change their spin igsniientionedn the above subsectiprs
guantizedThe magnetic moment per atom due to the spbalance is given ithe two empirical
equatiors (78) and theFigureB-8(c) illustrates this phenomenon.

' —3J jwo éar’ pmme I jwoEd (78)

O ¢J J0 (79)

Where¢ is the number oimbalance electrons cQ ¢ is the total electron in bothiQandti,

* is the Bohr Magnetron ari® is the external applied magnetic field

Table2: The quantum number of angular momentum and gyromagnetic ratio for the F
and Ni elements. Sourc208], [209]

Element Fe (ferro)  Co (ferro)  Ni(ferriy ~ Mn(ant)  Cr(ant)

‘ “joEa 2.2 1.7 0.6 1.0 0.6
rjg* 00"y 1.3784 10.0538 -3.8101 10.5169 -2.4064
0l gOYa 8.661 63.17 -23.94 66.08 -15.12
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However, there is a limitation of how many electrons can exchange their spin. It appears that the
exchange force cannot keep onealhd full of electrons if the other hddand is less than about

half full. Theimbalance electrons have a direct effect in the Fermi level enesdiych is given

in equation(79) and inFigureB-8(b,d) and d shows the variation of the Fermi levieble2 also

present the values of magnetic moment for some of the transition elen@orsequently, those

el ements have empty subshells in the atomods
increased under the influence of Coulomb forces. Hence, the increase in magnetization is due to

spin interactions and the gyromagnetic ratio ¥ ¢ [4], [26], [204].

The magnetic properties for metal alloys are not a trivialgthencalculate.The Band
Theory and other models such as the model of localized magnetic méaedtto explain the
paramagnetic properties of the transition element and their aNby®over, in case of solid
matter where there are many crystallin regithre estimatiorbecomes more difficultMultiple
experiments need to be conducted in order to export an average estimation of the magnetic
properties of the allay The magneticpropertiesof these alloys also change after thermal
treatment and stress relidf,, [9], [200], [204], [205], [210]
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B.1.5 Type of Natural Magnetism.

Materials that have magnetic properties oend in nature.Humans, realizingheir
importance andecessityhavemanaged to synthesize some matesdhat are extremely rare to
be foundin nature. The magnetic matesakn beclassifiedin five differentcategoriedasel on
their bulk susceptibility ... which is related with the magnetization mechanidrhe five
magnetization mechanismthat are known in natur@re Diamagnesim, Paramagnetm
Ferromagnetim, Antiferromagnetismand Ferrimagnesim The classificationof theelementsare
presented on theeriodic table illustrated in Figure B-9. Diamagnetic materials have their
susceptibility p ... T less than zero. Paramagnetic materials Ipogative susceptibility
m ..L p is positve but less than ond-erromagnetic materials have susceptibilitd p
much higher than one. Antiferromagnetic materials have susceptibitigll and positive
m ..L p . Ferrimagnetic materials have susceptibility much higher than ohe p . More
information conserving the properties of these materials can be found in litddtyes, [26],
[85], [194], [204], [205]

1 ) . 18
1 Electron Configuration Bock,— BT
H He
2 p 13 14 15 16 17
3 6,94%(4 9,012 S d 5 10,81*(6 12,01%[7 14,01*(8 16,00%(9 19,0010 20,18
Li |Be B|C N | O F Ne
11 22,99(12 24,31* | f | 13 26,98(14 28,09*(15 30,97|16 32,06%|17 35,45*|18 39,95
Na|Mg Al | Si| P |S CI | Ar

3 4 5 6 7 8 9 10 11 12

19 39,10(20 40,08(21 44,96|22 47,87|23 50,94(24 52,00(25 54,94(26 55,85|27 58,93|28 58,69(29 63,55(30 6538%(31 69,72|32 72,63|33 74,92(34 78,96*(35 79,90*(36 83,80

K| Ca|Sc|Ti|V |Cr Mn|Fe|Co| Ni |[Cu|Zn |Ga|Ge|As |Se|Br | Kr

37 8547(38 87,62(39 889140 91,22|41 92,91(42 9596*(43 [98]{44 101,1({45 102,946 106,4(47 107,9(48 112,4/49 114,8(50 118,751 121,8(52 127,653 126,954 1313

Rb|Sr| Y |Zr  NbMo| Tc |[Ru/Rh|Pd|Ag|Cd|In |[Sn|Sb|Te | | |Xe

55 132,9|56 137,3|57-71—— |72 178,5|73 180,9(74 183,8(75 186,2(76 190,2|77 192,2|78 1951(79 197,0(80 200,6(81 204,4%|82 207,2|183 209,0(84 [209](85 [210]|86 [222]
;

Cs |Ba Hf Ta/ W [Re|Os| Ir | Pt |Au|/Hg| Tl |[Pb| Bi |Po| At Rn

87 [223]|88  [226]|89-103 104 [267]|105 [268]|106 [269]|107 [270]/108 [269]|109 [278]|110 [281]{111 ([281]|112 [285](113 [286]|114 [289](115 [288]|116 [293]|117 [294](118 ([294]

Fr |Ra Rf | Db|Sg|Bh|Hs | Mt | Ds |Rg|Cn Uut| Fl Uup| Lv |UusUuo

57 138,9|58 140,1|59 140,9|60 144,261 [145]|62 150,4|63 152,0(64 157,3|65 158,9|66 162,567 164,9|/68 167,3|69 168,9|70 173,1|71 175,0

LLa|Ce |Pr Nd|Pm Sm | Eu|Gd|Tb Dy Ho| Er Tm|Yb | Lu

89 [227]{90 232,0{91 231,0{92 238,0|193 [237]({94 [244](95 [243]|96 [247]|97 [247]|98 [251]{99 [252]{100 [257]|101 [258](102 [259]|103 [262]

HAc|Th|Pa| U |[Np/Pu/Am|Cm Bk | Cf|Es |Fm Md No|Lr

D Paramagnetic D Ferromagnetic D Ferrimagnetic D No Magnetic

D Diamagnetic D Antiferromagnetic D No Data

Figure B-9: The elements of the periodic table classified by their magnetic susceptbititpagnetic Paramagnetic,
Ferromagnetic, Antiferromagnetic and Ferrimagnetic).
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B.1.5.1 Diamagnetism

Diamagnetic materialeave magnetic susceptibility that usually negative and small.
Such materialare consistedfom atoms with closedhells and subshell$his means that each

constituent atom has no permanent magnetic moment in the absence of an external magnetic field.
Some @amples of diamagnetic materials aseme metals such as copper (Guyer (Ag)
and gold (Au), alkalihalides, some covalent solid such as silicon (Si) and germanium (Ge) and
organic materials such as polyme@avalent crystals and many ionic crystals alsotypical
diamagnetic materials because their constituent atienmothave unfilled subshells.
Moreover, superconductors are also diamagnetic materials but when théelare a
critical temperaturghe magnetic susceptibility eqggéb minus one...  p . This phenomenon
is known as Meissner effecthat is the reason that superconductors have zero magnetic field
inside them, and they are the ultimate magnetic shield.
When a diamagnetic material such as copper is placed in a magnetic field, the
magnetization vecto¥Pin the material is in the opposite direction to the applied fieldyPand
the resulting fieId|PWithin the material is less than the applied fidlde negative susceptibility
can be interpreted as the diamagnetaterial tries © expel the applied field frontself. When a
diamagnetic material is placed in a haniform magnetic fieldandthe magnetization vecté®

of thematerial isin the opposite direction t¢Pthen thematerial experiences a net force toward

smaller field.
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Figure B-10: Diamagnetism
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B.1.5.2 Paramagnetism

Paramagnetimaterials have a small positive magnetic susceptibitity ... p .Inthe
absence of amagneticfield, the magnetic dipole moment of a paramagnetic materigd
randomly oriented due tthe random collision of the moleculeshe magnetization of a
paramagnetic material is zerm the presence of an external magnetic field, the molecular
magnetic moments takearious alignments with the applied field and hence magnetizéfion
increases with the strength of the applied field3P. Magnetization!Ptypically decreases with
increasing temperatwsbecausat higher temperatures there are more molecular collisions, which
destroy the alignments dhe molecular magnetic moments with the aeglfield. When a
paramagnetic material is placed in aamiform magnetic field, the induced magnetizatiénis
along |Pand there is a net force toward greater fields. For example, adfggnd oxygen, which
is a paramagnetic material, is poured close to a strong magnet, the liquid becomes attracted to tl
magnet. Many metals are also paramagnetic, such as magnesium (Mg) witp ¢ . The origin
of paramagnetism (also called Pauli spin paramagnetism) in these metals is due to the alignme!

of the majority ofthe spins of conduction electrons with the field.
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Figure B-11: Paramagnetism.
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B.1.5.3 Ferromagnetism

Ferromagnetic materials such as i{&®), nickel (Ni),cobalt(Co), most oftheir alloys,
and some compounds of rare earth metaa possess large permanent magnetizations even in
the absence of an appliedternalmagnetic field. The magnetic susceptibility. is typically
positive and very largep L ... andalsodepends on thmtensity of theexternalapplied field.

The relationship between the magnetizati®rand theapplied magnetic field 3P is highly
nonlinear.On sufficiently high fields, the magnetizatié/® of the ferromagnet saturatég. The

origin of ferromagnetism is the quantum mechanical exchange interaction between the constituent
atoms that result in regions of the material posseggnganentagnetization.

A magnetic domain in ferromagnetic material,ifee is calledthe region of the material
where all its atoms have their magnetization vebBaligned Also, the magnetic domain appears
as a crystal domainThis crystal domain has magnetic ordering as all the atomic magnetic
moments have been aligned parallel to each other.

Ferromagnetism occurs below a critical temperatuhech iscalled the Curiégemperature

“Y. At temperatureabove’Y, ferromagnetism ikst,and the material becomes paramagnetic.
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Figure B-12: Ferromagnetism.

48



B.1.5.4 Anti-ferromagnesm

Antiferromagnetic materials such as chromiuf@r) have a small but positive
susceptibility.In contrast to ferromagnethey cannot possess any magnetization in the absence
of an applied field Antiferromagnetic materials possess a magnetic ordering in which the
magnetic moments of alternating atoms in the crystals align in opposite directions, as
schematically depicted iRigureB-13. The opposite alignments of atomic magnetic moments are
due to quantum mechanical exchange forces. The net result is that in the absence of an appli
field, there is no net magnetization. Afgrromagnetism occurs below a critical temperature

called the Néel temperatuig. Above™Y, antiferromagnetic material becomes paramagnetic.
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Figure B-13: Antiferromagnetism
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B.1.5.5 Ferrimagnetsm

Ferrimagnetic materials such as ferrites (e.g., Fe304) exhibit magnetic behavior similar to
that offerromagnetisnwhen they aréelow a critical temperaturealled the Curie temperature
“Y. Above™Y theyalsobecome paramagnetic. The origin of ferrimagnetism is based on magnetic
ordering, as schematically illustratedrigureB-14. All X atoms have their spins aligned in one

direction and ally atoms have their spins aligned in the opposite direction. As the magnetic
moment of arX atom is greater than that of¥aatom, there is net magnetizatié®in the crystal.

Unlike the antiferromagnetic case, the oppositely directed magnetic moments have
different magnitudes and do not canceit The net effect is that the crystal can possess
magnetization even in the absence oéaternalfield. Since ferrimagnetic materials are typically
nonconducting and therefore do not suffer from eddy current losses, they are widely used in high
frequency electronic applications. All useful magnetic materials in electrical engineering are

invariably faromagnetic or ferrimagnetic.
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Figure B-14: Ferrimagnetism.
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B.1.6 Magnetic Anisotropy in Ferromagnetic

Magnetic materials especially the Ferromagnetic materials are those which have the mos
applications in industry and in our life. However, this does not come without a cost, as almost all
those materials have magnetic anisotropy. The exchange interaetweeb spins in feri@r
ferrimagnetic materials is the main origin of spontaneous magnetization. This interaction is
essentially isotropic, so that the spontaneous magnetization can point in any direction in the cryste
without changing the internal engrgf no additional interaction exists. However, in actual fierro
or ferrimagnetic materials, the spontaneous magnetization has an easy axis, or several easy ax
along which the magnetization chooses to lie. Rotation of the magnetization away frorsythe ea
axis is possible only by applying an external magnetic field. This phenomenon is called magnetic

anisotropy. Generally, the magnetic anisotropy can be categorized as follow:

1) Magneto Crystalline AnisotropyThe magnetization is oriented along specific crystalline axes. For
example, Magnetic Sensors, and YIG (Yttrium Iron Garnet) Oscillators.
2) Shape AnisotropyThe magnetization is affected by the macroscopic shape of the solid.
3) Induced Anisotropy
a) Induced Magnetic AnisotropySpecific magnetization directions can be stabilized by tempering
the sample in an external magnetic field. For example, YIG Oscillators (YIG Sphere).
b) Magnetic Annealing
c) Plastic Deformation
d) Irradiation:
4) Magnetd Elastic Anisotropy(Magnetostrictior): Magnetization leads to a spontaneous deformation.
5) Surface and Interface AnisotropySurfaces and interfaces often exhibit different magnetic properties
compare to the bulk due to their asymmetric environment.

B.1.6.1 Crystal Anisotropy

The term magnetic anisotropy is used to describe the dependence of the internal energy o
the direction of spontaneous magnetization. The magnetic anisotropy can be expressed as a ty
of energy. Generally, the magnetic anisotropy energy has the same tsyrasi¢he crystal
structure of the material, and it is call ec
uniaxial magnetic anisotropy. For example, hexagonal cobalt (Co) exhibits uniaxial anisotropy,
as shown irFigureB-15(a), with the stable direction of spontaneous magnetization, or easy axis,
parallel to the taxis of the crystal at room temperature. As the magnetization rotates away from
the @ axis, the anisotropy energy initially increases witthe angle between theagis and the
magnetization vector, then reaches a maximum valde ato 11, and decreases to its original
value at— p Y mtIn other words, the anisotropy energy when the magnetization points in either

the positive or negative direction along thexis is minimum. We can express this energy by
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expanding it in a series of powers@fE — wheres is the azimuthal angle of magnetization in

the plane perpendicular to thieaxis:
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The coefficients € plti8 are called anisotropy constants. The higbreler
terms are small, and their values are not reliably known. If these constants are positive as in the
case of cobalt, therystallineanisotropy energy) , increases with increasing angleso that
IS minimum at— 1T . In other words, the spontaneous magnetization is stable when it is parallel
tothegdaxi s . Such an axeasymagnetizatoh | @ed dSiiamplaxi an oé as
these constants are negative, the anisotropy enenggxsnum at theicaxis, so that it becomes
unstable. In the latter case, the magnetization is stable when it lies in any direction-ptatihe c
(— wm . Such an axi shard magretzdtiboe do rfi asni napxliys aofhar d
we have a plane like this it is called a plane of easy magnetization or an easy plane. fft

andv 11, the stable direction of magnetization forms a cone, which is called a cone of easy
magnetization or an easy cone.
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Figure B-15: The hexagonal (HCP) cobalt (Co) exhibits uniaxial anisotropy (a),(b) the cubic (BCC) uniaxial anisotropy
and (c) the cubic (FCC) uniaxial anisotropy of Ni
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For cubic crystals such as iron (Fe) and nickel (Ni), the anisotropy energy can be expresse
in terms of the direction cosine® h & h& of the magnetization vector with respect to the three
cube edges. There are many equivalent directions in which the anisotropy energy has the san
value, as shown by the points,M2, B1, Bz, C;, and G on an octant of the unit sphereRigure
B-15(b). Because of the high symmetry of the cubic crystal, the anisotropy energy can be
simplified. The anisotropy energy can be e
series in terms ofia&, and @ as shown in equatior(81) and(82). Those terms which include
the odd powers ofiamust be alleviated, because a change in sign of any of, tteoald bring
the magnetization vector to a direction which is equivalent to the original direction. The expression

must also be invariant to the interchange ofany tdcsa s o t hat t he 3b eJ ms

@ must combine with I, m, n and the same coefficient for any interchange of i, j, k. This equation

(82) expresses the energy of the anisotropy in a polynomial form.

The solid state with crystal lattice, quantum mechanics predicts the phenomenon of
freezing (quenching) of orbital electrons in the outer layers of orbits, for example of the electrons
of thesubshell(suborbita) Qin the case ofQtransition elements. In this phenomenon, the shape
of thewavefunction of th&d electron changes under the strong influence of the crystalline field,
in such a way that the electrons can only be found in areas with a specific crystallographic
orientation. Frozen orbitals do not produce bipolar momentum, as the rotation of thenslec
impossible. The areas in which the electrons are allowed to be found do not adjacent, as it i
impossible to form a closed orbit around the atomic nucleus. However, when the outer suborbita
is not complete, as in the 3d transition elementselbetrons themselves can occupy positions
alternately in areas described by different wavefunctions, so there is difficulty for bipolar torque

to be produced due to the orbital motion of electrons.
B.1.6.2 Shape Anisotropy

The phenomenon of the Shape Anisotropy refers to an overall isotropic material but solely
due to its nonspherical shape has different easy magnetization axeso@tussbecausehe
magnetization inside a material of a specific shape on its outer surface, magnetic chargers c
surface density” ¢ P are developed. These charges generate a magnetic field, which is

c al | edgmagnetzingifield and i s sO.mbolized as

b DD
0 PO r P 3 (86)
b
0 ‘® P (87

53



The demagnetization field is calculatddough theequation(85), in which thetensor
demagnetization is denoted af . The tensor [P depends only on the shape of the material

sample. The magnetic energy density due to the demagnetization field is calthuiabggh the

equation(86). The magnetic energy is minimized for specific directions of the magnetization

vectorOPwhich are also the easy axes of the sample.

