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Summary

The need for even more compact and low power consumption devices has been the
driving force for microelectromechanical systems (MEMS). Also the integration of
MEMS into current state of the art silicon technology has set the boundaries for the
preparation of these devices. Any candidate device to be manufactured using silicon
technology should be integrated at the last step of production to minimize the cost. To
achieve, the maximum annealing temperature should not exceed about 300 °C. Many
integrated circuits (CMOS) deteriorate above this temperature.

There are several approaches to address the preparation of MEMS devices from the
materials point of view, which include ferroelectric, piezoelectric, magnetic, and
thermoelectric materials. The present thesis work concentrates on magnetic materials
for microelectromechanical systems. Besides the low temperature requirements, most of
the devices in MEMS technology require thick films (20 to 500 pm). Some of the basic
devices include micromotors, microswitches and magnetic circuits to produce field bias,
which are described in Chapter 1. To address the preparation of magnetic material for
MEMS we have developed novel electrodeposition techniques to produce ordered L1g
fct phases of FePt, CoPt, FePd and Co-rich Pt containing P.

The MEMS device, focus has been mainly on micromotors, and in particular on the
preparation and characterization of the rotor. To magnetically pattern rotors, we studied
techniques using pulsed magnetic field, static magnetic field and a method using the

dependence of the coercivity of the tetragonal CoPt phase on composition. The latter




method was demonstrated by electrodepositing into porous alumina membranes, with
porous size in the range 100-200 nm.

Another topic, arising from the electrodeposition of ferromagnetic metals, was the
effect of magnetic field effect on the rest potential. This was examined for the metals
Fe, Ni, Co, Zn, Mn, Cu, Cr, Al and stainless steel in the second part of this thesis. We
have explicitly demonstrated that is corrosion-related and can occur in any systems
where corrosion is mass-transport controlled. It does not require either a ferromagnetic
electrode of diamagnetic solution. The Lorentz force was identified as the main driving
force behind the phenomenon. This force typically acts to enhance the mass transport of
the cathodic reaction during corrosion, therefore shifting the rest potential anodically.

The thesis is divided into chapter as follows: the first two chapters cover an
introduction to basic MEMS devices, electrochemistry, corrosion, a literature review of
L1o and Co-rich permanent magnets and the experimental techniques used in the work.
Chapter 3 presents the magnetic results obtained for electrodeposited FePt, FePd, CoPt
and CoPt(P) alloys. The preparation of the rotor is described in chapter 4, where several
magnetizing devices and techniques have been exploited. Chapter 5 is devoted to the
rest potential of transition metals. Chapter 6 propose some future work.

The main results are the successful electrodeposition of L1y FePt, FePd and CoPt,
with coercivities of 1.5 T, 0.15 T and 1.3 T, respectively. Also, the room-temperature
electrodeposition of coercive CogoPty(P) yields values of 0.35 T for 50 um thick film.
These results fulfil the basic requirement for magnetic MEMS application: thick films
and low processing temperatures. In addition, the electrodeposition technique has been
extended to membrane templates. A novel idea for the preparation of magnetic patterns
using dual coercivity has been demonstrated by depositing CoPt into alumina membrane

templates.
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membrane templates. Deposits on Ag//Si substrates at (a) and (b) -1.3 V, (c) -0.95
V and (d) into a membrane template.

Figure 40. EDS spectrum of FePd electrodeposited on (a) Cu and (b) Ag//Si
substrates. No metal impurities are observed in the spectra.

Figure 41. Dependence of composition on the deposition potential of FePd films.

Figure 42. X-ray diffraction pattern of electrodeposited FePd on Ag substrates
annealed at 500 °C as a function of the plating potential (a) -0.925 V, (b) -0.950 V
and (c) -0.975 V vs. Ag/AgCl. Also shown is the diffraction pattern of the
tetragonal FePd phase.

Figure 43. X-ray diffraction pattern showing the effect of annealing time on the
structure of electrodeposited FePd films on Ag substrates. The films were annealed
at 500 °C for (a) 30 min and (b) 180 min.

