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Summary

The need for even more compact and low power consumption devices has been the 

driving force for microeiectromechanical systems (MEMS). Also the integration o f 

MEMS into current state o f the art silicon technology has set the boundaries for the 

preparation o f these devices. Any candidate device to be manufactured using silicon 

technology should be integrated at the last step o f production to minimize the cost. To 

achieve, the maximum annealing temperature should not exceed about 300 °C. Many 

integrated circuits (CM OS) deteriorate above this temperature.

There are several approaches to address the preparation o f MEMS devices from the 

materials point o f view, which include ferroelectric, piezoelectric, magnetic, and 

thermoelectric materials. The present thesis work concentrates on magnetic materials 

for microeiectromechanical systems. Besides the low temperature requirements, most o f 

the devices in MEMS technology require thick films (20 to 500 jim). Some o f the basic 

devices include micromotors, microswitches and magnetic circuits to produce field bias, 

which are described in Chapter 1. To address the preparation o f  magnetic material for 

MEMS we have developed novel electrodeposition techniques to produce ordered Llo 

fct phases o f  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 o f the rotor. To magnetically pattern rotors, we studied 

techniques using pulsed magnetic field, static magnetic field and a method using the 

dependence o f  the coercivity o f  the tetragonal CoPt phase on composition. The latter



m ethod w as dem onstrated  by electrodepositing into porous alum ina m em branes, with 

porous size in the range 100-200 nm.

A nother topic, arising from the electrodeposition o f  ferrom agnetic metals, was the 

effect o f  m agnetic field effect on the rest potential. This was exam ined for the m etals 

Fe, N i, Co, Zn, M n, Cu, Cr, A1 and stainless steel in the second part o f  this thesis. We 

have explicitly dem onstrated  that is corrosion-related and can occur in any system s 

w here corrosion is m ass-transport controlled. It does not require either a ferrom agnetic 

electrode o f  diam agnetic solution. The Lorentz force was identified as the main driving 

force behind the phenom enon. This force typically acts to enhance the mass transport o f  

the cathodic reaction during corrosion, therefore shifting the rest potential anodically.

The thesis is divided into chapter as follows: the first tw o chapters cover an 

introduction to basic M EM S devices, electrochem istry, corrosion, a literature review  o f 

L lo and C o-rich perm anent m agnets and the experim ental techniques used in the work. 

C hapter 3 presents the m agnetic results obtained for electrodeposited FePt, PePd, CoPt 

and C oPt(P) alloys. The preparation o f  the rotor is described in chapter 4, w here several 

m agnetizing devices and techniques have been exploited. C hapter 5 is devoted to the 

rest potential o f  transition m etals. C hapter 6 propose som e future work.

T he m ain results are the successful electrodeposition o f  L lo  FePt, FePd and CoPt, 

w ith coercivities o f  1.5 T, 0.15 T and 1.3 T, respectively. A lso, the room -tem perature 

electrodeposition  o f  coercive CogoPt2o(P) y ields values o f  0.35 T  for 50 ^m  thick film. 

These results fulfil the basic requirem ent for m agnetic M EM S application; thick films 

and low processing tem peratures. In addition, the electrodeposition technique has been 

extended to  m em brane tem plates. A novel idea for the preparation o f  m agnetic patterns 

using dual coercivity  has been dem onstrated by depositing CoPt into alum ina m em brane 

tem plates.
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at (a) - 0.7 V with 2.4 C  o f  charge and (b) the developm ent o f  cracks after 133
passing m ore than 15 C  o f  charge.

Figure 51. M orphology o f  electrodeposited CoPt dependence on the potential.
Films w ere electrodeposited a t (a) -0.8 V and (b) -1.3 V vs. Ag/AgCl. 134

Figure 52. Composition dependence on the overpotential o f  film s  
electrodeposited from  a bath containing 0.1 M  C oCh (CoPtW ). The bath was 
m echanically stirred  during the electrodeposition.

Figure 53. P t content dependence on the C oCh concentration in the 
electrochem ical bath. Films were electrodeposited at -0 .7  V vs. Ag/AgCl 136
reference electrode with vigorous mechanical stirring.