The magnetic induction fiel@® is added to the externally applied magnetic induction field
"O and forms with it the total field in the material. The presence of magnetic inductioiQfield

causes a decrease in the slope of'the 0 loop, since’'O has the opposite direction from
magnetizatiordP and therefore from th@®© . This is aresultof the fact that during the artificial

magnetization of the material, it forces the rotation and the orientation of the magnetiRation
with the applied external fiel@® . Thereforeit leads to the storage of the magnetic energy in the
volume expressed ke equation(86). This energy is given to the volume of the material by the
source of the magnetic induction fiéld and is calculatetly the equation(87). The higher the
"0, the smaller the inclination of tf®@ 0 curve and therefore the greater the energy consumed
by the'O source to magnetize the volume. To study the properties of matter regardibapef
it is necessary to remove the effect@fon the measure® 0 curve as shown iRigureB-16.
This process S$hearing Carectiolbn o vird da ¢ FigureB-IL6lslyows thte h e
demagnetization field in ellipsoids. It is well known from the literaturdcountless experiments,
that the value of theoercivefield "O is independent of the shape of the sample of a material and
therefore characterizes the material itself. For this reasdiigimeB-16, the two loops intersect
in both"O andd magnetizatiorsaturation
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Figure B-16: The compensation result of the shape effect to thé hiysteresis loop of a sample.
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B.1.6.3 Magnetoelastic AnisotropfMagnetostriction)

The Magnetoelastic Anisotropy anor e we | | Magnetstrictiora s i & t he ef f
magnetic sample changes its dimensions as a function of its crystallographic direction of its
magnetization. The relative change of its dimensismalculated by the equati¢d8), in which

the tensor of magnetostriction is symbolizedfasand its dimensionare@ o. It should be also

noted that the vectors of deformati@and stressep have also six dimensions. The direction of

both vectors, deformatio®vector and magnetizatiobP vector, is expressed according to the
crystallographic axis of the materidlhe magnetostrictiors closely related with the crystalline
anisotropy. Incase thenagnetizatiorvectordeviates from its stability position, which iforced

by t he ofibftat ioske# alectrons and their interactions spiorbital, then the atomic
distances in the crystal lattice change in saetay that the quantum mechanics energy of the
crystalline anisotropyis minimized. The minimization of thed (83) is achieved by the
modification of the atomic distances whiake partially compensatg for the increment of the
elastic energyhatis store in the solid, as it is predicted by the change of dimensions according to
the Hooke law. The new stability point is determined by the minimization of both the quantum
energy and the crystalline enerdyp. case a ferromagnetic sample is under the influence of
mechanical stressgsthe total relative deformation is described by the equé8i®n The equation

(90) definesthe internal stresses which are forced to the material as a reaction to the deformation
according to the magnetostrictidh should be pted that the mechanical stresgesan also be
expressed bysingthe directional cosine related to the crystallographic E{efo], [200], [204],

[205], [210]

[5) _ Jp (89)

8 @ YOp (89)

P 0 B 0 8 D (90
o g:ﬁ % 91)

The magnetoelastic energy density which is stored in the material due to the magnetostriction ca

be calculated according to the equaf9t).
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B.1.7 Magnetic Structure Spin Distribution and Domain Walls.

In ferromagnetic material the magnetic momely&(eorganized in volumes containing
large numbers of atoms, but these magnetic dosvaam still on the microscopic scale in most
casesThemagnetionoments arpermanentandtheyare aligned paralléb each other inside the

magnetic domains

On the macroscopic scale the bulk magnetiza#®ms clearly field induced. On the
microscopic scalehere is aneed to find how the magnetization varies within a ferromagnet. In
the demagnetized state for examplee magnetizatios notzeroin all places There are two

possible origins for the atomic magnetic moments in ferromagnets.

The material could already have small atomic magnetic moments within the solid which
are randomly aligned (or at least givd8&/ ) in the demagnetized state but whaligned

under the action of a magnetic field. This was first suggested by \{l?)[4].

The secondapproachis thatthe atomic magnetic moments may not exist at all in the
demagnetized state but could be induced on the application of a magnetic field as suggested by
Poisson(1893) in his book fiMagnetic Induction in Iron and Other Methadd]. The existence
of saturation magnetization and remanence support the former idea, and in fact it has been
established beyond doubt that in ferromagnets permanent magnetic moments exist on the atomic
scale and that they do not rely on the presence of a field for theiemese. The origin of the
atomic moments was first suggested by Am@éB27) in his bookifiTheorie Mathematique des
Phenomenes Electrodynamiques Uniquement Deduite de [I'Expérigd¢e who with
extraordinary insight, suggested that they wer

within the atomo.

> Decrease of magnetostatic energy >

T N N
| N

Figure B-17: Various domain structureiseach subsequence state exhibits lower total energy.
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It should be noted that both paramagnets and ferromagnets have permanent atomi
magnetic moments. It isowevernecessary to distinguish between them on a microscopic scale

as it isknown that on the macroscopic scale the permeabilities of ferromagnets are much higher.

The properties of ferromagnets can be explained itange magnetic order exists within
the solid.In this casethe magnetizatiorE is simply the process of rearranging these volumes so
that their magnetizations are aligned paralleis phenomenon is illustrated kiigureB-17. The
paramagnets, which also have permanent atomic magnetic moments, can then be distinguish
from the ferromagnets because the paramagnets do not exhibratogey order such as is found
in ferromagnetic domains. lfact, in paramagnets the atomic magnetic moments are randomly

aligned in the absence of a field due to the thermal, or Boltzmann, energy.

B.1.7.1 Total Energy Equation in Matter

In ferromagnetic materials, there aspontaneously magnetized miaeas, which
constitute the micraipoles. Moreover, a typicderromagnetitanti-ferromagneticmaterial is
polycrystalline as it is composed of many crystallites (grains). Each crystallite exhibits the
privileged direction of magnetizatiansacalledfieasy axis of magnetizatianThese grains can
be randomly oriented and therefore the bulk material is composed of large number of area:
magnetized in random directiortdowever,even if wepracticallyplaced inorder all crysthites

in one directionthe whole body can be demagnetized due to the presence of the domain structure

The state of local magnetization depends on many factors sygrhiasstructure, grain
size, presence of impurities, local stress, and more importantly, the balance of local energy. Loce

energy can be composed of many components, for insi¢é], [9], [85], [194], [205]

A Magnetostatic energy: energy associated v
A Ma gCOrystdllioe energy: energy associated with anisotropy of crystals

A  Exchange energy: exchange interaction bet
A Magnetoelastic energy: energy associated
A

D o wvalliemergy: energy associated with interaction between neighboring electron spins
All the above type of energies need to be minimized as a whole and not individually.

In a designis difficult to calculate a system to minimize all those parameters in a way that is
needed. However, nature minimized in its way and is difficult to create a holistic prediction model

for all these parametergntil today, this problem is still undscientificresearch
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B.1.7.2 Magnetic Walls

Magnetic material spontaneously creates small regions of the same direction of
magnetizationso caled magnetic domaindgn order to ensure the minimum free energie
processof formation of a domain structuresustains minimum flux leakage, so the magnetic
domains need to be oriented in such way to canceled’ bemagnetization averages zero and
the whole magnetic energy is contained within the material. In real magnetic materials, domain
structure can bextraordinarily complexdue to the influence of graifecrystalline)boundaries,
impurities, mechanical defects, efthe boundary interface between magnetic domaiitls
different spin values calledMagnetic Wall (also calledmagnetic domain wall)The magnetic
walls are thinner thap Ttit. [4], [7], [9], [194], [201], [205]

There are two typeof magnetic domain wad] the Bloch wall ¢r 18C° wall) and the Ned
wall (or 9C° wall) illustrated inFigureB-18. The domain wall is related with the magnetostatic
energy of the material§igureB-19 illustrates the formation of the magnetic donsaand their

walls as the materidbsesenergy.

In Bloch wall the rotation of the magnetization occurs in a plane being parallel to the plane
of the domain wall. While in the &l wall the rotation of the magnetization vector takes place in
a plane which is perpendicular to the plane of the domainT¥edIBloch wall assures a vanishing

stray yel d.
sy £ 0
QONIN© R 1OPR©

Bloch Wall Néel Wall
Figure B-18: The creation of Magnetic Domain Wallsft Block Walls, and right Néel Walls.

(d) (e
Figure B-19: Technical magnetization process with displacement of the Weiss domains from (a) to (c). (d) Weiss don
cubic crystalline anisotropy of a ferromagnetic mater{a) Weiss domains as it is seen from a microscope.

The N el wal | of ten occurs i n f eptameo magnet
magneti zati on. The magnetization remains withi
compared to the situation that the magnetization vector THas Néel wall is energetically

favorable in thin ylm systems exhibiting only
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B.1.8 TechnicalMagnetization

Most of thematerial used in engineering and in the sensors are ferromagnetic material
polycrystalline structurdn these materials the magnetic domaicjosely related with its crystal
structure. As it mentioned in the above subsection, the ferromagnetic material when exposed to
magnetic field, desnot generate more magnetic figlisteadhe magnetic domain in the material

rotates and thais why their magnetizatiodPincreases.

The magnetizatiothatchangsunder the influence of external field is also called technical
magnetization. The technicalagnetizations essentially achieved by a change in the direction of
the domain magnetization and can basily distinguished from a change in the intensity of
spontaneous magnetizatidouring the technical magnetization the magnetic domain walls are
rotated and movedhis process is callgiiomain wall displacemeab r A domai n wal |
and pr o pThegratimum magnetizanh is symbolized a4 P. Most of the ferromagnetic
material, such as Fe, are anisotropic, that means that they have ddfamenttof magnetization
in each crystalline axig’he maximum magnetizatiozan beachievedwvhenthe small magnetic
domainconnects andreate a large single magnetic domairhe smallmagnetic domaiis also
called andiWeiss domaia. Larger Magnetization than the saturation magnetizationanoccur
in rare cases where tla@plied magnetic fielids extremely high and spin charsgake place in
the atom level4], [5], [9], [26], [194], [205] Thefollowing FigureB-20 illustratesthe technical

magnetization process.

Magnetic Domain Wall Motion
~M - < B e >
EMS Rotation / I} At [ NAS N
> \ T - Ty = e —
Irreversible . .
= Displacement Zero Field Reversible Irreversible Rotation of Rotation of
Isplacements Domains Domains
< Displacement of Domains >« Rotation of Domains#
° O —p
/ Reversible Displacements M; Ms
7Y (A ™ External Applied Magnetic Field

Figure B-20: Technicalmagnetization process with displacement of the Weiss domains

The magnetization processn occur with and without energy losses. €hergy is lost
whena domain wallattemptsto move and find resistanceThe resistance that the domain wall
findsis mainly due tothe imperfection at the crystal boundayigspurities from other atoms in
the crystal lattice and dislocation of the crystal latfideeimpactof these imperfections not only
occur when the material is magnetized but also wherd@nsgnetizedThis is the main reason
why a magnetic materiadtill has remaining magnetism after the imposed magnetic field is
removed Most peoplemay experiencesuchphenomenon, when they magnetize an obgath
asascrewdriver The magnetization and demagnetizawaocesesareknown asmagnetization
curveloop(Mi H) or (Bi H).
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B.1.8.1 Magnetic CurvgHysteresid.oop)& Allocation of Magnetic Regions

Magnetic materials of the categories of ferromagnetic andemntimagnetic can exhibit
large susceptibilityand they areessentiain the most electromagnetic and eledtrmechanical
devices used today. However, the susceptibilty and consequently theelative magnetic
permeability * , has a variable magnitude whichnginly dependent on the external applied
magnetic field { P . Magnetization is one of those physical process in which the hysteresis is
obvious especially in (anjiferromagnetic materia[d], [9], [194], [201], [204], [205]Hysteresis
is a well know phenomenon in nature and it can be observed in other physical prdéf3es
In the following Figure B-21, the magnetization prosethe M-H Loop, of an idealhysteretic

(antt) ferromagnetic material illustrag¢his variation

A
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£
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>
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Figure B-21: The MH ideal Hysteretic Loop (Magnetization Curve)

There ardive main parameters that characterized the Magnetization Curve Lodp (M
Loop). Those arda) the Magnetic Saturatiorb , the Coercivity Field O , the Magnetic

Residual 0 , thelnitial MagnetizatiorCurve,and the Relative Permeability

As a (anti) ferromagnetienaterial is submitted ta magnetic fieldhe magnetic domains
tend to align with the applied field, areb a resulthere is anincrease oft he mat er i al 6
magnetization up to a point. This point is calfisdturation poirtior fisaturatiorof magnetization
E0. Thelowervalue of the magnetic inducti@n that theE , is achieved is symbolized with.
After this point all the magnetic domain of the matedsdtomegparallel to each other and parallel
to the external applied fiel&omematerias after thegy aresubjected to extremely high magnetic
field, can exhibit magnetization lageraththat of the saturatiok,, due tothe atomb kevel spin
rotations.

The secondmportant characteristic of the hysteresis loop iititensic) coercivityfield,
which is symbolized a& -, and it is themaximumvalue ofmagnetic inductior in which the
magnetizatiorE becomes zerdt canalsobefoundin bibliography as the magnetizing fiedda

that is required to totally demagnetize a futtpgnetized material.
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The third characteristic of the hysteresis loop is teennant femanent or residual
magnetizatiorE . The residual magnetization is the magnetization that the material can hold after

it has been fully magnetized, and the external magneticiiaitl

The fourth characteristic of the hysteresis loop idrtiiel MagnetizatiorCurve. Thiscan
be measure only when the material is unmagnetizdee Initial Magnetization Curve is an
important parameter of the magnetic material whichg@epecially usefuhformation about the
magnetic material. However, is difficult to be measured asagnitplicatedto unmagnetized a
bulk material. For small sample the best way to measure this is to Ud®ating Sample
Magnetomete(VSM) [4], [7], [9], [19], [211]i [217].

Thefifth characteristic of the hysteresis loopghe Relative Permeability  whichiis
the measure of the magnetic conductance of a matepatsentdhow easily a magnetic field is
formed in the material. The relative permeability has a variable magnitude, and for the
ferromagnetic materials, the higher the magnetic field strength the lower the relative permeability
hence higher the resistance of thagmetic material. Also, it has a frequency and directional

dependency. Usuallyhe maximum value of the relative permeability is referred as the

of the material.

The shape of the hysteresis loop depends on the magnitude of the applied field in additior
to the material and sample shape and $lmeover thed P r i mraainymagnétizatiooop
(blue), and the initial magnetizatiocurve (red) as illustrated irFigure B-22, areintrinsic for a

material. It can be said that theMloop of the material is itsignature.

----- Initial Magnetization Curve
/ -M; —— Primary Magnetization Loop

-Ms
y

Figure B-22: The MH Loop (Magnetization Curve)

The area that is enclosed within the hysteresis loop is the energy dissipated per unit volum
per cycle of applied field. Tidimpliesthat the energy of the magnetizatiprocesscomes with
losseghusthe core of the power supply transformieesomehot and need coolinghe induction

header is more effective in material with large aradheir magnetization loop.
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The questionmposed here isvhy ferromagnetic materials present hysterics. During
magnetization, the ferromagnetic material is subjected to changes in its crystal structure. In brief,
a ferromagnetic material consists of many crystal domaingddwgether. In urmagnetized
structure those domains are randomly oriented. When an external magnetic field is applied, these
domainsbeginto align themselves to the field as a way that the total energy of the ggstem
minimized. However, the magnetization pess is interrupted continuously rather than
uninterrupted It comes to sudden pause due to the imperfection of the crystal lattice such as
inclusions and dislocationdt begins again when the energy of the system overcontég
threshold. These sudden pauses and cattonsare known as Barkhausen jumps or Barkhausen
noise andheywill be explairedin detail in the next subsection.

The magnetizatioprocessstores energy to the material and the demagnetization release
energy. However, the is an imbalance of the input and the output energy. The energy imbalance
is due to losin heat andound andhlsoto the imperfection of the crystal lattice and vibration of

the magnetic core.