Figure 44. X-ray diffraction pattern of FePd films annealed in H> atmosphere at
800°C for 2 hours. Also shown is the diffraction pattern of the tetragonal FePd
phase.

Figure 45. X-ray diffraction pattern of FePd electrodeposited into membrane
templates. (a) As-deposited and annealed at (b) 700 °C and (c) 800 °C in H;
atmosphere. Also shown, the diffraction pattern of the tetragonal FePd phase.

Figure 46. Room-temperature  magnetization — measurement of FePd

electrodeposited on a Ag substrate after annealing at 700 °C for 2 hours in a H
atmosphere.
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Figure 47. In plane room-temperature magnetization of FePd electrodeposited in a
200 nm membrane template after annealing at 700 °C for 2 hours in a H, 126
atmosphere.

Figure 48. In plane room-temperature coercivity measurements of FePd
electrodeposited in membrane templates vs. annealing temperature. Annealing was 127
carried out in a H; atmosphere for 2 hours.

Figure 49. Micrograph of CoPt showing the film thickness. On the left is the 132
silicon substrate.

Figure 50. SEM pictures showing the surface of the films after electrodepositing

at (a) - 0.7 V with 2.4 C of charge and (b) the development of cracks after 133
passing more than 15 C of charge.

Figure 51. Morphology of electrodeposited CoPt dependence on the potential.
Films were electrodeposited at (a) -0.8 V and (b) -1.3 V vs. Ag/AgCI. 134

Figure 52. Composition dependence on the overpotential of films
electrodeposited from a bath containing 0.1 M CoCl; (CoPt#0). The bath was 135
mechanically stirred during the electrodeposition.

Figure 53. Pt content dependence on the CoCl; concentration in the
electrochemical bath. Films were electrodeposited at -0.7 V vs. Ag/AgCl 136
reference electrode with vigorous mechanical stirring.

Figure 54. X-ray diffraction patterns of as-deposited CoPt films electrodeposited
from baths with different CoCl, concentration (a) 0.1 M, (b) 0.2 M and (c) 0.25 137
M.

Figure 55. X-ray diffraction patterns of nearly equiatiomic CoPt films (a) as-
deposited and annealed at 660 °C for (b) 5, (c) 10 and (d) 21 min. Films were 139
electrodeposited at -0.725 V vs. Ag/AgCI.

Figure 56. X-ray diffraction patterns of nearly equiatomic CoPt films (a) as-
deposited and annealed at 660 °C for (b) 21 and (c) 40 min. Films were 139
electrodeposited at -0.700 V vs. Ag/AgCI.

Figure 57. X-ray diffraction patterns of nearly equiatomic CoPt films annealed
at 660 °C for (a) 20 and (b) 40 min. Films were electrodeposited at -0.65 V vs. 140
Ag/AgClL.
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Figure 58. X-ray patterns of CoPt films annealed at 800 °C for 2 hours in a H;
atmosphere. Films were electrodeposited at (a) -0.650 V, (b) 0.675 V and (c) -
0.725 V.

Figure 59. X-ray diffraction patterns of CoPt films annealed at 800 °C for 2
hours. Films were electrodeposited from electrochemical baths containing (a)
0.1 M, (b) 0.2 M and (c) 0.25 M of CoCl; at -0.725 V vs. Ag/AgCI.

Figure 60. Room-temperature magnetization measurement of a CoPt film
annealed at 660 °C for 20 min in vacuum. The films were electrodeposited from
the bath containing 0.1 M CoCl..

Figure 61. Room-temperature magnetization of films electrodeposited from the
bath containing 0.2 M of CoCl; and annealed at 660 °C for 20 min in vacuum.

Figure 62. Room-temperature magnetization measurements of CoPt films

annealed in H; atmosphere at 800 °C for 2 hours. Films were electrodeposited
from the bath containing (a) 0.1 M of CoCl; and (b) 0.25 M CoCl..

Figure 63. Films electrodeposited from baths containing (a) 0.03 M, (b) 0.06 M
and (c) 0.180 M of NH,OH. Side by side are micrographs of the same film in
different areas. Films were electrodeposited at —5 mA for 25 min.