Figure 54. X -ray diffraction patterns o f  as-deposited CoPt film s electrodeposited
from baths with different C oC lj concentration (a) 0.1 M, (b) 0.2 M  and (c) 0.25  137
M

Figure 55. X -ray diffraction patterns o f  nearly equiatiom ic CoPt film s (a) as- 
deposited and annealed at 660 X! fo r  (b) 5, (c) 10 and (d) 21 min. Films w ere  139
electrodeposited at -0.725 V vs. Ag/AgCl.

Figure 56. X -ray diffraction patterns o f  nearly equiatomic CoPt film s (a) as-
deposited and annealed at 660  ‘C  f o r  (b) 21 and (c) 40 min. Films w ere  139
electrodeposited at -0.700 V vs. Ag/AgCl.

Figure 57. X -ray diffraction patterns o f  nearly equiatomic CoPt film s annealed
at 660 °C fo r  (a) 20 and (b) 40 min. Films were electrodeposited at -0.65 V vs. 140
Ag/AgCl.
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Figure 58. X-ray patterns o f  CoPt film s annealed at 800 ‘C  fo r  2 hours in a H 2  

atmosphere. Films were electrodeposited at (a) -0.650 V, (b) 0.675 V and (c) - 
0.725 V.

Figure 59. X-ray diffraction patterns o f  CoPt film s annealed at 800 °C fo r  2 
hours. Films were electrodeposited from  electrochemical baths containing (a) 
0.1 M, (b) 0.2 M  and (c) 0.25 M  o fC o C h  at -0.725 V vs. Ag/AgCl.

Figure 60. Room-temperature magnetization measurement o f  a CoPt film  
annealed at 660 °C fo r  20 min in vacuum. The film s were electrodeposited from  
the bath containing 0.1 M  CoCli.

Figure 61. Room-temperature magnetization o f  film s electrodeposited from  the 
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annealed in H 2 atmosphere at 800 ‘C  fo r  2 hours. Films were electrodeposited 
from the bath containing (a) 0.1 M  o f  CoCh and (b) 0.25 M  CoCh.

Figure 63. Films electrodeposited from  baths containing (a) 0.03 M, (b) 0.06 M  
and (c) 0.180 M  o f  NH4OH. Side by side are micrographs o f  the same film  in 
different areas. Films were electrodeposited at -5  mA fo r  25 min.

Figure 64. Co content in film s vs. the concentration o f  Pt(N02)2(l^Hs)2- Films 
were electrodeposited on Ag substrate using a current density o f  48 mA cm '.

Figure 65. X-ray diffraction patterns o f  Co4 sPtss film s electrodeposited from  the 
ammino-complex baths and annealed at (a) 650 X!, (b) 800 X! and (c) 900 °C 
for 2 hours.

Figure 66. X-ray diffraction patterns o f  Co45Pt55 film s annealed at 800 X  fo r  
(a) 20 min and (b) 2 hours.
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Figure 68. In plane room-temperature magnetization curves comparing samples 
annealed at 800 °C fo r  (a) 20 min and (b) 2 hours.

Figure 69. Coercivity dependence on the annealing temperature fo r  samples 
annealed in a H 2 atmosphere.

Figure 70. Coercivity dependence on the Co content fo r  film s annealed in a H 2  

atmosphere.
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Figure 71. Micrographs showing CoPt electrodeposited into 200 nm 
membranes. The deposition was carried out at -30 mA cm'" fo r  4 hours.

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

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

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

Figure 75. In- plane room-temperature magnetization curve showing the initial 
magnetization o f  CoPt annealed at 700 XI fo r  30 min. The initial magnetization 
curve is characteristic o f  a pinning-controlled magnet.

Figure 76. In plane room-temperature magnetic measurements showing the 
effect o f  annealing time fo r  8-10 /Mn samples annealed at 700 X . Samples were 
annealed fo r  (a) 5 min, (b) 10 min, (c) 20 min, (d) 30 min, (e) 50 min and (f) 120 
min.

Figure 77. Out o f plane room-temperature magnetic measurements showing the 
effect o f  annealing time fo r  8-10 ^m  samples annealed at 700 °C. Samples were 
annealed fo r  (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 o f  deposits into 200 nm 
membranes. All samples were annealed at 700 X .