In order to be better understood,aewerydaylanguage, the magnetic material resists the
change of its state and as a result, eddy currents are created. These eddy currents cause heat in the
materi al according to the Jouleds | aw. The <cry
demagnetied changes dimension with the rotation of the magnetic regions which atsasha
conseqguence the release of heat and the production of acoustic waves. The higher the frequency,
the greater the energy loss&bis phenomenon is well known to electric transformers and the

characteristic sound duririgeir operation.

B.1.8.2 Magnetic Wall Movement & BarkhausEffect (Noisg

TheMagnetization LoopNI-H or B-H Loop), measurements are noisy and small shift can
be observed. The main reason foogéfluctuationswhile using measurements is duette
domainwall movementthenucleation andhepropagationAs themagnetic domain walM/eiss
domaing, movesin the material under the influence of the external apply magnetictfieldrairs
find resistance due to the crystal boundaries, impurities from other atoms in the crystal lattice and
dislocation of the crystal latticéAs the magnetic domaimpropagate and findsan obstacle
(barrier),such as dattice defect, the propagation of the specific domainsstiopl a magnetic
field increaseand suppksenough energy to the domamovercome the obstacle (barrier). This
phenomenon i s knkEwrca® fBa miBlE][KINaH RIBN22N.0i s e 0

62



B.1.8.2.1 Magnetic WallMotion

The Magnetic Wall mow#propagate when the magnetic domains change their
magnetization stage. When tweighbomrmagnetic domain regions align thepins,then the wall
is moved to the new boundary of the two neighbors. While the applied magnetic field strength
increases more and madiee magnetic domamare aligred togetherto form a unified magnetic
domain regionThis magnetizatioprocesss interpreted when the magnetic wall camear to
an imperfection of the crystal lattice or to an impuriigure B-23 illustrates the magnetic wall

and the elastiforces which can be attractingrepelling by the defects.

. .
o
o (o)
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~¢—Elastic Force
Domain Wall
@ Defect

Figure B-23: Domain Wall Motion illustration in ferromagnetic materials as it comes near to defects

Thedomain walls andhe crystal imperfections interact with each othed two different
events can occyR18]Ji [226]. The first eventhat takes places whena domain wall con&to a
dislocation of the crystal lattic&his results into the appearance of thiferent forcesonebeing
the tensile from the latticed and the otheingthe compressive from the magnetic fielcheT
tensile and compressive strains carmd resulting inan unstrained lattice and hence a lower
strain energy. This energetically favorable arrangement keeps the domain boundary close to th
dislocation therefore, ti takesa greater magneticidld to overcomethe boundary from the
dislocation. This event is illustrated irFigure B-24(a,b). Domain Walls also interact with

nonmagnetic impurities and inclusions.

The second evethat take place iwhen aDomainWall comes to an impurity or
inclusion In this case amclusion that finds itself in a domain becomes magnetizecdand
magnetic dipole is developgdsillustrated inFigureB-24(c). The DomainWall mayintersect
the inclusion antdh caset meetstwo neighboring domains around the inclusion, then the
magnetostatic energy would lowemergetically resulting tca favorable evenhe systentries
to redue@ itsmagnetostatic potential enefggeaningthat it now takng greater force to move
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the domain wall past the impurity, asifthewslii pi nned 6 b yThemationofmpur i ty.
DomainWallsin a crystalstructures therefore jerkyor bumpy and natall smooth The wall

becomes pinned somewhere by a defect or an impurity and then needs a greater applied field to

break free. Once @vercomes the barriethe domain wall ipropagatedintil it is attracted by

another type of imperfectioft is heldthereuntil the field increases further to snap it away

againand thisis happening repeatedWheneverone of those phenometeake place jump in

the magneti zation can be olEefsfeevted @amdiBar lKKmawane
N o i $£ach time th&omainWall is snapped loose, lattice vibrations are generated, which

imply loss of energyn the form ofheat.The wall therefore does not return to its original

position after thenagnetidield is removed hence the wall is in neutral equilibrium.

bands of | |
diffraction|
contrast
X

_>&n

magnetic field increase——»
(©)

Figure B-24: Domain Wall Motion in ferromagnetic materials and the two different crystal lattice imperfection. (a, b) C
lattice dislocation and (c) A nemagnetic inclusion in singlerystal iron film of 100nm thinker§&ource]224],[227]

B.1.8.2.2 Barkhausen Effect (Noise)

The Barkhausen Effect was naaredter the German physicist Heinrich Barkhausen, who
in 1919 discoveedthat when a ferromagnetic material suclmison bar was magnetized a noise
was produced. Then Barkhaugelaceda pickup coil aroundhe iron bar and a vacuum tube
amplifier to amplify the signal from the coil ataldrive a loudspeakdir], [223], [224] As the
magnetic bar magnetized the loudspeaker produced a noise like a random signal but actually it
was the movement of thmagneticdomains that was nucleated and propatjatehe iron bar
[228]. Today it is known thathe Barkhausen effect depends strongly on the microstructure, the
mechanical stress, the aging of the material and therefore can be usetkhitealth monitoring
and forcrack prediction.
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Figure B-25: The Barkhausen effect and theHLoop (a) The bumpy MH Loop, (b) The first setup to hear the Barkhaus
signali noise. (c) an example of the Barkhausen noise in time. Sq@¢e28].
The Barkhausegffect is the phenomenon of discontinuous changes in the magnetization

'E within a ferromagnet as the external applied magnetic field® is changng continuously.
Even if the magnetization curve (M Loop) looks to be smootlwhen it is magnified this is far
from true.The variation of the magnetizatiofE under the influence of the external applied
magnetic fieldt & displays jumpsThis is illustrated ifFigureB-25, the magnetization jumps
are clearly visible if the curve is magnified. thre bibliographyof the Barkhausen effect can be
foundalsoas Barkhausen noisdue to the noise thatasproduced in the Barkhausen experiment
The sudden movement of tbemainWall as it was presented in the above subseatimmalso

be found a8arkhausen jumps

There are two mechanisthat contribute to the Barkhausen effect. The first athe
discontinuéd magnetization ofincreasng or decreasg which is attributed tothe sudden
discontinuous rotation of the direction of magnetization within a domain, a mechanism known as
domain rotation. The second gmeéhich is the most significant factor contributing to Barkhausen

effect, is the discontinuous domain boundary motion.

Bray and McBride in 1992usal the Barkhausen noise to condudoni Destructive
Testing(NDT) [7]. Many scientistsuntil todayhaveshownthe relation between the Barkhausen
noise and the metal eigg, for NDT and some ofheir researcltan be found in literaturg9],

[70], [229]i [233]. In addition the Barkhausen noise is used to monitor and check the metal after

thermal treatment to relieve the metal from internal strd38¢s[230]i [233].
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B.1.8.3 Magnetostriction

Magnetostriction effect @impleMagnetostriction is a property of magnetic materials that
cause them to change their shape or dimensions during the process of magnetization. Moreover, a
magnetic material that exhibits Magnetostriction has different susceptihilityand different
coercivity field "O in each magnetization!® axis. The one with the low coercivity fiel
called easy magnetizatioraxis and the one with the large coercivity field is callddard
magnetizatioraxis. The Magnetostriction effect was first studied by James Joule in\iBd&
he was observing a sample of iron under the influence of a magneticHeelthund that the
percentagehange on the length of a magnetic material under the influence of a magnetic field
This phenomenois symbolized with_a nd i s magretdd terdi dit i v enagedb-r ai no o

strictive constarit andis define as:

300

0 :
a

whereais the change in the length and this the length of the unmagnetized materidie
magnetostrictive constantis changing with the strength of the applied magnetic fiblahge

until it reaches a maximum value which is called at ur ati on magandisostri ct
symbolized as_ . In Figure B-26 a typical change of the magnetostriction with the applied

magnetic fields illustrated 7], [9], [204], [234], [235]
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Figure B-26: The Magnetostriction effect vs the applied magnetic.field

Except fromdimension changingMagnetostriction effect alscauses energy $8 due to
frictional heating in susceptible ferromagnetic cores. The Magnetostriction effect is also
responsible for the lowitched humming sound that can be heard coming from transformers,
where oscillating AC currents produce a changing magnetic Asldhe core of a transformer is
magnetized one way and then in the opposite direction under the influence of an alternating

current, the alternating changes in the longitudinal stxaélimate the surrounding environment,
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air, oil, and so forth, and generate an acoustic noise at twice the main freqt#ecC current
This noise must not be confused with the Barkhausen noise.

Magnetostriction effect as i mentiored above depends on the crystatructure and
direction and the magnetostrictive constant may be positive (extension) or negative
(contraction). Further, depends on the appliedagneticfield and can even change sign as the
field is increased; for examplg,for iron along thecrystal axis with directiofi110] is initially
positive and then, at higher fields, becomes negaifive. crystal structure of the magnetic
materialshasd i f f er ent magneti zation propertiees i n
of a magnetic fieldhe magnetization of the crystglenerates strains or changes in the physical
dimensions of the crystal. The crystal structure can expand or cootracie axis and do the
oppositeon the other axis. For example, in very qualitative terms, when an iron crystal is
magnetized along the [111] direction by a strong field, the atomic spins within domains are rotatec
from their easy direction toward the hard [111] direction. These eleghiorraationsinclude
changes in the electronange distributions around the atoms and there#dfect the interatomic
bonding and hence the interatomic spaciMinen an iron crystal is placed in a magnetic field
along an easy direction [100], it becomes longer along this direction but contithet¢ransverse
directions [010]J001]. The nickel crystal has the reverse behaviahle3 summarizes the
values for FeCo, Ni along the easy and hard directidi [9], [204], [234], [235] Finally, the

FigureB-27 illustratesthe behavior of the Fe, Ni, Co in their easy and hard axis.

Table3: Exchange interaction, magnetoystalline anisotropy energy and saturation magnetostriction coefficient [9].

. . Anisotropy Energy| Magnetostriction Coefficient
Material | Crystal Axis
y L o I-]-%}E )4 v ®
Easy <100> -
Cube Edge PPS
Iron Hard <111>
BCC 48
(Fe) CubeDiagonal pocm
Polycrystal U]
Easy <111>
el Cube Diagonal ¢ X
Nike Hard <100>
) FCC 5
(Ni) Cube Edge Lo g
Polycrystal cvTX
Easy (/) 0
parallel to c axis
Cobal H d
HCP ar ( 450
(Co) perpendicular to ¢ axi tovug
Polycrystal
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Figure B-27: The Magnetostriction effect of pure iron (Fe) (a), pure Nickel (Ni) (b) and (c) pure Cobalt (Cu) crystal rod
the influence of a magnetic field
(a) Threesingle crystal pure Fe rods with different crystallographic axis.
(b) Nickel single crystal disk with two different planetary (oblate) spheroids, the first one [011] solid lines and secfid ]
dashed lines.
(c) Cobalt single crystal and its strainis measured parallel to the field H, and the angleetween them and the hexagonal i
Source:[234].

In literature someone can also find a list of different magnetoelasticstfiactifferent materials
may have under the influence of an external magnetic field. Those magnetoelass@edfect

Magnetostriction (Joule effect): The change of dimensions uhdifluence ofthemagnetic
field.

Villari effect (inverse magnetostriction): The change of permeability utidenfluence of
the change of dimensions.

Wiedemann effect: Twisting of thmagnetic materialindertheinfluence of helical magnetic
field.

Inverse Wiedemann effect: The change of permeability of the twiségghetic material
Matteucci effect: The generation of the voltage at the ends ah#gmetic materialinder
torsion.

prepared wire, unde¢heinfluence ofthe external magnetic field.
Piezomagnetic effect: Generation of a magnetic fieldggplyingmechanical stress to certain
crystals.

o o  ToTo o o To

The magnetostriction and Wiedemann effectseatensively usedor actuators, the inverse
effects can be used for the stress, pressure, force, ttwsisensing element$/lore information
can be found in literatufd], [7], [9], [194], [204], [234], [235]
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B2Magndélyist er eaainddoGet Veng

The magnetic Hysteresis Cungean essential part in system desigrere a ferromagnetic
material is being used for its magnetic propertiésdelling of the curve of Magnetitlysteresis
is paramountn orderto simulate a system such as a power transformer, a magnetic sensor, etc.
For thispurposegengineers and scientssievelopd different modeldo address the problem of
approaching the hysteretic loop curve of a ferromagnetic material. Some models use mathematic:
approachmethods, such as curve ifity techniquespf the experimentaimeasurements of the
loops Those models do not takederconsideration the physical processes taking place in the
sample anthe model parameters which give the specific form to the hysteriaHooyever they
are quite accurate for the specific samf@e.the other hand, other modelsaako consideration
the physicaprocesses. Those processes lead to specific bebaVibre ferromagnetioaterial.
However they need high processipgwer,and they are alsdifficult to use.Thecombination of
the twoapproacheséas alsobeenexamined in which some physical parameters are calculated
from the experimental curvg®36]. The most wildly used modein the literature are:

a) Jilesi Atherton mode[4], [218], [236] [239],

b) Stoneri Wohlfarth model[240]i [244],

c) Preisach moddR45], [246], [255] [257], [247] [254],
d) Globus mode|236], [258] [260].

Table4: Comparison of models to describe the Magnetic Hysteresis (286].

Models Jilesi Atherton Stoneri Wohlfarth Preisach Globus modified
Characteristics extended
Mechanism Not specified Rotation Not specified Wall Motion
Anisotropy Multi 7 Axis Uniaxial Not specified Multi 7 Axis
Interaction Yes Yes Moving model No
Pinning Yes Yes Not specified Yes
Texture Isotropic Anisotropic / Isotropic Not specified Uniaxial (180 walls)
Wall energy No No No Yes
Reversibility Additional model Yes Additional model Yes
Minor Loops Approximation Yes Yes T
Demagnetization Yes T Yes T
Anhysteretic Yes Yes Yes Yes
Grains Multi 7 Domain Singlei Domain Not specified Bi i Domain
Computational Time ++ +++ ++++ +

Table 4 presentsa comparison of the abovementioned modélsese models are useith
combinationwith experiments to identify the best paramefer each material. Some models are
easier tause,and othes may have strong dependency in the initial conditiondiovergenceA

brief descriptionof these moded will be expressed in the next subsections.
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B.2.1 Jilesi Atherton Modelof Hysteresis

TheJilesi Atherton models aso knownas the}A model The model was introduced in
1984 by David Jiles and D. L. Athert¢237] and is one of the mod popular models of magnetic
hysteresis.The original Jilesi Atherton model is suitable only for isotropic materials.
Nevertheless, an extension of this model presented by Ramesh[283%land corrected by

SzewczyK238] enablel the modellingof anisotropic magnetic materials.

J-A modelis usednainly for simulating the MH hysteresis loop for samples in which the
magnetizatiorchangedepends primarily on theagnetic domain wak motion However, the
model parametsrdo nothave a direct relation with the physical procesbasthey have direct
relation withthe physical parameter3hat is why the modes$ used to create a wide range of M
H hysteresis loops that are quite different between tihablel7 presentthe moded parameters

with a description that correlates to the physical property.

Table5: The Jilesi Atherton model parameters.

Parameter | Units (SI) Physical Meaning
0 oj a Magnetization of material.
0 oj a Saturation magnetization of material.
0 0j a Anhysteretic magnetization of material.
0 0j a Reversable magnetization of material.
0 0j & Irreversible magnetization of material.
0 0j & External applied magnetic field.
O 0j a Effective magnetic field.
0 8j & Quantifi_es average energy required to break pinning site in the
magnetic material.
| Quantifies interdomain coupling in the magnetic material.
) oj a Quantifiesdomain walls density in the magnetic material.
&) Magnetization reversibility.
. Kronecker delta wh.ich is P for increases H (magnetic field) an
1 p for decreasing magnetic field.