Figure 64. Co content in films vs. the concentration of Pt(NO;)>(NH;). films
were electrodeposited on Ag substrate using a current density of 48 mA cm™.

Figure 65. X-ray diffraction patterns of CoysPtss films electrodeposited from the
ammino-complex baths and annealed at (a) 650 °C, (b) 800 °C and (c) 900 C
for 2 hours.

Figure 66. X-ray diffraction patterns of Co45Pt55 films annealed at 800 °C for
(a) 20 min and (b) 2 hours.

Figure 67. X-ray diffraction patterns of samples annealed at 800 C for 2 hours
containing (a) 34, (b) 39 and (c) 70 at. % Co.

Figure 68. In plane room-temperature magnetization curves comparing samples
annealed at 800 °C for (a) 20 min and (b) 2 hours.

Figure 69. Coercivity dependence on the annealing temperature for samples
annealed in a H; atmosphere.

Figure 70. Coercivity dependence on the Co content for films annealed in a H,
atmosphere.
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Figure 71. Micrographs showing CoPt electrodeposited into 200 nm
membranes. The deposition was carried out at -30 mA cm™ for 4 hours.

Figure 72. Micrograph of CoPt electrodeposited from a bath containing 35 mM
of Pt p-salt after the removal of the membrane template.

Figure 73. Evolution of the X-ray patterns of CoPt electrodeposited in
membrane templates with annealing time. Samples are (a) as-deposited and
annealed at 700 °C for (b) 5 min, (c) 30 min and (d) 2 hours.

Figure 74. Evolution of the X-ray patterns of CoPt electrodeposited in
membrane templates with annealing temperature. Samples are (a) as-deposited
and annealed at (b) 450 °C, (c) 550 °C, (d) 650 °C and (e) 700 °C for 30 min.

Figure 75. In- plane room-temperature magnetization curve showing the initial
magnetization of CoPt annealed at 700 °C for 30 min. The initial magnetization
curve is characteristic of a pinning-controlled magnet.

Figure 76. In plane room-temperature magnetic measurements showing the
effect of annealing time for 8-10 um samples annealed at 700 °C. Samples were
annealed for (a) 5 min, (b) 10 min, (c) 20 min, (d) 30 min, (e) 50 min and (f) 120
min.

Figure 77. Out of plane room-temperature magnetic measurements showing the
effect of annealing time for 8-10 um samples annealed at 700 °C. Samples were
annealed for (a) 5 min, (b) 10 min, (c¢) 20 min, (d) 30 min, (e) 50 min and (f) 120

min.

Figure 78. Coercivity dependence on the annealing time of deposits into 200 nm
membranes. All samples were annealed at 700 °C.

Figure 79. Coercivity dependence on the annealing temperature of deposits into
200 nm membranes. All samples were annealed for 30 min.

Figure 80. In-plane room-temperature recoil curve of the samples annealed at
(a) 650 °C for 30 min and (b) 700 °C for 30 min.

Figure 81. Pt composition dependence on the CoCl, concentration for films
electrodeposited from chloride.
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Figure 82. (a) Cross section of CogoPtyo(P) films electrodeposited for 9-10 hours
showing the thickness of the deposit. (b) Cross section of CoPtP films showing that
the thickness is uniform over large areas, the deposition was carried out for 210
min and the substrates are FeNI.

Figure 83. CogoPt:0(P) electrodeposited at 20-30 mA cm™ for 2 hours into alumina
membrane template.

Figure 84. Co content (Co/(Pt+Co)) of the CoPt(P) deposits vs. Pt p-salt
concentration.

Figure 85. X-ray diffraction pat7terns of CosgpPts9(P) deposited into membrane
temelates at (a) -4V (18 mA cm™), (b) -5 V (24 mA cm"’) and (c) -6.5 V ( 30 mA
cm’™).

Figure 86. X-ray diffraction patterns of samples electrodeposited from CoPt(P)
baths containing (a) 5, (b) 8, ()10, (d) 12, (e) 16 and (f) 20 mM of Pt p-salt. The
phases that have the closest reflections to the experimental data are in the lower
part of the picture. The composition of the deposits is shown in Fig. 84.