Figure 79. Coercivity dependence on the annealing temperature o f  deposits into 
200 nm membranes. All samples were annealed fo r  30 min.

Figure 80. In-plane room-temperature recoil curve o f the samples annealed at 
(a) 650 X  fo r  30 min and (b) 700 X  fo r  30 min.

Figure 81. Pt composition dependence on the C0 CI2 concentration fo r  films 
electrodeposited from chloride.



Figure 82. (a) Cross section o f  Co8oPt2o(P) film s electrodeposited fo r  9-10 hours 
showing the thickness o f  the deposit, (b) Cross section o f  CoPtP film s showing that 
the thickness is uniform over large areas, the deposition was carried out fo r  210 
min and the substrates are FeNi.

Figure 83. Co8oPt2o(P) electrodeposited at 20-30 mA cm'~ fo r  2 hours into alumina 
membrane template.

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

Figure 85. X-ray diffraction patterns o f  CosoPt2o(P) deposited into membrane 
templates at (a) -4 V (18 mA cm''), (b) -5 V (24 mA cm'^) and (c) -6.5 V (  30 mA 
cm ').

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

Figure  87 . (a) Out o f  plane and (b) in plane room-temperature magnetization 
measurements o f  CosoPt:o(P) thick film s electrodeposited at 40 °C.

Figure 88. Room-temperature out o f  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 o f  CosoPt2o(P) on Cu substrate

Figure 90. Room-temperature in plane and out o f  plane magnetization 
measurements o f  CosoPt2o(P) deposited into a membrane template. The in plane  
and out o f  plane coercivities are 0.18 T and 0.25 T respectively.

Figure 9 1. Dependence o f  coercivity on potential fo r  CogoPt2o(P) deposits into 
porous alumina membranes.

Figure 92. Values o f  coercivity vs. thickness found  in the literature and including 
this thesis. The complete list o f  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 o f  a multipole planar rotor. 191

Figure 94. Hypothetical hysteresis loops fo r  a feasible material that can be used 
in the rotor showed in Fig. 93. 192

Figure 95. Polar piece design. Units are in mm unless otherwise stated. 193
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Figure 108. (a) A set o f  four stripes with spacing as large as the stripe width and 
magnetization M  = (0, 0, +0.45) T and the (b) B 2 profile along o f  the line A-B.
Each stripe has the dimensions L = (20,0.45,0.012) mm. 207
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Chapter 1 

1 Introduction

A description o f the current needs o f micro-electromechanical system (MEMS) 

technology, which is one o f the main driving forces o f this work, w ill be discussed. There 

are several approaches for the preparation o f MEMS devices from the materials point o f 

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 o f MEMS technology are and describes important basic devices.

The technique which shows many features compatible with MEMS is electrodeposition. 

Therefore, basic concepts o f electrodeposition are introduced without going into 

mathematical derivations since there is plenty o f available literature on this topic. Materials 

which are good candidates for the electrodeposition o f permanent magnets are reviewed 

and compared: FePt, CoPt, FePd, CoPd and Co-rich alloys. The literature survey covers a 

wide range o f preparation techniques, organized chronologically and by magnetic material.

The studies o f rest potential shift dependence on magnetic field for transition metals are 

the second main topic o f 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 o f 

corrosion is also included with emphasis on galvanic cells. From the magnetic point o f 

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 % o f the components in a mobile phone are passive elements 

such as inductors, resistors and variable capacitors. Reliable MEMS versions o f 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 w ill enable wireless devices to 

receive streaming video or music as well as “ Web”  content. "World" phones w ill have to 

contend with an increasing number o f 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 M EM S VCO would elim inate the need for m ultiple VCO circuits and be 

m ore space efficient.

A sim ple m etallic M EM S switch would allow  a phone to w ork with as m any as five 

different bands or transm ission modes. The switch w ould also save circuit board by reusing 

hardware. In order to incorporate M EM S technology into the already existing silicon 

technology, the integration process should allow M EM S to be directly deposited on top o f  

a m obile device's integrated circuit board, requiring a low processing tem perature.