In the 3JA model the calculation of the magnetizationis made in three basic steps in
each cycle which armterdependentThe first step is the calculation of the effective magnetic
field 'O based on the interdomain coupliagd the magnetizatidin of the prevous cycle.In the
secondstep the anhysteretic magnetization is calculated from the effective magnetic fié&bd
of the prior step. Finally, the magnetizationfor the next cycle is calculated by the solution of
the ordinary differential equation whichdgpendenon the sign of the derivate of theagnetic
field QO
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The 3A modelis based ortwo mainassumptionsvhich are expressed in equati(g®)
and(93). The firstassumptiorof (92) is that the magnetic field that is developing in each point of
the sample is equal with the external applied magnetic field incrdgsadfactor ) . The
second assumption of tii@3) is that theenergylost in this hysterd¢ic material is proportional to
the increment of the magnetizatidrhe energyost takes placén an irreversible way.The total
magnetizationd is equal of the summation of the two components of the magnetization the
and thed . Thed corresponds to the reversable part andithe corresponds to the
irreversible part that is added to the samadeit is expressed irthe equation(94). If the
magnetization is increased only with reversable transition, then the total energy whichdigistore
the sample material will be equalthe energy that the source prosde the sample subtracted
by total energy lose® . In the extreme case that the sample is complatgiysteretic then the
energy can be assumed tlitatan be calculated from the anhysteretic curved of "O. The
equation of(95) expresseshe law ofenergy conservatiomhe equation(96) is derive from the
combination of te equation(95) and (93), where] is the Croniker delta which is p for
increasesO (magnetic field) and p for decreasing magnetic fieldhe equation of the
anhysteretic magnetization is expressed by the equ@®mand it isderivedfrom the equation
(96) assuming thaf) mand p. The b is a constanthe JA model also implies that the
reversable magnetization is related with the anhystemséignetization and the irreversible
magnetization and this relation is expressed in the equ@®nThekis a constant which give

the ratio between the reversable and irreversible magnetization.
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The equation$96), (98) and(94) are solved in sequence given the equaigf, whereupon the

functiond "O arises.
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B.2.2 Stoneri Wohlfarth Model ofHysteresis

The StonarWohlfarth model was introduced by Edmund Clifton Stoner and Erich Peter
Wohlfarth which they published it in 194244]. The researchers introduced in the model an
integer number of randomly oriented magnets and a numerical calculation method to solve.
Because at that era the computers were just under develapthgcomputation was time
consumingthey find a clever way to solve the problem by using quantized trigonometric tables
and hand calculations. The Stonéfohlfarth model is mainly used for calculating the
magnetization of a singldomain ferromagnetic. It is easily used to calculate the magnetic
hysteresis and due its simplicity is more useful to solve the magnetization on small magnetic
particle rather than bulk magnetic niaé1]. Table6 describes the model parametarsl their

correlationto the physical parameter

Table6: TheStoneri Wohlfarth model parameters

Parameter | Units (SI) Physical Meaning
0 oj a Magnetization of material.
0 oj a Saturation magnetization of material.
O oj a External applied magnetic field.
() oj a Effective magnetic field.
‘ ga Vacuumed Permeability
0 W Energy of the system
0 Anisotropy Parameter
W a Volume
— degrees | The anglebetween the field and the magnetization.
— degrees | The angle between the field and the easy axes.
| Quantifi_es average energy required to break pinning site in the
magnetic material.
n Quantifies interdomain coupling in the magnetic material.

The Stoner- Wohlfarth model describes hysteresis loops of ferromagnetic samples,
consisting of a complex of uniaxial and solitary grains, that interact weakly with eachAtither.
first the model assumes a statistical orientation distribution of the easy grain axes, in other words
letit assume thd— is a probability density function for the angte. The total magnetic field
H applied on each grain is equal to the externally appliedfie)dncreased by a factprQ) as
it expressed in equatiqi®9). Whereas is denoted the constant of th#teraction between the
magnetization andrains As U is denoted theneanmeasured componeaf magnetisnof the
sample.The energy of systeiis given in equatiofLl00 and a mechanical equilibrium between

the magnetic field and the rotation of the magnetic grains is occurs when the first derivative of the
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energy with respect to the magnetization direction is zero. Also, the fist derivative of the energy
with respect to the angle of the grains gives the torque of the grains.
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Figure B-28: The Stonef Wohlfarth Model. (aRotation of a magnetic particle and (b) Identified energy minimal.

The spatial torque density, which develops in the magnetization of each grain from the
magnetic field is reduced by tRed) factor, equatiorf103). Wherer) is defined as a constant that
express friction that developed in each grain due to the magnetization. The friction model assume
every type of interaction, beyond the anisotropy, which forbids the rotation of the magnetization.
In fact, the torque due to friction is considered proportional to the mean value of magmhbgsm.
equation(104) is the second derivative of the energy with respect to the magnetization direction,
also known as second torque, is used to find the sing of the solution and determine between tr
maximum energy equilibrium and the minimum energy equilibribiigure B-28 illustrates the
rotation of a magnetic grain and its equilibrium poifise solution of the equatior{$03) and
(105 is made by taking into account the sing of equafid4). The result gives the dependence

of magnetism on the external figbd 'O for each external applied magnetic fiéh.
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The hysteretic loops that are calculated using the Stérarlfarth modelpproach very
well the experimental loops of hard magnetic materials and samples with a single magnetic
structure, such as thin films and magnetic fibBoth parameteand parametaT are not related
to physical processes and are selected so that the loops are closer to the real ones. Moreover, the
parameter) was not initially in the first model and was introduced later in order to be able to

simulate minor hysteretic loops.

Modeling of the M H hysteresis loop using the Stor&¥ohlfarth models usually found
application in modeling for magnetic storage, biomagnetism, rock magnetism and

paleomagnetism where are often single magnetic structure or thir{2d[ [244], [261]
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B3Magné&keinsor s

A magnetic sensor (magnetometer) is a device that measures the magnitude, the directior
or the relative change of the magnetic fielthe earliest rudimentary magnetic field sensor is the
compass, used for determining the direction of the Earth's madieddi [6], [8], [24], [262] It
may be said that the first magnetometer was invented by Carl Friedrich Gauss in 1833, for the
measurement of absolute magnetic inter[8iky[194], [204], [210], [262]

It consisted of a permanent bar magnet suspended horizontally by a gold fiber. Gauss use
it to determine the magnitude of the Earth's magnetic field. Along with Wilhelm Eduard Weber,

they continued developing the magnetometer, further improving it batlate 1840s.

Except from Gauss and Weber, several other scientists developed novel magnetic senso
during the 19th centuryHowever, the technology of magnetometers radically changed at the
beginning of the 20th century when the electrical current through certain coil structures was use
to determine the properties of the local magnetic fjéld[8], [210], [262], [19] [22], [194],

[201], [204], [205]

This new approach enabled the development of more accurate magnetic sensors while |
significantly reduced the measurement tifilee advancement of materials science from-mid
20th century onwards led to very accurate, miniatige magnetometers whicheatoday
considered key components of several sys{&n$9], [19]i [22].

Magnetometer applications range from lowast commercial devices to higmd
industrial, mari ne, aerospace and military
magnetic field in geophysical surveys, allowing mapping of underground structuresreerdl
deposits. I n navigati on, magnet omet er 6s d
measuring the earthoés field direction. The
objects and buried sites, in the oil and gas industry for figldegs and in space exploratif$i,

[20], [30], [88], [142], [204], [229], [265], [266&nd in many other fields.

There are two main categories of magnetic field sensors: the scalar ones measuring onl
the magnitude of the field and the vector ones measuring both the magnitude and the orientatio

of the field. This work focuses on vector magnetic sensors.

Vector magnetic sensors are categorized primarily based on their sensing principle, which
directly impacts their performance characteristics like measurement range, resolution, frequenc

response, working temperature and manufacturing cost.

They can also be grouped based on other criteria such as the operating frequenc

bandwidth, the sensing field strength, noiseesolution, power consumption and cost of
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production and maintenangd, [19]i [22], [98], [198], [206] The most popular magnetic sensor
technologies used today are the following:

9 Search Coils are based on the Induction Law.
1 Fluxgates are based on the Induction Law and the ferromagnetic core's properties.
1 Hall sensors are based on the Hall effect which is directly related with the Lorentz Force.
1 Magneteresistorsare based on the change of the electrical properties of a material when
an external magnetic field is applied, which is also known as a Magensport Effect ,
and theyare subdivide in the following categoriesAnisotropic Magneto Resistor

(AMR),Giant Magneto Resistor (GMR), TunneliMgagnetoresistor (TMR) and Giant
Magneto Impedance (GMI) sensors.

9 Superconducting Quantum Interference Device (SQUID) sensors are based on the
Josephson Effect and the AharohBwhm effect.

This section discusses the most common magnetic sensors and the physical phenomena governing
their operation.

B.3.1 Anisotropic MagneteResistance Sensors (AMR)

Magnetoresistance is the property of certain materials (often ferromagnetic) that their
electrical resistance depends on the external magnetic field. It was first discovered by William
Thompson (Lord Kelvin) in 18567], [9], [20], [21]. While experimenting with pieces of metals
(iron and nickel), he observed that the resistivity of the metal changes according to the angle
between the electrical current and the magnetic field. This property is called anisotropic
magnetoresistance and itituegs to the categgrof magnetetransport effectdt implies that the
internal structure of the sensing element changes due to rotation of the magnetic domains under
the influence of the magnetic fidld], [9], [19]i [22]. A popular ferromagnetic material with such
a property is the Nire permalloy. To further increase its resistance sensitivity to magnetic fields,
the sensing element is split into smaller sections interspersedlumimumor coppe20]i [22],

[96].

The sensing element is typically built into very thin tdimensionaktructuressuggesting

that the element has two magnetization axes: the easy axis and the hard axis.
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Figure B-29: The structure of an AMR (@) a typical layout and (b) the magnetization axis of it.
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Magnetoresistance has an even function behavior with respect to the polarity of the
magnetic field and so a singleagneteresistordoes not suffice to determine the field's polarity
To overcome this drawback, AMR magnetometers are typically formed ofnfagmeteresistos
(sensing elements) in\@heatstonéoridge configuration. Thenagneteresistos, manufactured
with a thinfilm Ni-Fe permalloy, are composetiseveral small section€onsecutive
magneteresistos in the bridge have their small seascaxes oriented in oppositet v angles.
This structure is illustrated iRigureB-29 along with the easy and hard (sensing) magnetization
axes of the bridge and it provides differential sensing capalp@@yi,[22], [95], [96], [144] AMR
sensors can be massively fabricated on a chip scale. They are popular and widely used as they :
able to measure magnetic fields of low intensity, like the earth's magnetiSiimitar to all other
magnetic senser they also have several drawbacks such as offset, hysteresisfiabss
sensitivity, axes misalignment effo improve performance, some AMR sensors are packaged
with two extra coils; the SdReset and the Offset one, inductively coupled to the soft and the hard
magnetization axes tiie sensing ement respectively, as shownHRigureB-30[20], [21], [95],
[96]. The coils are used to alleviate noiealities of the sensing element (offset, hysteresis,-cross
field sensitivity etc.)[20], [21], [95], [96], [98], [182], [185] The setreset coil isused to
(periodically) polarize the sensing elemérttis is important because the sensing element can be
depolarized (e.g. in the present of strong external field or high temperature) leading to degradatio
of the sensor's performanj@9], [21], [95], [96] Applying a current to the seéset coil generates
magnetic field on the easy magnetization axis of the ferromagnetic matepalarzing its
magnetic domaind he setreset coil can be used to reduce the impact of the offset, the hysteresis
and other notinearity effects to the measurement. This is done by measuring the sensor twice,
once after a positive pidsand once after a negative paed by taking their difference as the final
outcome[20], [21], [163], [168], [175], [182], [185], [267], [95], [96], [153L55], [157] [159].
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Figure B-30: Example of architecture for AMR sensor with improved performance, includimgssgtand offset coils.
Source[168].
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The offset coil is commonly used to reduce the sensitivity variation and the static
nonlinearity of the sensor. This is typically done by operating the sensor in-gdirghlosed
loop, where the internal magnetic field generated by the offset coil eidbéek current almost
cancels the external on#54], [168], [175] The closedoop may be analog or it may include

digitization of the signals.

Although the seteset and offset coils packaged together with the sensing element can be
used to achieve superior performance, one should be aware of the electrical and magnetic parasitic
coupling between them and the sensing elerfief]. The parasitic coupling may impact the
measurements or even the stability of the cldeeg, if used.Also, it should be noted that
although AMR sensing elements may have an intrinsic bandwidth of up to severi2 MH@5],

[198], [206] fast periodic polarization (set/reset) of the sensing element (with caution not to
overheat it), combined with closed loop operation may result in significant reduction of the
sensor's effective bandwidtiModern AMR sensor architectures uaeperiodic alternating
(set/reset) polarization in combination with closed loop operation to improve linearity and reduce
noise[156], [164]) [166], [168], [170] Also, biasing of the sensing element is usually done with

a constant voltage or currgd®]i[21], [95], [168], [175] using AC biasing instegd01], [162]

which has been proposed to further suppress the seelgimgnt'pj "Onoise.
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B.3.2 Giant MagneteResistance Sensors (GMR)

The giant magnetoresistance effect refers to the large change of the electrical resistance «
a multilayer medium, composed of alternating ferromagnetic andnagmetic conductive layers,
due to an external magnetic field.1988 it was discoverday two independent groupshe group
of Albert Fert observed the giant magnetoresistance effect on a Fe/Cr(001) multilayer medium
while the group of Peter Griinberg worked on a Fe/Cr/Fe(001 }Hidyeemediun{7], [9], [19]i
[22]. The operating principle of the GMR sensor is based on the quantum theory-spispin
interaction between two magnetic layers, the free and the pinnefisiwéh AMR, GMR sensors
also belong to the category obgnetetransport effect sensqig, [21], [103], [198], [268], [269]
The simplest GMR sensor consisfdwo layers of a ferromagnetioaterial (e.g. FeCoNi alloy,
or a NiFe permalloy) separated by a layer of a conductive material (e.g. Cu or Al) as shown in
FigureB-31. However, more layers of magnetic and conductive materials are commonly used and

new GMR materials such as CoFe/Cu are considered to enhance rragistiaty [270].

<——> magnetic

contact| —> conductor |contact

| [ mesneie] |

-——>  —
magnetization current direction

Figure B-31: Typical GMR sensor element structure. Souf2g].

The GMR sensing element is typically used in a Wheatstone bridge configuration. Proper
bridgebiasing and signal conditioning electronics are essential for quality measuremenith As
the AMR sensor, feedback can be used to stabilize the sensitivity (with respect to temperature an
other parameters) and suppress the static nonlinearity of GMR sensbigergB-32. Further
biasing the GMR sensor bridge with AC current may significantly reduce hysteresis, nonlinearity,
offset and noise effecf@1], [101], [103], [268], [269]
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Figure B-32: Example of GMR sensing
element in a feedback loop including biasing. SouiZél].
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B.3.3 Tunneling MagneteResistance Sensors (TMR)

The TunnelingMagneteResistance effect was discovered in 1975 by Michel Julliére in
Fe/GeO/Cojunctions at cryogenic temperatures &f0 [111]. The development of TMR sensors
essentially began after 2000 when crystalline magnesium axi@&)and aluminium oxide
(alumina)0a 0 began to be used as the tunnel barigncethat time a multitude of new
innovations have allowed TMR sensors to achieve moreg@hamnt tragnetoresistance rafio),

[9], [19], [22], [110], [112][114].
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Figure B-33: Structure of the TMR sensing element (a) and (b) Method of operation of a TMR sensor with a coil [Bidjr
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A typical TMR sensor has three main layers, from bottom to top: a pinned ferromagnetic
layer, a tunnel barrier layer, and a free ferromagnetic layer; forming a Magnetic Tunnel Junction
(MJT) elementThe pinned ferromagnetic layer, at the bottom, is a combination layer formed of
an antiferromagnetic pinning layer and a ferromagnetic layée top ferromagnetic layer is
called "free" as its magnetic domains, and therefore its magnetization direction can easily rotate
in weak magnetic fields with minimal bieresis. Instead, the pinned layer's magnetization
direction is relatively fixed in the presence of modest magnetic fields, but can be disturbed in a
strong field. A typical TMR sensor is illustrated Figure B-33(a). The arrows show the
magnetization direction of both the pinned layer and the free layer. The typical thickness of both
layers is betweep Tuytato p mena[7], [22], [110], [112] [114]. Contrary to the GMR, the TMR
sensing element laminatedbetween two conductive layers connecting it to the electronic circuit.
The structure is usually placed on a substrate, often made of silicon or other materials such as
quartz, heatesistant glassQ 6ando a "Y1)422], [110], [112] [114].

The TMR sensing element has a resistance in the orgé®@pand can also be used in a
Wheatstone bridge configuration with four TMR sensing elemdrits. noise level of TMR
sensors is similar to that of AMR on@4d]. TMR sensopackages may include a coil (often called
a setcoil) to polarize the pinned layer as in the AMR sensdrsommon electroniarchitecture

for operating a Wheatstone bridge TMR sensor with-a@eéts illustrated inFigureB-33(b).

Current research on TMR sensors focuses on the development of new materials for the

tunnel barrier layer and the reduction of sensor r{@ig2]i [274].
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B.3.4 Hall Effect Sensors

The Hall effect was discovered by Edwin Hall in 18[k9s the generation of a voltage
potential on a conductive medium when placed in a magnetic field and an electric current is
applied to it. The generated voltage appears in a perpendicular direction to the current and th
magnetic field, as shown FigureB-34[19]i [22]. More precisely, the Hall effect stems from the
Lorentz force (or electromagnetic force):

O NV Nd @ (106)
i.e., a charged particle (electrons in metal conductors, electrons and holes in a semiconducto

moving in a magnetic field, is subject to a force in a direction perpendicular to its motion.
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Figure B-34: Hall sensing element and its operation principle.
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Figure B-35: Hall magnetometer with chopping measurement technique. Sqarég: [277].