Figure 87. (a) Out of plane and (b) in plane room-temperature magnetization
measurements of CogoPtyo(P) thick films electrodeposited at 40 °C.

Figure 88. Room-temperature out of plane and in plane coercivity dependence on
. £
the Pt p-salt bath concentration. Films were electrodeposited at 22 mA cm™.

Figure 89. In plane room-temperature hysteresis loop measurement showing the
recoil curve of CoggPto(P) on Cu substrate

Figure 90. Room-temperature in plane and out of plane magnetization
measurements of CogoPt2o(P) deposited into a membrane template. The in plane
and out of plane coercivities are 0.18 T and 0.25 T respectively.

Figure 91. Dependence of coercivity on potential for CogoPt:o(P) deposits into
porous alumina membranes.

Figure 92. Values of coercivity vs. thickness found in the literature and including
this thesis. The complete list of references used to construct this graph is shown in
the introduction (section 1.4.1.2.1). The open and closed triangles represent our
data.
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Chapter 4

Figure 93. Typical magnetic configuration of a multipole planar rotor.

Figure 94. Hypothetical hysteresis loops for a feasible material that can be used
in the rotor showed in Fig. 93.

Figure 95. Polar piece design. Units are in mm unless otherwise stated.
Figure 96. A single set of polar pieces utilized to magnetically pattern rotors.

Figure 97. Magnetic profile of magnetized (a) 6 poles, (b) 6 poles with shunt and
(c) 12 poles rotors.

Figure 98. CoPt rotor 200 um thick and 5 mm in diameter (©) supplied by the
Swatch Company.

Figure 99. (a) A bonded Nd-Fe-B ring and (b) its magnetic contrast seen through
a magnetic paper after magnetizing into pole pattern.

Figure 100. Magnetic profile of a 12 poles Nd-Fe-B based ring rotor of (a) 10
mm diameter and (b) 7 mm diameter.

Figure 101. (a) Contact side of a membrane template and (b) cross section of
CoPt deposited for a short period of time after the removal of the membrane
template.

Figure 102. Top view of the set of stripes electroplated in a membrane template.

Figure 103. The magnetic profile of four stripes with alternating magnetization.
“A” and “B” denote two groups of stripes with different coercivities.

Figure 104. Stray field measured on a set of four stripes with spacing in between.

Figure 105. Magnetic field B, due to a rod uniformly magnetized along its
length.

Figure 106. (a) A single stripe with dimensions L = (20, 2, 0.012) mm and its (b)
Bz field along the line A-B for a magnetization M = (0, 0, 0.45) T.

Figure 107. (a) A set of four stripes with alternation magnetization and each

stripe having dimensions L = (20,2,0.012) mm and the (b) B, profile along of the
line A-B for a magnetization M = (0, 0, 70.45) T.
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Figure 108. (a) A set of four stripes with spacing as large as the stripe width and
magnetization M = (0, 0, +0.45) T and the (b) B. profile along of the line A-B.
Each stripe has the dimensions L = (20,0.45,0.012) mm. 207

Chapter 5

Figure 109. Shift of the rest potential of an iron electrode in 1 M Fe(NO3)s as a 1.5
T field is switched on and off.(a) Field parallel to the electrode and (b) field 215
perpendicular to the electrode surface

Figure 110. Variation as a function of pH of the rest potential shift in 1.5 T applied 218
parallel to the surface of an iron electrode immersed in 1 M KNOj3,

Figure 111. Time dependence of the rest potential shift AEy of an iron electrode in
1 M KNO; (pH 1). The shift decreases as the electrode is coated with corrosion 218
products.

Figure 112. Dependence of the corrosion time on the applied field for (a) smooth
and (b) rough electrodes with and without a 1.5 T field applied parallel to the 219
electrode surface.

Figure 113. Dependence of the corrosion time on the applied field when a smooth
electrode is set to -0.08 V vs. SHE. The 1.5 T field is applied in plane of the 220
electrode.

Figure 114. Corrosion rate measurements based on weight loss for smooth samples
corroded at constant potential and at open circuit (rest potential). The 1.5 T field 221
was applied in plane of the electrode.