From the m agnetic m aterials point o f  view, in order to m eet the requirem ents for 

M EM S it is necessary to develop new perm anent m agnet film based devices and processes 

which could be used in m icro-m otors, m icro-generators, sensors and read heads and help 

significantly reduce the size, weight, and cost o f  these devices. These elem entary devices 

would feed as an input to the more com plex M EM S devices.

One o f  the first goals is focussed on the developm ent o f  nanostructured m agnetic 

material. The key point is to develop new low tem perature processes com patible with 

m icroelectronics environm ent. The knowledge o f  the deposition and characterization o f 

perm anent m agnetic films is essential for the future design o f  M EM S devices. The 

objectives can be sum m arized as follows.

a) Preparation o f  optimized perm anent m agnets (hard phase) with tailor-m ade properties 

by tuning the nanostructural characteristics such as grain size. Special im portance is given 

to developing a new and novel low tem perature process for preparation o f  hard perm anent 

m agnetic film s with m agnetic properties com parable or superior to bulk perm anent 

magnets.
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b) To prepare, characterize and understand the magnetic properties o f  permanent 

m agnets down to subm icron.

For perm anent magnets o f  sizes larger than 10 jim, the m agnetic properties may not 

differ from those o f  the bulk material except for the effect o f  the dem agnetizing field, 

which can be calculated. For sm aller sizes, the surface and internal structure can strongly 

m odify the m agnetic properties like the coercivity.

c) The third objective o f  this work from the M E M ’s point o f  view is to prepare 

‘dem onstrator parts’: a perm anent m agnet to be used as a bias field for m agnetoresistive 

sensor (GM R/M R) and a rotor which can be used in m icro-m otors and m icro-generators. 

With the know ledge obtained from objective a) and b), small perm anent m agnets will be 

prepared which can be used in industrial fabrication processes.

G M R /M R  sensors are usually com posed o f  a W heatstone bridge structure using

N iFe/A g m ultilayers obtained by sputtering deposition. The integrated perm anent m agnet 

is needed to bias the sensor up to a few tens o f  mT in order to reach a relatively wide 

operational m agnetic field (± 2 mT or m ore) range with good linearity. M agnets for this 

application dem and thicknesses up to 20 fim with a lateral dim ension o f  50 |am. The micro-

rotor requires films with thickness greater than 50 jam.

The integration o f  small perm anent m agnets in m icrosystem s im poses som e constraints, 

depending on the target application. Read head biasing (G M R /M R  sensor) requires thin 

films o f  small size, while m icro-m otors require thicker films and large lateral sizes. The 

diagram  below (Fig. I) shows the possible techniques for the deposition and patterning o f 

perm anent m agnets as a function o f  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. 1 the electrodeposition and plasm.a spraying are 

the most promising candidates for the deposition o f thick films.

1.1.1 Applications

1.1.1.1 M icroswitches

Microswitches devices are one o f the many applications that require a technological 

breakthrough in the preparation o f 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 o f  a few milli­

w atts transistor which is required to drive a few hundreds o f mA during its operation and it 

dissipates energy. All o f the commercial mobile phones available today make use o f  such a

26



switching device. Because o f  the current specification and the need for heat dissipation, the 

size o f 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 o f x and the initial state o f  the system has magnet A attached to B, 

thereby having the magnetization as shown. When a field gradient VBx 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 |oo'’ A (Br)^ where Br is the remanence and A is 

the cross-section o f the interface, whereas the field gradient force is F v b  ~ wVB, where m 

is the magnetic moment. For a contact with dimension 50 p.m x 50 ^m, Br = 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 - 

VBx 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 o f 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 o f 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 o f the external field gradient means that no power is 

consumed during the steady state o f the operation o f the switch.

Figure 2. A mechanical switch based on permanent magnets without electrical 

functionality. 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 o f 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
+VBx o ff on
-V B , on o ff

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

logic table o f  the magnetic switch.