The first generatin of Hall effect magnetometetsed a thin metal strip excited by a
current.Newer generations of Hall effect sensors are constructed using semiconducériglsnat
instead of thin metaldn semiconductors both electrons and holes contribute to the effect. Even
though the mobility of electrons in a semiconductor is lowen that ofa metal, and holes have
even less mobility, the Hall effect is stronger. Lower mobility implies that the charge carriers in a
semiconductor sensing elemeammain in it for longer time resulting in a larger trajectory
deviation due tq106) and thus higher sensing g4i®]i [22]. Because ofheir simple structure
and compatibility with standard integration technology, Hall effect sensors can be manufacturec
massively with very low cost, @&miconductor devices without any extra ferromagnetic material

[278]. The greatest advantage of Hall effect sensors when compared to other simple-eost low
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solutions (e.g. inductive sensors), is their ability to detect static magnetid 8@]dR265], [266],
[278]. However, there are some aspects that should be taken into account in the sensor's design:

1) The first term of equatiofl06) i mp act s gphriermaneenandspetial precans must
be taken &layoutth aoidserterraleledyric field interfere with the sensing element.

2) Semiconductors not only have a higher white noise level than conductors due to their higher
resistance, but also have additional noise sources such as fHi#k®r ¢hot noise and possibly
others.

3) Imbalanced resistive paths in the semiconductor material can lead to offset.

4) Mechanical stress mainly caused by different thermal expansion coefficients of the sensor
construction materials can lead to offset stability errors.

To address some of these issues, researchers found out that using chopping techniques and
alternating bias current reduces the offset and minimizes the effect pf'tand shot noise
sources improving the Hall sensor's sensitivity. This technique of measuring a Hall sensor is

illustrated inFigureB-35 and is used in commercial statethe-art sensorf275]i [277].
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B.3.5 Giant Magnetoi Impedance Sensor&MI)

Giant magnetoimpedance is the large change of electrical impedance in certain materials
caused by an external magnetic fielthe GMI effect was first reported in 1935 by tlesearch
team of E. P. Harrisoiin the following decades, research on GMI was limited to low frequencies
(up to a few hundred Hertz) and only small changes of impedance were réppri2t]], [107].
In 1994, the research team of F.L.A. Machado measured the GMI effect on thin ribbons and micro
wires of the amorphous soft ferromagnetic matetal g Mg "YQ using AC current of
frequencies up tp TT@Odand reporting significant change of the impedance. Other variations of
ferromagnetic materials have been used for GMI sensing elements sué¢h"@Q06YeQ0Q 0 |1 "Y'QO
6 &£ "0Q DN U » O @ndysthér alloys based 60®r 6 ¢ The alloys that present a more
profound GMI effect are characterized by negative magnetostriction (MdJu21], [107]i [109],
[279].
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Figure B-36: Magnified wire section used in GMI sensors (a) and (b) an illustration of the GMI wire with its experientia
conditioning circuit. Sourcg352]

Since 194, the advancement of materialscience has enabled the development of amorphous
wires of significant impedance sensitivity and wide bandwidth (in the MHz rampe) GMI

effect is related to the skin effect and is also classified as a magamesport effect. When a wire

is excited by an AC current, the electric charges tend to move on the surface rather than in th

center of the conductor, due tphenomenon known as skin effect and is expressed in equation

(107).
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Where

# is calledskin depth and is a function:qf is the resistivity of the conductap is the angular
frequency of currentH, is the permeability of the conductdt,is the permittivity of the
conductor

s called wave number afi@ 1 p is the imaginary number.

4L s the impedance of a round wire with lengtand radius»:  is the real part of thé-
0 andv is the Bessel function of the fist kind, order 1 and order 2 respectively.
Due to the skin effectthe resistance(109 and impedance(110) is changing.Simply, the

impedance of the GMI wires increasingvhen the magnetic field or tHequencyis increasd.
In the case of ferromagnetic wires, the skin effect is stronger in the presence of an external

magnetic field (GMI effect). The magnetic domains illustratdeéigureB-36(b) rotate and change

shape under the influence of the magnetic fieddwel t i ng i n a scenpedangee of t he
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Figure B-37: GMI sensor readout topology. Sour¢280].

The simplest GMI sensor is formed of a ribbon made by an amorphous material and excited
by an AC current source. As with the AMR sensor, the impedance of the GMI sensing element is
an even function of the projected magnetic field on the current flow v@a@6ji [109], [279],

[281], [282] A combination of two or more sensing elements appropriately connected and biased
allows for the determination of the field polariBigureB-37 illustrates a typical GMI sensor with
its readout architecture where two GMI sensing elements are used to allow for a differential

measurement.

The design of a GMI magnetometer requires special care to the temperature dependency
of the GMI effect during operation. Furthermore, in the production process, the connection of the
GMI wire to the substrate must kmrried out without heating the wire since heat causes

crystallization and therefore loss of the required amorphous properties.
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B.3.6 Fluxgate Sensors

The first Fluxgate sensor was reported by H.P. Thomas in 1931 while H. Aschenbrenner
and G. Goubau were also working on Fluxgate sensors since the latelli®@3 World War I
high sensitivity Fluxgate sensors were developed to detect subm&ines. then, Fluxgate
sensors have been used in several different fields including geophysical surveys, space exploratic

and others.

Fluxgate sensors are divided into two types, the orthogonal and the parallel ones,
depending on the orientation of the excitation field (generated by the AC current) with respect to
the sensords sensitivity axis. ditation tfidldeis c a s
perpendicular to the sensitivity axis, while in parallel Fluxgates, the excitation field is parallel to
the sensitivity axis. The two types of Fluxgates are illustratdeigare B-38. Figure B 39(a,b)
shows a typical parallel Fluxgate aadypical structure of an orthogonal Fluxgate is shown in
Figure B-38(c,d). The name Fluxgate comes from the gating effect of magnetic flux due to

magnetic saturation of the core.
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Figure B-38: Basic (parallel) Fluxgate sensor(a) parallel and (c) Orthogonal.
Typical practical structure of a parallel (b) and (c) an orthogonal Fluxgate. So(26é:

The structure of a basic (parallel) Fluxgate sensor is illustrat€dgure B-38(a). The
Fluxgatés coreis composed of a soft magnetic material with high permeability and low hysteresis.
Around t two coilsarewound, the excitation and the sensing okiéisen a periodic current (AC)
passes through the excitation coil, the magnetic material of the core is periodically safinated.
corebs saturation | eads to a change of its
with the external magnetic field,. The sensor dés output is the v
Due to the nonlinear shape of the magnetization curve, the output voltage has many multiple
frequencies of the excitation signahdmost dominant and most widely usesmponent of the

output signals thesecond harmonic of which, is proportional to the external magnetic field.
Parallel Fluxgates are widely used and several differentamkeonfigurations have been
proposed to improve the performance of the basic sitwie one. The most popular
configurations are shown FigureB-39. Dual road, race track or ring core parallel Fluxgates are
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superior of those of the single cofihe main reasoof usingthose type of Fluxgate instead of
the single cores the cancelling for the excitatimomponenin the output signalin the single
core configurationthe excitation component in the output sigisathe more dominantwhich

reduce the accuracy of the sensor.
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Figure B-39: Indicative parallel Fluxgate coreoil configurations. Dual corea(b) and ring core (c) fluxgate sensors.

Magnetic Field

y

Usuuy Gsuuy
) ; L H Y. H Y
) /Hc He / Hs Hs+Hex
@ (b)
A ,
Hex _
HStm,:::: */\*:/\ﬂ‘
NN TV N
af W L | %
QR B Ry
Vou| | ] } i
I I | 1 I
© (d)

Figure B-41: Core's Magnetic Flux Density without (a) and with (b) external magnetic field along with the correspon
waveforms (c,d). Sourcf0].
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In order to explain the Fluxgate sensor operation, it is helpful to consider a ring core
fluxgate as two connected half cores as showRigare B-40. When an alternating current is
applied to the excitation coil, without an external magnetic field, the generated field by each half
core is equal in magnitude and opposite in direction, as the two cores go into magnetic saturatio
concurrently and at theame paceWhen an external magnetic field is applied, the half core
generating a field in the same direction as the external field saturates faster. However, and becau
the flux is fAgatedo, the r el ucthaaiocthe effectivet h e
permeability of the second half core rapidly decreases. This can be $eguraB-41 as a shift
of the BH loop[19]i [22], [127], [129], [130], [133]

Fluxgate sensors are rarely used in an dpep architecturelnstead a closehbop
architecture is preferred, where a current proportional to the measurement is fed back to the sen:
coil (or a third coil coupled to the core) generating a magnetic field component opposite to the
external on¢l21], [123], [124], [132]Closedloop operation improves the linearity and the input
measurement range of the serf&dl6], [118] A typical Fluxgate sensor system using a{oage

parallel Fluxgate is illustrated FigureB-42.
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Sensor I > Y etector > ADC
CORE ‘ PreAmp I Integrator
Drive f
Winding . _ Periodic Signal Gen
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Figure B-42: Ring core fluxgate sensor and typical frontend circuit architecture based on the second harmonic.[$22f.c

A periodic signal drives the excitation coil. Then, a synchronous detector is used to capture the
amplitude of the second harmonic of the induced voltage in the sensing coil. Tpadsiiltered
amplitudewaveform of the second harmonic, from the syncshoou s det ect or , [
output signal. Finally, the loop is closed by feeding the output back to the sensingheoil.
frequency of the excitation signal is typically limitedgtat p @ Odlue to the co#dparasites

and the high core magnetizatidhat creates eddy currents. In this frequency range, the soft
magnetic material of the core has maximum permeability and the eddy currents in the core ar
low. The typical bandwidth of commercial fluxgates is usually ap&tOhile the maximum

reported in literature is abopt T O{L9]i [22].
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B.3.7 Search Coils

The Search Coils or Induction sensors are some of the most sensitive magnetometers and
are usually quite simple to buildhey are based on the Induction Law measuring the varying
magnetic flux.They date back to 1831, when the first experiments with electric and magnetic
fields took place by Michael Faradpd}, [5], [210], [262], [6] [8], [21], [24], [66], [194], [204]

They have a very low noise floor and are linear when no ferromagnetic material is used, but they
cannot measure DC and very low frequency magnetic fi€lsy can be classified in four major
categories according to whether they are passive or activié drey have a ferromagnetic core
or not[7], [19]i[22], [194], [204], [210], [283]FigureB-43 show a Search Coil in a closed loop

architecture.
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Figure B-43: Search Coil in a closed loop architecture. (a) The Search Coil sensing element with two windings and
circuit for signal conditioning. Sourcg283]

Active Search Coils are typically used for metal detection or for proximity detection. In
this case two coils are used, one for excitation and one for reception. When a metal comes near
the coils itchanges the coupling coefficient and therefore the voltage of the receptioA coil.
Search Coil as a metal detector is showRigureB-44. A ferromagnetic core is used to increase
sensitivity (and measure weaker magnetic fields) and/or extend the operating range to lower
frequencies. Soft magnetic materials of high permeability are typically preferred.

Figure B-44: Search Coil as a Metal Detector. Sour¢284]
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B.3.8 SQUID Sensors

A Superconducting Quantum Interference Device (SQUID) is an extremely sensitive
magnetic sensor based on superconducting loops containing Josephson junctians. Th
development of SQUID sensdidlowed the theoretical work on superconductivity and electron
pair tunneling in the late 1950s and early 1960% [21]. The structure of a typical SQUID sensor
is shown inFigureB-45.

The theory of operation of SQUIDs acomplexoneand a deep knowledge of quantum
theory is required to grasp it. Briefly, a SQUID sensor is composed of a super conductive loop
that contains two Josephson junctions. The thickness of each Josephson junction must be such tt
a quantum tunneling effect céake placd198], [206], [285]
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Figure B-45: Typical structure of a SQUID magnetometer (a) and (b) the output of the SQUID sensor.

In order for a SQUID sensor to work properly, it needs to be cooled down to cryogenic
temperatures where the vibration of the crystal lattice (phonon vibrations) is reduced and
superconductivity kicks in. If the SQUID sensor is made of a Type | Supercondueiguires
extremely low temperature® thus liquid helium must be used with a great increase in operating
cost. A compromise can be made by using Type Il Superconductors, in which case liquid nitroger
(atx %) can be used with an increase in measergmoise due to higher temperature. When
cooled to a sufficiently low temperature, the loop becomes superconductive, eliminating any

magnetic flux from its material and trapping it in the center of the loop.

The value of this flux can only be a multiple of the flux quanteim 2] ¢Q , where
"Qis Planck's constanf @& c¢Dp m O fjandQ pH TP 1 O is the charge of the
electron,[198], [206] According to Cooper pair theof5], [198], [206], [285], [286] two
electrons can form a pair through electiophonon interaction, causing them to behave as an
entity.

If there is no external magnetic field the current passing through one bi@nahll(be
the same as the current through the otf@r When an external magnetic field is applied, the

superconductive loop expels the magnetic field from the center of the loop in discrete levels
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¢ ko, as mentioned above. In this case, a pair of electrons will appear and begin cycling the loop
in order to cancel out the external magnetic fibldw (‘O) will not equal {O) and a voltage will

be generated across the SQUID terminals as illustratédime B-45.

This is due to the Josephson effect, where the current can pass through the non superconductive
junction barrier by quantum tunneling, thus creating a voltage difference without limiting the
current[19]i [21], [198]

The SQUID is one of the most sensitive magnetometers, able to measure extremely low
magnetic fields. It also has an upper detection limit at which point the superconductor reverts to
normal conductivity[20], [21], [198], [287] A diagram of a typical SQUID magnetometer is
shown inFigureB-46. The output voltage of a SQUKEannotbe easily correlated with the applied

magnetic field due to quantizatidmysteresisand the initial conditions of the SQUID.

A closed loop architecture eferredand the output voltage is typically fed to a PID controller
generating a feedback current through a coil coupled to the SQUID, which ideally annihilates the
magnetic field in the SQUIR288], [289]

Research on SQUID sensors is focused on further development of superconductor
materials and the complete modeling of the sensor in order to allow for magnetic field
measurements without the need of external magnetic shi¢RH0§ [293].
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Figure B-46: SQUID magnetometer measurement topology. So{2éd].
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B.3.9 Other Types of Magnetic Sensors

There are many other types of magnetic sensors not included in this review, because the
are rarely used or they are designed for very specific applications. These types of sensors incluc
the magnetaliode, magnetdransistor, magnetostrictivei piezoelectric and crystal
magnetometers as well as sensors based on the following physical phenomena: MEMS Lorent
Force, nonlinear magnetaptical rotation, Nitrogefvacancy Centers in Diamond, spin exchange
relaxation free (SERF), helium magnetic resonance, niagthestic field, nuclear precessipfi,

[20], [21], [85], [198], [286]

B.3.10Magnetic Sensors Comparison

Due to the great variation in properties and cost of the different magnetic sensors, the
selection of a magnetic sensor is highly application dependent. One can start with considering th
magnetic field range different sensor types can measure, as shélyarieB-47. There are many
ways to categorize and compare magnetic senBasre B-47 illustrates the typical dynamic
range of each sensor at its optimal operating conditions. For example, Search Coils can measu
fields of at minimunmmg Odwith very high sensitivity and low noise, but are unable to measure
DC magnetic fields.Linearity, effective frequency bandwidth, scalability, cost, physical
dimensions, robustness and tolerance to environmental conditions are some other aspects o
should also consideEigure B-47 presents the lowest noise level of each sensor as reported in
literature.Table 7 presents some of the main characteristics of various commercially available

sensors of different types.
A
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Figure B-47: Magnetic field measurement range of different sensors at typical operating conditions.
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Table7: Comparison of basic performance characteristics of both commercial and experimental magnetic senst

Sensor Type AMR? GMR TMR GMI
Magnetic Field Range ¢y pPULTT PTG Y g Y pRA Y
Bandwidth 2 Bl 06 vl 0d 006 v MO bb 06 vmm”
Resolution bb bb bb 12 bits
I\JIO'S? Ire_vel p wyp pO& bb p urfo P'Od bb
'I|>D WV
Offset Error VWY wu Y pu "y pxa'y
Hysteresis ona’yY bb ¢t Y bb
Axes Alignment bb bb bb bb
Error
Scaling Error bb ptb bb bb
Linearity Error q b bb ™ b ™ P
Temperature
Coefficient of scale onmmpj 6 bb onml f 6 pT mMMp 6
factor
Power Consumption Cuw’ ppmw -’ X T’ bb
Reference [95] [295] [115] [296]
Sensor Type HALL Fluxgate Search Cail SQUID
Magnetic Field Range pu’y X 0"Y bb G Y
Bandwidth 2 B 06 v&U 06 p&QOA ¢H pi0a 06 p M0
Resolution bb bb bb bb
Ijl():zejvll;mﬂ'el bb na pOa N a3 pOd v I pOa
Offset Error ogTm’Y T1R"Y bb bb
Hysteresis bb bb bb bb
Axes Alignment bb 0 bb bb
Error
Scaling Error ¢ b X L b bb bb
Linearity Error ™) b Tipub bb bb
Temperature
Coefficient of scale ¢mmnf 6 Xmnp o bb bb
factor
Power Consumption pgamw’ QU@mw ° CChHw CCwm  XQw®
Reference [297] [298] [299] [300]

Some values (marked with"} have been calculated based on the specifications provided by the manufacturer and

indicative and not exact.