Figure 115. Corrosion rate dependence of Fe in 1 M KNQOj solution on pH, with 222
and without a 1.5 T applied field.

Figure 116. Micrograph of Fe electrode (a) before and (b) after corrosion in 1 M
. 223
KNO; pH 1 solution

Figure 117. EDS of an Fe electrode after corrosion in a | M KNO; pH 1 solution. 223
Figure 118. Rest potential shift of a smooth (8 nm rms) and a rough (170 nm rms)
electrode in 1 M KNO;3 (pH 1) as the field parallel to the electrode surface is 224
switched on and off.

Figure 119. Variation of AE with rotation rate for an iron rotating disc electrode 226

in 1 M KNOjzat pH 1.

20



Figure 120. Variation of the rest potential shift of an iron electrode in 1 M KNOj3 at
pH 1 as a function of applied magnetic field. The solid line shows the approach to
magnetic saturation of the electrode in these conditions. The dashed line is the
relation AE oc I-exp(-0.75B).

Figure 121. (a) Anodic polarization curves showing the passivation of iron in 1 M
KNO;3 at pH 1 and (b) cathodic polarization curves with and without a 1.5 T
applied magnetic field.

Figure 122. Tafel plot of a rough iron electrode in 3 M KNOj3 solution pH 1 with
and without a 1.5 T applied magnetic field.

Figure 123. Shift of the rest potential of a zinc electrode in 1 M KNO;3 (pH 1) as a
1.5 T field is switched on and off. The field is in plane of the electrode, which is
mounted vertically.

Figure 124. Magnetic field dependence of the rest potential shift for a zinc
electrode in 1 M KNO;3 (pH 1). The fit is AEy o« B*. The inset shows the electrode
surface (a) before and (b) after exposure to the electrolyte in a 1.5 T field.

Figure 125. Variation of the rest potential of a Zn rotating disc electrode in 1 M
KNOj; (pH 1) with rotation rate. The shift obtained in 1.5 T is shown by the arrow.

Figure 126. (a) Anodic and (b) cathodic voltammograms of a Zn electrode in 1 M
KNO; pH 1 with an applied field of 1.4 T.

Figure 127. Relationship between AE( and the corrosion current jeo, for electrodes
corroding under cathodic mass transport control.

Figure 128. Pourbaix diagram for iron.
Figure 129. Evans diagram showing the effect of an applied magnetic field on the
rest potential. An anodic shift is observed because only the cathodic reaction is

sensitive to the applied magnetic field. Here, j;, B and Ey stand for limiting current
density, magnetic field and rest potential.

Figure 130. Electrical diagram of a low frequency galvanic cell.
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Chapter 1

1 Introduction

A description of the current needs of micro-electromechanical system (MEMS)
technology, which is one of the main driving forces of this work, will be discussed. There
are several approaches for the preparation of MEMS devices from the materials point of
view, which include ferroelectric, piezoelectric, magnetic, and thermoelectric materials.
This work is focussed only on the magnetic approach. This chapter shows what the current
needs of MEMS technology are and describes important basic devices.

The technique which shows many features compatible with MEMS is electrodeposition.
Therefore, basic concepts of electrodeposition are introduced without going into
mathematical derivations since there is plenty of available literature on this topic. Materials
which are good candidates for the electrodeposition of permanent magnets are reviewed
and compared: FePt, CoPt, FePd, CoPd and Co-rich alloys. The literature survey covers a
wide range of preparation techniques, organized chronologically and by magnetic material.

The studies of rest potential shift dependence on magnetic field for transition metals are
the second main topic of this thesis. The rest potential shift is correlated to corrosion to a
certain level and corrosion has the same basic nature as electrodeposition. A discussion of
corrosion is also included with emphasis on galvanic cells. From the magnetic point of

view the relevant magnetic forces are introduced.
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1.1 Permanent magnet films for micro-electromechanical systems
(MEMS)

The demand for wireless network technology such as mobile phones and laptops
continues to grow. As the wireless networks advance, new challenges emerge for mobile
phone and communication designers. RF (radio frequency) MEMS may help engineers to
add new capabilities and improve power efficiency while keeping wireless devices small
and affordable. About 75 % of the components in a mobile phone are passive elements
such as inductors, resistors and variable capacitors. Reliable MEMS versions of variable
inductors and capacitors would make wireless devices more power efficient.