The m aximum m agnetic field required to change the configuration state o f  the switch 

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

coercive field o f  the magnets.
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1.1.1.2 Magnetic bias

The m agnetic read head based on m agneto-resistive (M R) sensor usually requires a 

m agnetic bias in order to improve linearity and reduce noise. In fact, if  no bias field is 

applied to the sensor the magnetic dom ain configuration m ay be random and a 

m uitidom ain structure is formed. So far, m agnets with small coercivity (0.1 T) are fully 

integrated to the MR sensor for read heads, but for other applications, which require 

m aterial with higher coercivities, the m agnets may be prepared separately in a process that 

requires annealing at high tem perature.

A sim plified diagram o f  a MR sensor is shown in Fig. 4. The tw o perm.anent m.agnets 

produce a bias field over the sensor reducing noise and im proving linearity. W hen a Hy 

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

Bias field Hx
 ► A A

A = permanent 
magnet 

B = MR sensor

Figure 4. Schematic diagram o f  a MR sensor with a bias fie ld  produced by two 

permanent magnets. The sensor, during its operation, is polarized by a potential V.

External field Hv
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Fig. 5 show s the typ ical behav iou r o f  a  M R senso r as function  o f  the b ias field (Hx) and 

the m agnetic  field , Hy. For sm all bias fie lds the m agnetic  stru c tu re  o f  the  sen so r is a 

m ultidom ain . T herefo re  the  ex ternal field Hy chan g es the dom ain  structu re , p roducing  an 

e rra tic  d ependence  o f  the resistance  on the field. W hen the b ias fie ld  is large enough  to 

p roduce  a m onodom ain , the ex ternal field (Hy) ro ta tes the  dom ain  coh eren tly  p roducing  a 

sm ooth  reversal ro ta tion , resu lting  in a sm ooth  change in resistance .

p-p,

1%

2 0 t

0 0 *

ICO 0 too
Hy in Oe  —

MR response

H.o
❖

Figure 5. Magnetoresistance dependence on the bias fie ld  (Hx) and external magnetic

field  (Hr) from Rezende .

31



1.1.1.3 Motors and generators

M otors and generators are two sides o f  the sam e electrom echanical transducer device. A 

m otor converts electrical energy into mechanical energy and vice versa for the generator. 

The conversion o f  electrical energy into mechanical energy occurs through the interaction 

between a m agnetic field and a m agnetic dipole. In the case o f  a m otor, a coil carrying an 

electrical current produces the magnetic field and the dipolar field is produced by a 

perm anent m agnet or vice versa.

The generator m akes use o f  the m ovem ent o f  a perm anent m agnet relative to  a coil, 

w hich results in a change o f  m agnetic flux in the coil and induces an electrical potential 

according to Faraday’s law:

E = -d<t>/dt (1)

W here O  represents the magnetic flux and E is the electrical potential.

A diagram  o f  a typical m otor/generator is shown in Fig. 6, from Yamashita^. Basically, 

the m otor consists o f  a rotor, a stator and the coils. Here, the rotor is m ade o f  perm anent 

m agnetic material (NdFeB) and it is divided into sectors, also called poles, which are each 

m agnetised in opposite directions. The num ber o f  poles and the diam eter o f  the rotor 

define the m axim um  torque o f  the m otor- the bigger the num ber o f  poles the bigger the 

torque. As the num ber o f  poles is increased it becom es m ore difficult to m agnetically 

pattern the rotor.
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Figure 6. Schematic o f a milli-sized motor using a 20 /m u  NdFeB film  from Yamashita et 

al. (1991). The diameter o f the rotor is 5 mm.

In order to reduce the size o f  the m otor and generator and m axim ize the torque, the 

num ber o f  poles per unit area should be m axim ized. From the technical point o f  view the 

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

W hen an electrode is placed in an electrolyte solution, therm odynam ic equilibrium  is 

achieved between the electrode and the solution. In this situation reduction and oxidation 

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

M + ne' (O xidation)

_  + ne' M (Reduction)

Figure 7. Dynamic equilibrium in a heterogeneous interface (electrode/electrolyte 

solution). M, (M  + n e) and (M"^ + ne' M) are the metal electrode, oxidation

reaction and reduction reaction, respectively.