1.Please note that the HMC 1001 Sensor is an AMR sensing elementcomipkete sensor system. Integration int
complete sensor system (with tequired instrumentation electronics) is expected to improve its performance
2.The +7kW for the SQUID is the power needed for an active cooling system
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BANoicsmlagn&teinsor s

Magnetic sensors, asorementionedareelectroniadevices that measutiee magnetic field.
Magnetic sensorasually sense the magnetic field indirectly, utilizimgny different physical
phenomenaThe sensing element, passive or active, rarely produce a voltage or current signal
large enough to be picked up by an analog to digital converter or a meter. This small signal need
to be amplified by a series of operational amplifiers (OR)reover, some type of signal
conditioningis needegnot only amplificationfor themagnetic sensdo produce anorereadable
output It is knowing from electronics circuits, that different components have their intrinsic noise
[refs]. Every stage of processingevthe surrounding environment hemme type of noisdn
magnetic sensors there are two main categories the first is the magnetic noise and the second
the electronic noiseMagnetic noise is coming from the ambient fietdl dhe magnetic sensing
element. he electronic noise comes from tleéectronic components of the sensiircuit.
Electront circuit may also create an ambient magnetic néidditionally, every component of
the system is a potential noise soufdee noisesourcesareneeadto be addresseithdividually
according to their originrAmbient magnetic field noise that comes pyifeom the environment
or industrial electrical installations can be addressed by the use of a Gauss cliarber

informationabout the magnetic noise shieldisgnalyzed irthe next subsection.

The noisesource®f the sensor elements and electronics can be classified according to the

source and the frequenspectrunrange. For the source of noise, the main categories are:

Thermal
Flicker
Shot

Burst
Interference

= =4 =4 -8 4

T h e n feguereydspectruns usually referred as theolourof the noise:

White

Pink

Brownian or Red
Blue

i Violent

=A =4 =4 =4

The source of noise and tbelourof the noise in many cases are related. For example, the white

oneis related to the thermal noise and the mnkis related to flicker noise.
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B.4.1 Nois& €olour.

The Federal Standard 1037C Telecommunications Glossary dsbines of the noise
types incolours such asvhite, pink, blue, and blacfd01]. In bibliography thecolour of noise
refers to the power spectrum of a noise signal. Diffecedurs of noise have significantly
different properties as their source stochgstaressesar e di f f er endoloun T i ios

noi se signals is similarcolbum time musesnace ptHoavfe vietr i,

not al way solotris eferanoditoghedlsurof light with similar spectra-igureB-48

shows the frequency spectrdar the differentnoisesdcolours. Many of these definitions assume

a signal with components at all frequencies, with a power spectral density per unit of bandwidth
proportional topF'Q and hence they are examples of pelaer noise. Foexample the spectral
density of White noiseor thermal noises flat sof 11, while Flicker or fhk noise has  p,

and Brownian noise has ¢.
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Figure B-48: N o Caodoer.d'lse White noise shown witlcalourin order to be visible.

B.4.1.1 White Noise.

White noise is aignal named by analogy to white lighthich has all the frequencies in
its spectrum. So white noise haglat frequency spectrum alinearfrequency platFor better
understandingthe signal has equal pow@pectral density)n any band of a given bandwidth
For example, with a white noise signalethange of frequencies between 10 Hz and B%
contains the same amountrafise power as the range between 1000 Hz and H208ince both
intervals are @0 Hz wide.lt is commorthat spectra are often plotted with a logarithmic frequenc
axis rather than a linear ona this case equal physical widths on the printed or displayed plot do
not all have the same bandwidth, with the same physical width covering more Hz at higher
frequencies than at lower frequenciEsr this reason, thehite noise spectrum that is equally
sampledn the logarithm of frequenayill have an upward slogd higher frequencies rather than
aflat. oneHowever it is not unusual in practice for spectra to be calculated using liriesplyced
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frequency samples but plotted on a logarithmic frequency axis, potentially leading to
misunderstandings and confusion if the distinction between equally spaced linear frequency

samples and equally spadedarithmic frequency samples aret kept in mind

It is often incorrectly assumed that Gaussian noise necessarily refers to white noise, ye
neither property implies the other. Gaussianity of a signal refers to the probabilityudistrib
with respect to the valuen lthis context the is a probability thathe signalcan fallwithin any
particular range of amplitudeshe ter m Awhiteodo purely refer:
distributed over time or among frequencies. White noise is the generalized mmegoare
derivative of the Wiener process orddvnian motion.Also the \White noisein electronicsis

related with the thermal noiséhich isanalysedn subsectiorB.4.2.1

B.4.1.2 Pink Noise.

Pink noise opj "Mnoise is a signal with a frequency spectrum such that the power spectral
density is inversely proportional to the frequency of the signal. This is in contrast with white noise
which has equal intensity per frequency interval. The name arises from thappe&rance of
visible light with this power spectrum. In pink noise, each octave inte.all(dB per octave, or
-10 dB per decade) carries an equal amount of noise eférgyero frequency (DC) is excluded.
The frequency spectrum of pink noise ishn in logarithmic scale. Thimpliesthat pink noise

would have equal power in the frequency range from 10 to 50 Hz as in the bandk tmbkHz.

Pink noise is one of the most common and powerful noise signals in electronics at low
frequenciesAdditionally, the Pink noisén electronicss related with the Flicker noise which is

analysedn subsectiorB.4.2.2

B.4.1.3 Brownian or Red Noise.

Brownian, or Brown or Red @j "Q noise, isanoise with a power density whiclecreases
-6.02 dB per octavéor -20dB per decade) with increasing frequency. The frequency density

proportional tgpj "Q over a frequency range. As with the Pink naiseilarly the Brownian noise

the zero frequency (DC) is excluded. Brownian noise has many alternative names as there ar
many ways to be descripted. The fARed noisebo
with this power s pecteriqunot.arisimghfrem theBorowewlaurofrthe i s e
spectrum, rather the narderives as a sort name from Brownmation, and it took its namétar

Robert Brown, who documented the erratic motion fortiplel types of inanimate particles in

water.
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B.4.1.4 Blue Noise.

Blue noise name arises from the blue appearance of visibleBigiet.noise has a power
density that is increases 3.01 dB petave, 10 dB per decade), with increasing frequency over a
finite frequency range. The Blue noise power spectral density is proportiofidois why it is
also calledOnoise The Cherenkov radiation is a naturally occurring example of alepstfect
blue noise. The exact density spectrum of the Cherenkov radiation is given by thelarank
formula[302]. Blue noise is used for dithering03].

B.4.1.5 Violent Noise.

Violent noisebds power spectral denade)ty i

(7]

The power spectral density is promotional@ofor the Violet noise. In bibliography the Violet
noise is also found and as purple noise. Both names arise from the vipleple appearance of

visible light.

B.4.2 NoiseSource

Noise sources cabe categorizedapart from their spectrum arftbm their origin. An
electronic component usually has more than one source of fitieanain source of noisa
electronics comes from the collision of electrons or holes, between them or to the crystal lattice
Another source is when the electrons accumulate enough energy to overcome a quantum barrier.
It is important to be mentioned that there is also noise caused by interference or parasitic coupling
[19], [22], [170}Some of the noise sources are described below

B.4.2.1 Thermal noise

Thermal noise or JohnsdénNyquist noise is generated by the random thermal motion of
the electriccharge carriers (e.g. electrons), inside an electrical conductor due to scattering from
the vibration of the photon latticEhermal noise is unavoidable and is approximately white noise,
which means that is nearly equal and independent of the frequency. The noise amplitude has a
probability density function close to Gaussian. The amplitude of the noise caodedledby a
voltage source (or current source) representing the noise of thielgaresistor in series (or
parallel) with an ideal noise freesistor. The onaided voltage power spectral density, or voltage

variance (mean square value) per hertz of bandwidtly "Oq, is given by
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is Boltzmann constantify , 4| is the absolute temperatureKelvin L and{ is the

total resistancen ohm( q. Jhe current power spectral density, or current variance (mean square
value) per hertz of bandwidth- 6704, is given by:

1Q JY
Y (112

Some sensitive to noise electronics are kept in cryogenic conditions to suppress the effec

of the thermal noise. This type of electronics can be found in very sensitive laboratory pre
amplifiers or in radio telescopealso, Peltier coolers is used in CCD cameras especially for long

time low light exposure to minimizes the noise that is introduced in the image.

B.4.2.2 Flicker noise

Flicker noise; also referred to gg'Onoise or pink noise, is a type of electronic noise that
hasp¥ Qbehavioutin its powerspectral densityThe origin of this noise is unknown and there are
only hypothetical mathematic models to explain it. Flicker noise is very important in electronic
devices especially at low frequencies. It is also a factor that produces phase noise in oscillators
sinceit can be mixed up to frequencies close to the carrier. In most cases, the flicker noise has
Gaussian distribiion. It has a lineabehaviourin resistors of FETs and a ndinearbehaviouiin
BJTs and diodes. The flicker noise has stronger influence in chdsad and thicklm resistors
as opposed to the wingound resistors. It is charaaterd by the corner frequenciQ) , which is

the threshold value when it becomes smaller than the thermal noise.

In some cases, the flicker noise can be minimized by converting the signal at a higher
frequency (chopping) where the electronic circuit is less influenced by this type of noise. After

the signal conditioning, the signal can be des@nverted to the basefh

B.4.2.3 Shot Noise

Shot noise originates from the discrete nature of electric charges. Shot noise is less
significant compared to the flicker and thermal noise while it is temperature and frequency
independent. This noise is introduced mainly in junction (diodes, trang@'s). Shot noise is
also refereed and as Poisson noise because it caadmledas a Poisson process and calculated

as the mean square value of curfenttuation, 0 :

” Cr'] JB"Q (113)
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Where ais the charge of an electroti , [is the bandwidth in"O¢ over which is considered,
and kis the DC current flowing through the conductor . The voltage created from the shot

noise at the end of a resistor is

v Y (114

B.4.2.4 Burst noise.

Burst noise or popcorn noise, is a sudden step in the base current of a BJT or in the
threshold voltage of a FET. This name was given due to the sound produced when played over a
speaker; it sounds like a popcorn popping. It usually occurs at low freqadess than 1kHz. It
has a norGaussian distribution. The repeatability of a burst is varying and it may happen several

times in a second or it may take several minutes to occur.

The most probable causes of the popcorn noise are assumed to be the charge traps or
microscopic defects in the semiconductor mate@ale of the most widely found impurities was
gold especially at the early ysaf electronics. Now the fabrication processes have been improved
and the impurities in the crystal\ebeen reduced, consequently the Burst ndieavy metal
atoms or heavy ion implantation or even the unintentional-edfi@ets such as surface
contamination can produce such defe&iectronicsnear ionization sources oreetronics in

space exhibiburst noisaedue to heavy ions or radiation

B.4.2.5 Interference Noise

The interference noise or transmitted nois@n external signal that it is picked up by the
system. It can be produced by numerous sources such as power supplies, magnetic fields,
electrostatic fields, electromagnetic emissions, thermal variations, mechanical vibrations,
humidity, ionizing radiabn, chemical agents, parasitic capacitances or inductive coupling, bad

wire coupling and noidealmetal connections

This type of noisean be either additive or ntiglicative. An additive nois& is added

to the useful signab and mixed up with an independent voltage (or current).
() w Q (115
A multiplicative noise affects the transfer function of the nonlinear component ofté o a

way that the signab is altered or modulated by the noise source.
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Although the interference noise can cause severe problems to the circuitry and to the
stability of a system, it can be eliminated or suppressed. Twisted pair or coaxial cables, the use
of shielding, and the avoidance of the use of metals with differentile@ergies (thermoelectric

effect) are some of the ways to suppress this type of noise.

B.4.3 Noise in magnetic sensors

Magnetic sensors usually have three main internal noise sources, which are the magneti
material, electronic circuit and the coils. The coil usually is the less noise as ltasthermal
noise.Opposite the magnetic material is usually the most noise having Thermal, Flicker, Shot and
Burst noisesAlso, the electronic circuit has the same noises but due to the nature and cause, sc

the noises are lowerhe noissthat the magnetic materjaensing element or core, are:

1 Thevibration of the crystal lattice or the ohm resistaisaie main source of the Thermal noise.
1 Domain wall nucleation and propagation is the main soofrtge Flicker noise.

9 Tunnel junctions and othguantum phenome appearssasirce®f the Shot noise.

1 Barkhauseiumps due to crystal impurities are the msircef the Burst noise.

In bibliography many techniques have been proposed to suppress the Flicker, Shot and Burst nois
which are:

1 AC excitation of the sensing element such in Hall, AMR, GMR and GMI sensors.
9 Periodically flipping the magnetic domains such as in TMR and Fluxgates.

1 Dithering, introduce a high frequency noise excitation to suppress spikes such as Fluxgates, GMI
and Search Coils.
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B5Magnetic Shielding

Magnetic shielding hathe ability toremove or block the unwanted magnetic field in a

specific region.This region carbe called fimagnetic clean regian or fAmagneti ¢c cl

There isaneed of magnetic clean region in order to test and measure the noise level of the sensors.
Nevertheless, there are applications or experiments apart from calibrating a magnetic sensor that
also need a clean magnetic regiévery sensor has its interriainheritance noise and the external

noise that is peeked up from the environmitagnetic sensors cgreak noise from many sources

such as, the ambient magnetic field noise, the electronic noise, the induction field from neighbor
electronics, etcTaking this iio account it igprofound that the magnetic clean regisin need

to identify from which partthe noise conmsfrom the internal parts of the sensor aviuich pars
arepickedup from the environmenEigureB-49 shows a magnetighielding room in which the
magnetic noisés belowp 1 MO Moreover, low field magnetic measurements are conducted

in this low magnetic field environment. For example, the measurememagmetic signal of an

object with low magnetic field or measurement of electromagnetic biological signals such as
magnetic Magnetoenckplography (MEG)Magnetomyography (MMG), etc.

3D Background Magnetic Field Distribution in MuRoom

3 (ghbuans pp1onauben

iE

(b)

Figure B-49: Magnetic clean room where sensorsested, or the magnetic field of a small subject is examined.
Source: Magneticshields Uk.

The magnetic cleanliness can be achieved in what is called Gauss chambenhagh&ch
similar function as thEaraday cagbutinstead of blockingheelectric fieldit blocks themagnetic
field. A magnetic field is much harder be prevenedfrom entering a spada comparisorto an
electric field. There is no cheap solution that can control the magnetic field in a space, especially
for very demanding applications such asery low magnetic field at low frequencies. The
magnetic field has the ability to penetrate, even metals, but it depends on the frequency of the
magnetic field. Thee are two types ofGauss chamberthe passiveand the active one

Combination of the two types feequentlyused to achieve the optimum shielding.

The passive Gauss chamber suromagneticmetals with high permeability (>10Q0)

Generally, the passive Gauss chamiblecks the electric field as wellA metal cage (Gauss
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chamber) will drop the amplitude of a magnetic fiéld exponentially. The thickness of each
metal needed to reduce the magnetic fielj f@ 1@ @ df the original field is called skin depth
1 . The skin depth can be calculatesingthe mathematicaformula (107) and it is rewritten

here for convenience.

where” X is the resistivity,’ is the relative magnetic permeability, is the relative

permittivity of the sheet materialR "Od is the frequency of the magnetic field, 'G & is the
magnetic permeability of vacuum and "Q & is the electrical permittivity of vacuufd76],

[304].