What other market demands are driving the need for squeezing more functionality into a
mobile handset? In the near future, wireless networks will enable wireless devices to
receive streaming video or music as well as “Web” content. "World" phones will have to
contend with an increasing number of bands or modes. Handsets may also be expected to
integrate short-range wireless technologies to enable wireless connection to other devices
such as laptops, printers or cameras thereby suppressing the need for cables in the office or
home. A user could then print or save the picture taken with their mobile phone camera,
use mobile phone for storing data and many other possibilities.

Current dual-mode or tri-mode phones require separate PA (power amplification)
circuits for each mode. An integrated MEMS solution would need only one power
amplifier, which would save both physical space and money. In this context there is the
need for a "tunable" voltage control oscillator (VCO) that could select among the various

frequencies — from 900 Mhz to 2.4 Ghz — that different transmission technologies require.
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Such a tunable MEMS VCO would eliminate the need for multiple VCO circuits and be
more space efficient.

A simple metallic MEMS switch would allow a phone to work with as many as five
different bands or transmission modes. The switch would also save circuit board by reusing
hardware. In order to incorporate MEMS technology into the already existing silicon
technology, the integration process should allow MEMS to be directly deposited on top of
a mobile device's integrated circuit board, requiring a low processing temperature.

From the magnetic materials point of view, in order to meet the requirements for
MEMS it is necessary to develop new permanent magnet film based devices and processes
which could be used in micro-motors, micro-generators, sensors and read heads and help
significantly reduce the size, weight, and cost of these devices. These elementary devices
would feed as an input to the more complex MEMS devices.

One of the first goals is focussed on the development of nanostructured magnetic
material. The key point is to develop new low temperature processes compatible with
microelectronics environment. The knowledge of the deposition and characterization of
permanent magnetic films is essential for the future design of MEMS devices. The
objectives can be summarized as follows.

a) Preparation of optimized permanent magnets (hard phase) with tailor-made properties
by tuning the nanostructural characteristics such as grain size. Special importance is given
to developing a new and novel low temperature process for preparation of hard permanent
magnetic films with magnetic properties comparable or superior to bulk permanent

magnets.
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b) To prepare, characterize and understand the magnetic properties of permanent
magnets down to submicron.

For permanent magnets of sizes larger than 10 um, the magnetic properties may not
differ from those of the bulk material except for the effect of the demagnetizing field,
which can be calculated. For smaller sizes, the surface and internal structure can strongly
modify the magnetic properties like the coercivity.

c) The third objective of this work from the MEM’s point of view is to prepare
‘demonstrator parts’: a permanent magnet to be used as a bias field for magnetoresistive
sensor (GMR/MR) and a rotor which can be used in micro-motors and micro-generators.
With the knowledge obtained from objective a) and b), small permanent magnets will be
prepared which can be used in industrial fabrication processes.

GMR/MR sensors are usually composed of a Wheatstone bridge structure using
NiFe/Ag multilayers obtained by sputtering deposition. The integrated permanent magnet
is needed to bias the sensor up to a few tens of mT in order to reach a relatively wide
operational magnetic field (£ 2 mT or more) range with good linearity. Magnets for this
application demand thicknesses up to 20 pm with a lateral dimension of 50 um. The micro-
rotor requires films with thickness greater than 50 pm.

The integration of small permanent magnets in microsystems imposes some constraints,
depending on the target application. Read head biasing (GMR/MR sensor) requires thin
films of small size, while micro-motors require thicker films and large lateral sizes. The
diagram below (Fig. 1) shows the possible techniques for the deposition and patterning of

permanent magnets as a function of the lateral size and thickness.
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Figure 1. Diagram showing the most suitable deposition and patterning techniques

according to the target device dimensions.

As can be seen from the diagram in Fig. | the electrodeposition and plasma spraying are

the most promising candidates for the deposition of thick films.