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

J = nF[kcCo (O) - kaCo (R) ] (2)

W here n, F, kc, Co (O), ka and Co (R) are the num ber o f  electrons transferred per atom, 

the Faraday constant, the reaction rate constant o f  reduction, the concentration o f  oxidizing 

species at the electrode surface, the reaction rate constant o f  oxidation, and the 

concentration o f  reducing species at the electrode surface respectively. At dynam ic 

equilibrium  the forward and backward reaction are balanced and the net current is zero.
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Using activated com plex theory, with the Arrhenius formula for the dependence o f  the 

rate constant on the Gibbs free energy o f  activation, we can obtain the following 

expressions for the reaction rate:

Kc = Ko exp[-acnF (E-E^)/RT ] (3)

Ka = Ko exp[ttanF (E-E‘’)/RT ] (4)

W here Ko is the standard electrochem ical rate constant for the reaction, E° is the formal 

potential (standard reduction potential), R is the gas constant (8.314 J K"' m o l'')  and ac and 

tta are the cathodic and anodic charge transfer coefficients. Inserting (3) and (4) in (2) we 

get:

J = nFKo{Co (O) exp [-acnF (E-E°)/RT ] -Co (R) exp[aanF (E -E > R T  ]} (5)

This equation describes the current-potential characteristics o f  the electrochem ical 

reaction. K inetic param eters can be obtained from an experim ental current-potential curve 

for certain oxidation-reduction reactions. At equilibrium  we have that E = Egq, the net 

current is equal to zero, from therm odynam ic assum ptions ac = P, aa = 1-P and the 

electrode surface concentrations are equal to those at bulk solution, then after rearranging 

the expression we obtain the N ernst equation:

Eeq = E*̂  + (RT/nF)ln [C«, (0)/Ccc (R)] (6)

The N ernst equation describes the equilibrium  potential o f  an electrochem ical system  as 

a function o f  the concentration o f  oxidized and reduced species in solution.

Current exchange density, Jo, is defined as the m agnitude o f  either the cathodic or the 

anodic current density at equilibrium . Using t| = E-Eeq and com bining with (5) w e obtain:

J = Jo { [Co (OyCoo (O)] exp (-acnF t|/R T ) - [Co (R)/Coo (R)] exp (aanFri/R T) } (7)
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When the surface concentrations o f  oxidized and reduced species do not deviate much 

from the bulk solution concentrations, i.e. at low potential and a stirred solution, this 

equation reduces to the B utler-V olm er equation:

J = Jo { exp (-acnFr)/RT) - exp (aanFr|/RT) } (8)

The B utler-V olm er equation describes the current density from the kinetic param eters o f  

the reaction, it assum es that the reacting ions are supplied to the electrode surface faster 

than they can be consum ed. However, when a large overpotential is applied the rate o f  

reaction is faster than the rate that the ions arrive to the surface. The reaction rate is no 

longer dependent only on the kinetics but also on the m ass transport o f  the ions from the 

bulk solution to the interface region w here they react. As the ions have to reach the surface 

in order to react we can write a general equation that takes into account the m ass transport 

and the kinetics as:

1 /J=  1/Jk+l/Ji. (9)

W here J, Jk and Jl are the total current density, the kinetic current and the mass 

transport limiting current, respectively. The limiting current depends on the diffusion layer 

thickness (5) as:

JL = nFDC”/5. (10)

W here D is the diffusion constant. The thickness o f  the diffusion layer (5) is controlled 

by m ass transport through three different m echanisms: m igration, diffusion and 

convection, which will be discussed in the next section.
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1.2.1 Mass transport

M ass transport in an electrolyte can occur by three main processes: m igration under the 

application o f  an electrical field, diffusion o f  ions due to concentration gradients and 

convection w ithin the system.

1.2.1.1 Migration

W hen an electrical field is applied, ions experience an electrical force Fm = neE. The 

ions gain a steady state velocity, v̂ , rather than an acceleration due to collisions with other 

ions in solution.

V i  =  ±)^E

Where n  is the m obility o f  the ion in solution. The flux o f  ions is given by J = 

nDC*VV/RT, w here VV is the gradient o f  the electrical potential in the electrolyte. 

Usually, due to the use o f  a supporting electrolyte, the conductivity o f  the solution is such 

that the gradient o f  potential in the solution is negligible, consequently the m igration has a 

small effect and can be neglected.