Taking irto account the equatiofi07), the best way to block the magnetic field is to use a
superconductorMoreover, based on the Messieffect the superconductas the optimum
magnetic shieldThe reason for 1k, is thefactthat he superconductor kaero resistivityandthe

Eddy currents are produced by the external magnetic fiesdilting toblock the field inside.
Further they have thability to repelthe magnetic field fromnside Consequently, even the
thinnest superconductors candkall themagnetic field independent of thefrequency[7], [9],

[26], [222], [228], [305]1 [307]. However, this type of insulation is extremely expensive not only

to build but also to maintain due to the need of cryogenic conditions. A more practical construction
of Gauss chamber is made from metal alloys with high magnetic permeability cal&tetdl
Mu-Metals are cheaper than superconductors and they do not have runninglitusighthey

are more expensive than pure irbtu-Metals have relative permeability of the order of 20000 to
200000 compared to puir@n, which exhibita permeability limited to 500[@], [7], [21]. Due to

the exponential absorption of the magnetic field, it is preferable that the Gauss chamber is
constructed by multiple layers of Mdetal instead of a thick she&the advantage to use Mu
Metal for the Gauss chamber is that it can reduce even the DC magnetic field by 20dB (X10) a
thicknessof ImmGauss champers are used in Magnetic
Magnetoencephal ogr B@BhA rnmaMEGedtsi)c rolmims|l dés s
parameter in the design phase. For example, a spherical champeras134% more effective

than a cylindrical on805]. However the geometric desigrase not so useful in practice, so every
design has its own trad#fs. In order for a cylindrical Gauss chamber to achieve 60 dB reduction
at 50 Hz of the magnetic field, a thrlegyer Mu-Metal is required and each layer needs to be at
least 1 mm thickA commercialGauss chambas shownin Figure B-50. The Gauss chamber
needs periodically to be demagnetized. The demagnetization is achieved by an alternative
magnetic field whictbreaks dowrthe big magnetic domains to very small domains. This device

is call demagnetized warp and is also showirigure B-50. A more detail view of a Gauss
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chamber is shown iRigure B-51 where the three layerf Mu 1 metalareclearly visible The
magnetic field inside the Gauss chambevrity is quite uniform.The dampening of the magnetic
field is more pronounce in the middle of chamber as it is illustratEdjureB-51(b).It is eviden

that themagnetic fields reducednore than 1000time in aMu-MetalchamberEspecially in the
case of very lowneed ofmagnetic fieldthen the use of a Mietal is straightforward. Gauss
chamber can also be manufactuby other magnetic materials such as electric steel. But more
layer is needd to achivethe same resultNevertheless, whatever material, is used for the
construction of the Gauss chamber thegdways limitations in the maximum magnetic field that
they can perform. Introducing more layers isoptionto address this problebutis not always

the best solution. Other solutions must be fogénthe specification of the problem.

(a) (b) (c)

Figure B-50: GaussChamber (a,b) for sensor noise and offset measurements from Bartington Ind. (c) Is the degaussi

Shielding Factor Through Length of Zero Gauss Chamber

Shielding Factor
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@ (b)
Figure B-51: GaussChamber for sensor noise and offset measurements. (a) AldyszeMu metal forming a Gauss Chamt
and (b) the magnetic field shielding factor inside of a Gauss Chamber versus the relative longitudinal position. So
Magneticshields Uk.

Active magnetic shielding is an efficieaway and can easily address mostheproblems
related toa passive Gauss chamb8ometimesfor large magnetic fields such as those of earth

the passive Gauss chambgmot as effective, and the use of an active magnetic shielding is
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required. The active shielding is constructed by three Helmholtz coils, which are orthogonally
oriented to each oth§r]. Maxwell coils can also be utilized, but they are rarely used due to the
higher construction costs and other functional limitatidleszerthelesdylaxwell Coils have more

flat magnetic field and less divination compared to Helmholtz .cAilsombination of the two
setups catake placen order to achieved a controllable 3D magnetic feeld in one axis higher
accuracyFigureB-52illustratesa simplethreedimensional(3D) HelmholtzCoil anda single one
dimensional (1D) Maxwell CailFigureB-53 shows two types of Helmholtz coils manufactured

by Bartington, one with circular coi{g) and one with square coilb).

Figure B-52: Typical structure of a 3D Helmholtz Coil (model BH13®8 of ASC Scientific) (a) and (b) 1D Maxwell Coil

-V
|

(a) (b)

Figure B-53: Commercially available (a) circular and (b) square Helmholtz coil by manufactured by Bartington.
Source: Bartington
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Active magnetic field cancelatiodoesnot come without complexityA closedi loop
system is needeavhich will measure, calculate and compensate for the external magnetic field.
One or more magnetomeseareneeded to measure the magnetic fidldast analog or digital
circuit to calculate the current is needed to feed to the HelmholtzAc&topositional Integral
Derivative PID) controller will offer a goodolution as a method to calculate the amount of the
current that is needed. However, a metloalt tales into consideration the electromagnetic
equations thagovern aspecific setupvill give more accurate resultslore information about the
calculatiors are given in the Appenxlil. Table17 summarizs the different equatiaof some
basic setupginally, it is important to mentiothatan amplifier with high current capability is
needed to drive the Coils with the appropriate amount of curféete is a limitation in the
maximum frequency that the amplifier can drive due to the high induction of theTdalsis the
main reason why a combination with passive high frequency shielding and an active low

frequency shielding is more preferable
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AMR DC Characte

The HMC 100X sensor from Honeywell utilizes Anisotropic MaghBiesistancéAMR)
technology, which has become increasingly popular in a wide range of applications due to its
ability to be integrated into chip form. Despite its advantages, AMR sensors are not without
limitations. One notable drawback is their susceptibility tnagnetization when exposed to high
magnetic fields, rendering them unable to accurately measure the field even when the intensit
subsequently decreases. To combat this, manufacturers often incorporate a coil within the senst
to generate a repolarizatidield, allowing the sensor to recover from hifigld exposure. This
thesis examines the DC behaviour of the HMC 100X sensor, and based on the measuremen
collected, develops a model that is subsequently utilized in the design of the sensor circuit systen
Overall, the HMC 100X sensor is an example of the taftethat must be considered when

utilizing AMR technology in practical applications.

The chapter is organized in five sections. The first Se@idpr esent s t he AN
DC behaviour in depth. A short presentation is made in the chastectionB.3.1SectionC.2
examines the AMR sensorés DC performance,
effect. SectionC.3, introduces a modelling method for the AMR sensor and some indicate
parameters. Finally, the methodology and experimental imitations are discussed in Gektion
and the conclusion in Secti@5.
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Cll ntroducti on

Magnetoresistance sensors, based on the Anisotropic Magneto Resistance (AMR) effect,
are currently replacing other types of sensors in many industrial applications, as they have higher
sensitivity than other sergionductive sensing elemen8)7]. They are easily manufactured in
semiconductor industry by sublimation or sputtering NiFe in the sensor structure. The thickness
of the NiFe ranges from somenup to100nm FigureC-1 shows the structure of the HMC 100X

sensor and its circuit representation.
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Sensor 0 . e - : ”‘“\\ AMR
L Sensor
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Figure C-1: Functional model of an Anisotropic MagneResistive (AMR) sensor with offset and Set/Reset coils (a) ¢
Structure of a commercial integrated AMR sensor (HMC 100X by Honeywell).

AMR sensors have become increasingly prevalent in recent years as a vital component in
various magnetic field measurement instruments and everyday applications such as 3D
compasses, linear or rotary encoders, position detection, distance measuring, raetit rfielgl
sensing. However, these sensors possess several significant limitations that must be addressed in
order to optimize their performance. The most pronounced issues include delaminatiorgaron
output, insensitivity to field direction, offsdtysteresis, crosield effects, and demagnetization.
Despite these drawbacks, AMR sensors remain an important tool in magnetic field sensing due to
the ability to alleviate or at least reduce the impact of these limitations through careful sensor
designand the inclusion of additional components such as Set/Reset and Offset coils. While a
brief discussion of these limitations can be found in literéaotionB.3.1, it is crucial to conduct
a more indepth examination of these drawbacks in order to fully understand and optimize the

performance of AMR sensors.
C.1.1 Delamination

Delamination is a type of material failure in which the material fractures into layers. In the
case of an AMR sensor, delamination occurs when the magnetic sensing material becomes

detached from the supporting structure. The cause of this phenomenoensinedy clear to all,
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but it has been proven to be related to the magnetostriction effect of theétiRalloy thinfilm
structure used in most AMR sensors. The magnetostriction effect causes the material to expand |
one direction and contract in the other when exposed tgaetic field. This repeated expansion

and contraction can lead to the separation of the sensing material from the substrate, resulting |
delamination. The degree of delamination is influenced by the ratiox6BNn the thinfilm
structure, as shown kigureC-2 [309]. From this Figure for the magnetostriction of the different
NixFe ratios it is clear that the Ni must be betweer82%, consequently Fe between2B%,

tents to have zero magnetostriction. In this stoichiometric ratio the contraction of Nickel (Ni)
counter acts the expansion of the Iron (Fe). The behaviour of thosergtewas presented in
Section B.1.8.3 of the magnetostriction effect in therromagnetic materials. Manufactures
usually use NiFexo or NigiFero to avoid sensor delamination. Moreover, separating into small
segments the NiFe sensing element also improves long term stability of the sensor. However, thi
ration does not imply that you achieve the maximum sensitivity of the sensor element, i&is just
compromise which enables the sensing element working reliable over years without delamination
Additionally, in this ration the coercively field is aboi@ p ©j & which is very weak,

suggests that the material is magnetically soft, and suitable for magnetic sensors.
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Figure C-2: Magnetostriction of the different #¥fey ratios.

C.1.2 Non-linear output & Insensitive to field direction.

The AMR sensing element exhibits a Aorear output due to its even function behaviour
around zero magnetic field. This nbnearity, as depicted iRigureC-3(a), precludes the ability
of the sensing element to differentiate the direction (polarity) of the magnetic field. The underlying
theory behind the AMR effect can be found in SecBoh 6 of the relevant literature.

One way to improve the linearity of AMR sensors and enable detection of the polarity of

the magnetic field is through the use of sensor polarization. By polarizing the sensor at an angl
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of +45 degrees, the sensor is able to detect both positive and negative magnetic fields with the
same sensitivitylFigureC-3(a) illustrates the behaviour of the sensing element when it is biased.
The NiFepermalloy, which is a soft magnetic material, can be polarized by passing current
through it, aligning the magnetic domains in the direction of the current. However, toesithisgv

a high field is needed to polarize the magnetic domains in the easy magnetization axis, which is
the axis along which the electric current flows. However, if the element size is large, electrons
scatter and do not flow straight along the easy ntagat®n axis. To solve this problem, the
sensing element can be split into many small segments, which improves the alignment of the
magnetic domains and increases the linearity and polarity detection capability of the sensor. The
NiFe segments are sepamatby high conductivity strips, such as copper or aluminium. These
strips facilitate the perpendicular entry of current into the NiFe segments, as depietgarén

C-3(b) of the relevant literature. This configuration is called Bapwbe structures because it
reminds the sign used by barbers to signify the place. The flow of current within the ARM sensing
element is also illustrated in this figure, further highliggtthe role of these high conductivity

strips in enhancing the sensor's performance. A Wheatstone bridge configuration improves the
performance of an AMR sensor by making its output linear and less affected by temperature
changes. The Wheatstone bridge igit@uit that uses four resistors, arranged in a specific
configuration, to measure small changes in resistance. By using a Wheatstone bridge, the sensor's
output becomes more stable and accurate, making it a better choice for measuring changes in
magnetidield strength as illustrated igureC-1 & FigureC-3(c) [4], [22], [264].
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FigureC-3: Behaviorof a bi ased AMR sensordds resistance ratio.
current flow (a). (b)How the NiFe permalloy is splitting (Barber Pole pattern) in an AMR sensing element and how the
pass through it. (c) AnMR sensor with four sensing elements in a Wheatstone Bridge configuration.
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C.1.2.1 Offset

The offset bridge voltagen , I's defined as the unwant
a zero magnetic fielf21], [264], [307], [310] The offset occurs due to the mismatches of the two
pairs of sensing element&phY and Y RY in the Wheatstone bridge as shoRigure C-1.
The offset voltage can be calculated according to Honeywell application note [173], with a simple
algorithm. The first step is to send a set pulse to polarize positively the sensor and measure tr

output voltagaw . The second step is to send a reset pulse to polarize negatively the sensor an

measure the output voltage . Finally, thew is calculated by adding the andw
and divide by 2, w W W jc .
The offset between the same model AMR se

dynamic range output. For example, the offset for the HMC 100X is range fipm wto
o 1 wwith mean value of cmwand the sensordés absolute
W@ ¢ X0, This means the nominal offset is 30% of its dynamic range.
Additional, the offset voltage also varies when the temperature chgfjgis], [307], [311] If
it is not addressed properly, it will greatly decrease the sensitivity of the sensor system.

There are different ways to compensate for the offset, some of them are described in the
application note from Honeywdll85]. Considering the Th venint¢
can be model with two voltage sources as it is presentéduneC-4. This means that the voltage
offset which comes from the sensing element miss much can be solved either by fixing the
elements'YpRY and'Y RY ratio using a shunt resistor, or by introducing a voltage source. The

methods of shunt resistor, trim resistor and voltage source are analysed in detail.

Voffset/2 GH/Z R1//R2 Vout .

—((F—>—wm——

Voffset/2 GH/Z Rg//R4

COM

FigureC-4: A MR Butput as two voltage sources with a pas
C.1.2.1.1 Shunt Resistor.

The utilization of a Shunt resistor in a Wheatstone bridge circuit serves as a practical mean:
of achieving balance within the circuit. This approach is demonstratéidune C-5, wherein a

relatively highvalued resistor is connected in parallel with one or more legs of the Wheatstone
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bridge circuit. The calculation of the appropriate resistance value for the Shunt resistor must be
conducted in an environment free of external magnetic fields, such as within a Gauss chamber or
Helmholtz coil. However, if such conditions are not feasible alternative approach involves
utilizing a Set/Reset coil to polarize the sensor and determine theffsebpoint. One notable
limitation of this technique is that the Shunt resistor, due to being composed of a different material
than the sensing eteents, possesses a distinct temperature coefficient. As a result, the offset may

vary with temperature, potentially leading to inconsistencies in the overall circuit balance.

Figure C-5: Wheatstone bridge sensor offset cancelation with a Shunt Resistor.
C.1.2.1.2 Potentiometer Resistor.

The Potentiometer resistor technique is similar to the Shunt resistor method, but with the
added advantage of being less affected by temperature variations. As illustraigdraC-6,
there are two variations of this technique. In both versions, the Wheatstone bridge is balanced with
a Potentiometer resistor, and the ratio between the Potentiometer resistor and the Wheatstone
bridge remains constant, regardless of temperature chdiggesrst version, illustrated iRigure
C-6(a), can be applied specifically to the HMC1002 sensor, as it features independent grounds for
the two branches of sensing elements. However, this method is not practical for the HMC1001
sensor, which has a common ground for both branches. Furthermd?et¢ngometer resistance
must be kept extremely small, as large values, even a few Ghmsvould increase the nominal

branches resistance, thereby reducing the sensitivity of the bridge.

The second version of the Potentiometer resistor technique, illustrafégune C-6(b),
can be applied to both HMC100X sensors, making it a more general and practical solution for
initially balancing a Wheatstone bridge. This approach preserves the basic structure of the bridge,
without the need to insert balancing components directly amy of the branches, thereby
avoiding issues associated with junction contact resistances and desensitization caused by added
branches resistance. The Potentiométerserves as a means to differentially add parallel
resistance to botty and’Y , allowing for finetuning of the circuit balance. Let's assume that
Y 1, the maximum balancing effect will occur when the wiper of the Potentiometer is

positioned at an extreme point, such as the start or end, in whickycése parallel with one
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arm and the other arniv( or 'Y ) is shorted. At the midpoint positiotY, j ¢ is in parallel with
both'Y and’Y . To avoid desensitizing the bridge, this parallel combination should not change
the bridge arm resistance by more than approximately 1%. Using the parallel resistance formula
it can be shown that:

Y i 11
CW (117
where'Y is a typical branch resistance a¥id is the maximum change allowed. Considering that
in this thesis the HMC100X is used where theangesp it Yo p ¢ mm@and varies by 1%
thenthey 1 y'an

VB+

Vo
ou ﬂo

(b)

Figure C-6: Wheatstone bridge sensor offset cancelation with a potentiometer (a) specific case and (b) general ¢

The purpose of the resistan¥eis to limit the maximum balance action which occurs at
the extreme potentiometer settings. In this casés in parallel with one branch and is simply
connected between opposite bridge branch. Typical valué¥ fange betweep@)andun
The particular arrangement of and'Y within the bridge is unimportanty can be connected
between signal corners or excitation corners with no difference in performance. To achieve the
best stability and minimum drift, these resistances should be metal film or wire wound designs

and not carbon composition with a temperatueffaoent of less thap m n & 0.
C.1.2.1.3Voltage Source.

The offset cancellation technique utilizing a Voltage Source is similar to the second
version of the Potentiometer Resistor technique, where a differential voltage source is used i
place of a potentiometer to control the voltage applied to a specifictbadrthe Wheatstone
bridge circuit. Additionally, a higivalued resistor is connected between the voltage source and
the bridge outputs to prevent desensitization of the bridge. This approach is illustiaigarén
C-7. The Voltage Source can be implemented using a differential eigitalalog converter
(DAC). This approach allows for the bridge to be balanced at different temperatures, providing a
more versatile and accurate means of offset calibration. The vottage s connected in parallel

with one of the branches of the Wheatstone bridgeor Y , the differential voltage source
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generates a voltage that can be set and adjusted to cancel the offset voltage. This approach allows
for precise balancing of the Wheatstone bridge circuit while avoiding desensitization of the bridge.
The high value resistor that connects the voltage sdarhe output of the bridge, acts as a buffer,

avoiding the desensitization of the bridge by the voltage source.

VB+

DAC

V.

Figure C-7: Wheatstone bridge sensor offset cancelation with a differential voltage source from DAC.