1.1.1 Applications

1.1.1.1 Microswitches

Microswitches devices are one of the many applications that require a technological

breakthrough in the preparation of permanent magnets without a post-annealing process.

When a call is made to a mobile phone the internal circuits switch on to deliver power to

the RF amplifiers and other parts. This switching device is generally made of a few milli-

Watts transistor which is required to drive a few hundreds of mA during its operation and it

dissipates energy. All of the commercial mobile phones available today make use of such a
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switching device. Because of the current specification and the need for heat dissipation, the
size of the transistor does not allow its integration in large numbers. This sets a need for a
smaller and lower energy loss switching device for wireless as well mobile phone
technology.

A strong candidate to replace the electronic switch (transistor) would be a mechanical
switch, which could operate without dissipating energy. A switching device based on
permanent magnets is shown in Fig. 2. In Fig. 2, there are two fixed magnets (A and C)
and a mobile magnet (B). Let us suppose that all three magnets are magnetized in the
positive direction of x and the initial state of the system has magnet A attached to B,
thereby having the magnetization as shown. When a field gradient VBy is applied the
interaction with all magnets will pull them to the right. The attractive force between two
permanent magnets in contact is F = 0.5 po* A (By)?, where B, is the remanence and A is
the cross-section of the interface, whereas the field gradient force is Fyg ~ mVB, where m
is the magnetic moment. For a contact with dimension 50 pm x 50 um, B, = 0.8 T, the
attractive force is about 0.6 x 10° N. When the field gradient force overcomes the
attraction between magnets A and B, magnet B detaches from A and attaches to C, the
second steady state. When magnets B and C are attached, if the magnetic field gradient -
VB is applied, magnet B will detach from C and attach to A, the first steady state.
Therefore, by switching the magnetic field gradient from positive to negative it is possible
to have two steady state configurations for this system, which can be used as a basic
construction for the preparation of a magnetic switch. Yet, electrical functionality needs to

be added.
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The magnetic field gradient necessary to switch the magnets can be obtained by pulsing
a current through a wire near the magnets. Permanent magnets are preferred to soft
magnets because of the magnetic remanence, which is responsible for the attachment
between the magnets once the external field gradient is removed. The fact that the magnets
remain attached after the removal of the external field gradient means that no power is

consumed during the steady state of the operation of the switch.

A B C

Figure 2. A mechanical switch based on permanent magnets without electrical
Sfunctionality. Magnets A and C are fixed and B is mobile. The two steady states “A”

attached to “B”" and “B " attached to “C".

After adding electrical functionality to the magnetic switch the top view of the magnets

and the electrical diagram are shown in Fig. 3, as well as the logic table.
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Magnetic
Pulse A-B C-D
+VBy off on
-VB, on off

Figure 3. Top view of the magnetic switch, electrical diagram of the switch and the

logic table of the magnetic switch.

The maximum magnetic field required to change the configuration state of the switch

depends on the magnetic force between the poles and should not be bigger than the

coercive field of the magnets.
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1.1.1.2 Magnetic bias

The magnetic read head based on magneto-resistive (MR) sensor usually requires a
magnetic bias in order to improve linearity and reduce noise. In fact, if no bias field is
applied to the sensor the magnetic domain configuration may be random and a
multidomain structure is formed. So far, magnets with small coercivity (0.1 T) are fully
integrated to the MR sensor for read heads, but for other applications, which require
material with higher coercivities, the magnets may be prepared separately in a process that
requires annealing at high temperature.

A simplified diagram of a MR sensor is shown in Fig. 4. The two permanent magnets
produce a bias field over the sensor reducing noise and improving linearity. When a Hy

field is applied to the sensor, the resistance and therefore the electrical current changes.

Bias field H,
_—

A = permanent
magnet

B = MR sensor ¥

External field H,

Figure 4. Schematic diagram of a MR sensor with a bias field produced by two

permanent magnets. The sensor, during its operation, is polarized by a potential V.
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Fig. 5 shows the typical behaviour of a MR sensor as function of the bias field (Hy) and
the magnetic field, Hy. For small bias fields the magnetic structure of the sensor is a
multidomain. Therefore the external field Hy changes the domain structure, producing an
erratic dependence of the resistance on the field. When the bias field is large enough to
produce a monodomain, the external field (Hy) rotates the domain coherently producing a

smooth reversal rotation, resulting in a smooth change in resistance.