1.2.1.2 Diffusion

The electrochem ical reaction that occurs at the electrode consum es or creates ions. 

Consequently, a gradient o f  concentration is formed between the surface electrode and the 

bulk solution. This region is known as the diffusion layer. The force per unit volum e acting
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on these ions is Fd = (RT/C)VC, where VC is the concentration gradient. The flux o f  ions, 

(j), due to the gradient is written according to Pick’s law

(j) = -D V C a n d  (11)

-DV^C = dC/dt (12)

which can be rearranged to give 

VC = (C°-C“ )(7lDt)■°^ (13)

Assum ing that the kinetic o f  the reaction is fast enough, then for instance the reduction 

at the electrode surface is such that C*’ ~ 0 and the current density turns out to be 

J = -nFC(D /7it)°^ (14)

This equation is known as the Cottrell equation, i f  we assum e that the concentration 

gradient is linear over the thickness o f  the diffusion layer, 8 (the N ernst diffusion layer 

model), then since (j) = J/nF = -DAC/ 5 and substituting J from the C ottrell’s equation leads 

to an expression for 8

J = -nFCD/6 and 8 = (jitD)'’̂  (15)

This shows how the diffusion layer thickness varies with time. Eventually, the spread o f  

the concentration gradient is halted by convection within the solution and a steady state for 

the limiting current density is reached. Then, C ottrell’s equation is no longer obeyed and 

the diffusion layer thickness stops growing. This current is the m axim um  current that can 

be achieved at a given concentration and under the particular convection condition.
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1.2.1.3 Convection

There are two im portant forms o f  convection: natural, due to density differences in the 

solution and forced, due to stirring o f  the solution for exam ple. The forces causing 

convection will depend on the source. Natural convection is due to gravity Fcn = Apg, 

where Ap is the change in density and g is acceleration due to gravity. V iscous drag, 

arising from the relative m ovem ent o f  neighbouring layers in a fluid has a force, Fcv = 

vV^v, where v is the viscosity o f  the electrolyte and v is the velocity. A hydrodynam ic 

boundary layer, 5h, will be established near the electrode as a result o f  velocity gradients 

due to convection and the boundary condition that fluid velocity is zero at the electrode 

surface. In this region the fluid velocity differs from the bulk (m ain stream) fluid velocity.

The hydrodynam ic boundary layer 5h is defined as the distance from the electrode 

within which velocity gradients occur. Beyond this, the velocity o f  the fluid is considered 

constant. This main stream fluid velocity, U, increases the concentration gradient o f  the 

reducing species close to the electrode by narrow ing the diffusion layer.

The diffusion layer thickness can be related to U by^:

D''^v'^^(x/Uf^*0.1 8h 

W here x is the distance to the leading edge o f  the electrode. From this equation it is 

reasonable to assum e that there is negligible convection within the N ernst diffusion layer. 

The diffusion layer thickness illustrated in Fig. 8 (from Gileadi'*) is typically lO'"' m 

whereas the hydrodynam ic boundary layer 5h is typically 10'^ m. Forced convection can 

therefore be used to control 5, hence the limiting current Jl.
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Figure 8. Concentration profile showing the Nernst diffusion layer thickness f'o m

Gileadi.

1.2.2 The standard reduction potential and Nernst equation

The Nernst equation gives the equilibrium potential across an interface due to the two- 

way reaction o f  the metals ions as shown Fig. 7.

Eeq = + (RT/nF)ln [Q] (16)

Where Q = C* (0)/C<y, (R) is the reaction quotient. At diluted solutions Coo (O) and Ca> 

(R) can be interpreted as the bulk concentrations. However, at higher concentration the 

ion-ion interaction needs to be taken into account and the activities o f  the ions are instead 

used to determine the reaction Q.