C.1.2.2 Hysteresis

Hysteresis is a significant factor that can negatively impact the resolution of a sensor. It is
related to the coercively fiel@d ) which serves as a unique characteristic of the magnetic material
used in the sensor. The hysteresis effect is inherent to the nature of the magnetic material and
cannot be eliminated entirely. In the case of a Nidial (NiFe) (AMR) sensor, the coerely
field is relatively low, with a typical value 6D  p 1] & . However, even thigelatively weak
value can have a significant impact on the performance of a sensor designed to detect low
magnetic fields. The suppression of hysteresis in a sensor can be achieved through various
methods, such as repeating the Set/Reset process ordyngjtand averaging the output. These
methods do not alter the coercively field of the magnetic material, but rather aim to estimate the
real output by averaging multiple measurements. This approach can effectively reduce the impact
of hysteresis on the 8gor's resolution, by averaging out the effect of the hysteresis on the sensor's

output.
C.1.2.2.1 Dithering

Dither is a form of noise added deliberately to a signal to randomize quantization error and
prevent largescale patterns such eslourbanding in images. It is commonly used in angimg
digital and digitalto-analog converters to reduce amplitude distortions. In mechanical systems,
dithering can be used to reduce hysteresis and backlash by introducing a small, periodic
disturbance. InmAMR sensor, dithering can be applied to the Offset coil to reduce hysteresis by

introducing a lowamplitude, highrequency signal that is higher than the useful bandwidth of the
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sensor. This can be done to improve sensor performance in situations where hysteresis woul

otherwise be an issue.
C.1.2.2.2 Set/Reset

Set/Reset pulses can be used in a similar way like dithering. Instead of just applying a
small signal to the Offset coil, a periodically high current pulse at the Set/Reset coil. The magnetic
material changes its state and averaging some measurementh ctata is closer to the true

value.

C.1.2.3 Crossfield effect

The Crosdield effect (or crosdield error) is defined as the unwanted HAwmear
sensitivity to small fields perpendicular to the sensing dire¢80i], [312]i [314]. This effect is
also common in sensors that utilize ferromagnetic matgddlq21], [264], [307] While in
fluxgate sensors this error can be minimized by proper d&ign[264], [307] [124] for AMR
sensors the crodgeld sensitivity is an inherent property, as it is caused by their fundamental
operating principle. If the crodgld is large, it causes irreversible changes namely breaking the

single magnetic domain state and causing amipgtdispersiot7].

The crosdield effect in magnetic sensors can be a significant problem, as it can lead to
inaccuracies in measurement. One of the most effective ways to mitigate this effect is by utilizing
a closedoop architecture for the sensor. This can be achieyersing internal offset coils, such
as the HMC1002, in a closddop configuration. However, this approach can also lead to
interference with the easy axebds magneti zze
secondary problem is to use external £aitound the HMC1001 and HMC1002 for the clesed
loop architecture. This approach has the advantage of avoiding interference with the internal offse
coils, but it also increases the inductance of the system, which can lead to a reduction in the
frequency esponse of the sensor. The choice of whether to use internal or external coils will
depend on the specific requirements of the sensor system, such as the desired frequency ran
and the tradeffs that are acceptable in terms of system performancenip@rtant to note that
the selection of the coils and the closedp architecture should be done carefully as it can affect

the overall performance of the sensor.
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C.1.2.4 Sensitivity

The sensordés sensitivity is [@1,9264], B@’hendent
[310. Moreover, the sensords sensitivity can eas
of high intensity[7], [95], [307], [311] Additionally, hysteresis (or memory) effects, are a
common drawback in devices employing ferromagnetic materials. This behaviour is attributed to
changes in magnetization direction and changes in size or number of magnetic domains of the
ferromagnetic sesing elementg/], [264], [307], [310], [315]

Taking under consideration these factors, t
need periodically to repolarized. The Set/Reset coil offers a simple but effective way to repolarize
the sensing element82]. A hall sensor may be used to detect that the sensor is exposed to high

magnetic field and initiating a Set/Reset pulse.
C.1.2.5 Demagnetization

Demagnetization is the process by which a magnetic material loses its magnetization. This
can occur naturally as a result of the tendency of materials to minimize their internal energy, but
it can also be induced intentionally through methods such ang¢ag material above its Curie
temperaturéY, or exposing it to a strong, alternating and damping magnetic field. In the context
of an AMR sensor, demagnetization can lead to a reduction in sensitivity and accuracy. To address
this issue, designers of AMR sensors often include a Set/Reset cepdianse the magnetic
domains within the sensor. This approach can help to restore the sensor's sensitivity and improve
its performance. However, the use of a Set/Reset coil also has some drawbacks. For reliable
operation of AMR sensors, a slow, perio8iet/Reset pulse is often required, which can reduce
the sensor's bandwidth and limit its performance in applications where fast response is a primary
objective. This tradeff between the sensor's reliability and its performance must be carefully

considerd by sensor system developers when designing AMR sensors for specific applications.
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C2Examining the DC behaviour of

The AMR sensor has a complex behaviour, as previously discussed in this thesis. One o
the challenges in understanding and utilizing this behaviour is the fact that commercial AMR
sensors, such as the HMC 100X, do not always provide detailed informatia Hie
composition and stoichiometric ratio of the NiFe permalloy used in the sensor. Additionally, the
magnetic signature of the sensor package pinout legs can have a significant impact on the sensc
behaviour, as the magnetic mass of these elementbeaomparable to that of the sensing
element. Due to the limitations of the equipment and resources available during this research, |
was not possible to fully map the NiFe ratio or the material hysteresis loop of the sensor. This lac}
of information cald potentially limit the accuracy and precision of the results obtained from the
sensor, and highlights the importance of careful characterisation of the sensor materials an

components in order to fully understand and utilize the sensor's behaviour.

To better understand the behaviour of the AMR sensor and overcome limitations in
equipment access, a series of experiments were conducted using a combination of laboratot
equipment and equipment that could be easily constructed or borrowed. The prstramryémt
used for these experiments was the Keithley 428GS Source Measure Unit (SMU), which
offers a high current source capability of up to 2 Amperes with a resolutiombofand the ability
to measure voltages with a resolutioncoftérnaup to 2DV. The Set/Reset pulses needed to
repolarize the sensor were generated using a-Pielgrammable Gate Array (FPGA) digital
pattern generator driving anBridge. The pulse generation architecture was analysed in detail in
chapter MM. To minimize the imgaof external magnetic fields on the sensor, a Gauss chamber

with one end open was used for electric still. The experimental setup is illustr&igdreC-8.
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Figure C-8: Experimental setup for measuring the AMR Sensor HMC100X.
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The series of experiments that have been conducted are:

a. Noni Linear behaviour: The AMR has a norinear behaviour and in this experiment it is
mapped. In addition, the sensorod6s offset is c:
b. Hysteresis: Even though NiFe permalloy is very soft and as Iqwmag & coercively field
("0), nevertheless it is not negligible. The experiment will determine what is the cost of the
corrosively field into the sensordés sensitivi
c. Cross Axis effect: In this exponent the sensor is examined how it is affected by the field

created by the nearby Offset coils. This is conducted only to the HMC 1002 because is the
only sensor in the HMC 100X family that it has two sensors in the samageack

C.2.1 Methodology.

The HMC 100X AMR sensor has nénlinear behaviour and to examine it the sensors
needs to be excited (stimulated) beyond its measuring limits. According to the datasheet is has
¢ 'TTY('O dynamic range with 2% deviation from linearj®b]. There are many parameters
that need to be examine such as:

a) The bias voltage of the sensor.

b) The bias polarization of the sensor.

c) Incremental strategy of the current at the Offset coil for sensitive axis.
d) Biasing the sensing elements by applying Set/Reset pulse.

The sensor due to its nature of NiFe has hysterasismory effect. That is why the way
the magnetic field is applied it matters. There are two different ways to increase the magnetic
field. The first way is to start from zero and go up to positive (negathen go back to zero and
after go to negative (positive). The other way is to start from zero and go back and forth, from
positive to negative. Both strategies are illustrateféignire C-9, where the horizontal axis is the
time, and the vertical is the magnetic field. The above experiments have conducted with both

positive and negative polarity apd, vwandp 1 bias voltage.

Current
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Figure C-9: Strategies for increase the magnetic field in a magnetic sensor. (a) Continues steps and (b) alternative

The magnetic field can be created with two ways, first by apply a current to the Offset coil.
The second way is by an external solenoid or Helmholtz coil. If Gauss chamber is placed inside a
Helmholtz colil, then it will alter the magnetic field of the Hélitz coil. Therefore, due to space

restriction of the Gauss chamber the use of Offset coil is more appropriated. Nevertheless, a
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calibration is needed to ensure the conversion ratio between electric current and magnetic field i

near the real value. This has found tab@ qt ¢ "Oorv ¢&a o a Y

Appling current to the Offset coil may create heat which may lit to errors. To avoid heating
the sensor, the Keithley 4208&S Source Measure Unit (SMU) configure to provide short

current pulses and measure the result.

C.2.2 Experimental Results.

The experimental results are summarized in three categories which have discussed abov
The first the non linear behaviour of the sensor. The second is the hysteresis of the sensor anc
third the cros$ axis effect. Those experimental data after it Haeen processed and categorized

are illustrated in such a way to be more convenient.
C.2.3 NonT Linear behaviour

The noriilinear behaviour of the AMR sensor was calculated from applying different
magnetic field at the hard magnetic axes (sensitive axis). Both methods preséntrolat-9
are tested and illustratédgureC-10 andFigureC-11.
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FigureC-10.. AMR sensorés output versus magnetic field in
magnetic. The incremental strategy of the magnetic field is in continues as illustr&igdriaC-9(a).
Two different bias level 5V blue line, 10V red line and dot line is the linear interpolation.
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FigureC-11: AMR sensor 6és output versus the magnetic fiel
magnetic field was in continues as illustratedrigureC-9( b) . The sensords output er

Both (a) and (b) has two different bias levels 5V blue line,10V red line and dot line is the linear interpolation.

TheFigureC-10andFigureC-11suggest that the incremental method of the magnetic field shown
inFigureC-9af fect the sensorodés behaviour at high

The noni linear behaviour of the AMR sensor needs to be tested further in different
configurations such as polarization and bias. Those configuration gives four different
combinations are:

a) positive polarization (Sett S+) of the magnetic dipoles and positive bias (B+) which
means positive supply to the sensor bridge.
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b) positive polarization (Seit S+) of the magnetic dipoles and negative biag ({#hich
means negative supply to the sensor bridge.

C) negative polarization (ResktS-) of the magnetic dipoles and positive bias (B+).

d) negative polarization (ResktS-) of the magnetic dipoles and negative biag.(B

FigureC-12illustrates the fourth combinations of biasing and polarization for different excitation
currents in a vector diagram. For each combination two current sweep of £200mA were made tc
the offset coil using the continues step strategy ofFigareC-9(a). At thebeginningof each

sweep and every time that passing through zero the polarization of the sensor was reinitializec
The reason for that is because at high magnetic field the AMR sensor is demagnetized. Thi
maximum magnetic field applied in this experiment is abootudb | e t he ma n
recommended range for the HMC100X. This is because thé toear and demagnetization

behaviour of the AMR sensor needed to be study.

Set
A

VRei VRe+

y
Reset

Figure C-12: Vector diagram showing the fourth different combinations of an AMR sensor.

The results of various combinations of sensor and bias current are presehigoalrén
C-13. In FigureC-13 (a), the horizontal axis represents the offset current aRayure C-13 (b)
the horizontal axis represents the estimated magnetic field after calibration. Due to the fact tha
combinations (S+B+ & 8-) and (SB+ & S+B-) are overlap the representations of S&aBd S
B- was inverted to improve the readability of the grapits. dbserved that the combinations of the
first and third quadrants #igureC-12 exhibit the least demagnetization. This is likely due to the
alignment of the magnetic field generated by the bias current with the magnetization field of the
sensing elements. Furthermore, it is observed that the combinations of Staemd&essarpf
measuring the offset of the sensor, however, it is important to use the same bias polarity
Additionally, it is noted that the demagnetization effect occurs at a field of approximately £3.6 G
(N360 £T), whi ch i s appr oxiaxaumeduggestéd. by the i m
manufacturer. As such, the demagnetization effect can be ignored in a simplifiedlctgsed

model.
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C.2.4 Hysteresis

The coercively fieldD ) is measured when aB loop intercept the zero magnetic field.
In our case the coercively fieldX) is measured when there is a zero magnetic field. In order to
achieve that a Helmholtz coil creates an almost zero magnetic field. In addition, the Offset of the
sensor must also calculate and remove from the measurements. Contrary to the experiment of nc
T linear behaviour this experiment does not need the sensor expose in magnetic field out of th
manufacture specification. More precise, during hysteresis measurements the magnetic field wa
about between ¢ YO and ¢ 1Y O to avoid sensor get demagnetized.

A limitation of the original calculation of the coercive fiel® | is that it does not account
for the specific equipment used. In order to obtain a more accurate measureri@enitas
necessary to take into account the characteristics of the equipment used. Furthermore, in tr
experimental set up, a "Set" operation was performed on the sensor, followed by 12 repetitive
cycles of measurement. Then a "Reset" operation was applicdnother 12 repetitive cycles of
measurement were conducted. This methodology ensures that any residual magnetization

removed before measuring the coercive field, leading to more accurate results.

C.2.4.1 Results of measuring Hysteresis.

The first step is to measure the hysteresis of the sensor as it is. The results for identify the

hysteresis are illustrated FigureC-14, Figure C 15 anéigureC-16.
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Figure C-14: Multiple Hysteresis loop for measuring coercively fiéd ).

Because the sensor output in Figure C 14 is not clear at all a zoom in the region of interest i
shown in Figure C 15. The region of interes

FigureC-16s hows only the first iteration after t
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graph suggest that the coercively field ) field is about o @en™grx ¢ Y& xa& 6 & . In other

word the uncertainty of the sensor is abopt ety

Due to the lack of clarity in the sensor output presenté&dguareC-14, a zoomedn view of the

region of interest is presentedrigureC-15. In this case, the region of interest is where the "Set"
operation intercepts the "Reset" operation. To further clarify the reSigltseC-16 presents only

the first iteration after the "Set" operation (represented by the blue line) and the "Reset" operation
(represented by the red line). The graph suggests that the coercivédiglid @pproximately
about* o @&"Yor X ¢ Y x& O @ . This suggests that the uncertainty of the sensor is
approximately p Wert"YThus, the results obtained from the sensor, although not precise, can

provide a rough estimate of the coercive field.
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Figure C-15: Hysteresis loops zoom in base on Figure C 14.
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Figure C-16. Hysteresis loop of the first integration zoom in base on Figure C 15.
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C.2.4.2 Results of measuring Hysteresis with Dithering

Dithering signals are commonly used in hysteretic systems or systems with friction to
linearize the output. In this case, a small dithering signal with an amplitude of approximately
v TEn Nd a frequency of @ Odvas applied to an external coil. The results of testing the
dithering technique are presentedrigureC-17. The figure illustrates that the dithering signal
has effectively linearized the output of the sensor, which is evident from the smooth response
observed in the graph. This suggests that the use of dithering signals can be a useful technique f

improvingthe linearity of the output in hysteretic systems.

O.110 s
o
7 90 ,/ "
o-70 / °
©-50 s
- ®
1%}
\30<<
10 Magnet i ceTeBla e ; ! ! +——28.
2 SE=d \\ t } 425 123 21 119 117 115 -113  -11  -09 107  -105
200——— 150100 0——100 50 100 150 200 Magnet i ceTeBla e
—s1  —s2 s3 s4 —s5 —S6
-30 —s7 —s8 —S9 —S10 —S11 —SI2
T —R1 R2 R3 R4 —R5 R6
50 —R7 —R8 —R9 R10 —RI11 ——RI2
() (b)
/ 28,625
\ >
28.624+
\ = =]
a
S~ 28.6H 5
/ o
\\ \\ 2861
BRSS > 28.60 —
\ -
R = 0
28.60 ©
/ Som o
< 2859
|
r=———S1—R1 28.59
| — 28,58

-11.50 -11.49 -11.48 -11.47 -11.46 -11.45 -11.44 -11.43 -11.42 -11.41 -11.40
Magnet i ccTeBla el ¢

(©)
Figure C-17: Hysteresis loop with dithering i g nal , (a) 12 repetitions for ASe
the region of interest, (c) the first in

The results of testing a dithering signal suggest that the hysterics of the sensor reduce
considerably and the new value for the corrosively fi@lds about T g "¥r* o & @& 0 & .
As a result of the sensor testing, it was determined that the uncertainty of the sensor is
approximately ¢ ®¢ "YA comparison ofFigure C-16 and FigureC-17 illustrates that the
application of a dithering signal significantly reduces the hysteresis present in the system.
Specifically, the data suggests that the dithering reduces the hysteresis by 878%. This significar
reduction in hysteresis is a clear iration of the effectiveness of the dithering technique in

linearizing the output of the sensor.
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