MR response

Figure 5. Magnetoresistance dependence on the bias field (H,) and external magnetic

field (H,) from Rezende'.
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1.1.1.3 Motors and generators

Motors and generators are two sides of the same electromechanical transducer device. A
motor converts electrical energy into mechanical energy and vice versa for the generator.
The conversion of electrical energy into mechanical energy occurs through the interaction
between a magnetic field and a magnetic dipole. In the case of a motor, a coil carrying an
electrical current produces the magnetic field and the dipolar field is produced by a
permanent magnet or vice versa.

The generator makes use of the movement of a permanent magnet relative to a coil,
which results in a change of magnetic flux in the coil and induces an electrical potential
according to Faraday’s law:

E = -dd/dt (1)

Where @ represents the magnetic flux and E is the electrical potential.

A diagram of a typical motor/generator is shown in Fig. 6, from Yamashita®. Basically,
the motor consists of a rotor, a stator and the coils. Here, the rotor is made of permanent
magnetic material (NdFeB) and it is divided into sectors, also called poles, which are each
magnetised in opposite directions. The number of poles and the diameter of the rotor
define the maximum torque of the motor- the bigger the number of poles the bigger the
torque. As the number of poles is increased it becomes more difficult to magnetically

pattern the rotor.
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Rotor
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Thin Film
Magnet

Zom|

Figure 6. Schematic of a milli-sized motor using a 20 um NdFeB film from Yamashita et
al. (1991). The diameter of the rotor is 5 mm.

In order to reduce the size of the motor and generator and maximize the torque, the

number of poles per unit area should be maximized. From the technical point of view the

issue here is how to prepare and magnetically pattern small poles.
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1.2 Kinetics of heterogeneous electron transfer

When an electrode is placed in an electrolyte solution, thermodynamic equilibrium is
achieved between the electrode and the solution. In this situation reduction and oxidation

reactions are balanced. The interface is in dynamic equilibrium as illustrated in Fig. 7.

—» M > M™ +ne” (Oxidation)

< M"™ + ne” > M (Reduction)

Figure 7. Dynamic equilibrium in a heterogeneous interface (electrode/electrolyte
solution). M, (M = M"" + ne’) and (M"" + ne” 2 M) are the metal electrode, oxidation

reaction and reduction reaction, respectively.

The current density across the interface electrode/electrolyte is written as:

J = nF[k.Co (O) - kaCo (R) ] )

Where n, F, k¢, Co (0), ka and Cy (R) are the number of electrons transferred per atom,
the Faraday constant, the reaction rate constant of reduction, the concentration of oxidizing
species at the electrode surface, the reaction rate constant of oxidation, and the
concentration of reducing species at the electrode surface respectively. At dynamic

equilibrium the forward and backward reaction are balanced and the net current is zero.
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Using activated complex theory, with the Arrhenius formula for the dependence of the
rate constant on the Gibbs free energy of activation, we can obtain the following
expressions for the reaction rate:

K. = Koexp[-aenF (E-E®)/RT ] (3)

Ka = Ko exp[aanF (E-E°)/RT ] 4)

Where K is the standard electrochemical rate constant for the reaction, E° is the formal
potential (standard reduction potential), R is the gas constant (8.314 ] K mol") and o and
o, are the cathodic and anodic charge transfer coefficients. Inserting (3) and (4) in (2) we
get:

= nFKo{Co () exp [-anF (E-E°)/RT ]-Co (R) exp[aanF (E-E°)/RT ]} (5)

This equation describes the current-potential characteristics of the electrochemical
reaction. Kinetic parameters can be obtained from an experimental current-potential curve
for certain oxidation-reduction reactions. At equilibrium we have that E = E¢, the net
current is equal to zero, from thermodynamic assumptions a. = 3, o, = 1- and the
electrode surface concentrations are equal to those at bulk solution, then after rearranging
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