Because an electrochemical system always has a two electrode reactions associated with 

it, the reduction and oxidation processes, the standard reduction potential o f  a single 

process cannot be measured directly. Only the potential difference can be measured, 

therefore a standard electrode reaction must be considered as a reference. A standard 

electrode reaction is 2H^+2e' -> H2, which is called the standard hydrogen electrode
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(SHE). The standard reduction potential tells us the therm odynam ic favourability o f  a 

reaction, which is a useful tool for oxi-reduction in chem ical reactions. Fig. 9 shows the 

m easurem ent o f  the reduction potential o f  a Cu electrode vs. SHE. The standard reduction 

potential is defined for 1 M o f  the ions in a solution at normal conditions o f  tem perature 

and pressure. Table 1 shows som e standard reduction potentials for com m on reactions.

. r ^ 4 0 i  + ii e

V t j i i m e t c r

Figure 9. Measurement o f  the standard reduction potential o f  a Cu electrode vs. the 

standard hydrogen electrode (SHE).
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Table 1. The standard reduction potential fo r  some metals/metal ions in aqueous 

solution.

Reaction Standard reduction 
potential vs. SHE (V)

Fe^^+3e‘ —> Fe -0.036

Fe^^ + 2e' ^ F e -0.409

Pd^^ + 2 e '^  Pd 0.83

Ag'' + e‘ ^  Ag 0.8

Au'  ̂+ e" ->Au 1.68

Cû "̂  + 2e' —>Cu 0.34

Co^^ + 2e' -> Co -0.28

2 H2O +2e‘ ^  H2 + 2 OH' -0.8277

1.2.3 Tafel Plots

The current at a heterogeneous interface (electrode/solution) is described by the Butler- 

Volmer, equation (8). At large negative overpotential the anodic current becomes 

negligible and we have:

j = joexp (-ttcnFri/RT) (17)

Taking the logarithms o f  both side we obtain the Tafel relation:

Logj = logjo-ac(nFri/2.3RT) (18)

in the same manner for large positive overpotential

Logj = log jo+aa(nFr|/2.3RT) (19)

Hence the parameters jo, ac, aa may be determined from a Tafel plot o f  log j against r].
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A schematic Tafel plot is shown in Fig. 10. In a typical Tafel plot, deviations from 

linearity at low overpotential are due to the contribution from the back reaction. At high 

overpotential, mass transport effects cause a levelling o f f  o f  the current response.

0.0
n

Figure 10. Tafel plot fo r  cathodic (left) and anodic (right) branches fo r  Uc = Ug.

1.2.4 Rotating disc electrode (RDE)

The rotating disc electrode consists o f  a m etallic electrode, encased in an insulating 

sheath, which may be rotated about its own axis in a fluid. Electrical contact is made via 

brushes in the shaft o f  the electrode body. The velocity o f  the hydrodynam ic layer at such 

an electrode is well defined, so that m athem atical solution o f  the convective diffusion 

equation is m ade possible. Essentially, the fluid is flung radially outwards by the 

centrifugal force and fresh solution is sucked up from below  to produce the flow pattern as 

shown in Fig. 11.

slope= -a^nF/2.3RT slope= a^nF/2.3RT
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Figure 11. Motion o f the liquid at the surface o f an RDE: (a) tangential motion at the 

plane o f  the electrode and (b) perpendicular motion towards the electrode, from Gileadi.

The rotating disc electrode is an exam ple o f  a hydrodynam ic system , w here the rate o f  

m ass transport may be increased by forced convection. It is com m only used to determ ine 

kinetic param eters as mass transport effects may be neglected at high rotation rates (> 

10000 rpm).

Since the flow in the RDE is laminar, it is possible to calculate rigorously the rate o f  

mass transport. The corresponding equation for the limiting current density, developed by 

Levich, is

1 l  = 0.62 n F D ^ V V '^ X ',2/3,,-IM  l/2 r-0 (20)
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Where D, v, co, C°, are the diffusion constant, viscosity, angular velocity in radians per

I /9second and the bulk concentration. A plot o f the limiting ( I I )  current vs. co allows the 

extraction o f the diffusion coefficient. A comparison to the limiting current equation using 

the diffusion layer leads to:

5 =  1.61D'^^v ' V ' ^ ^  (21)

As can be seen the rotating disc electrode is a tool which allows us to access, in a 

controlled manner, the thickness o f the diffusion layer.

1.2.5 Electrodeposition of alloys

In contrast to the electrodeposition o f a single metal, the electrodeposition o f alloys 

from a single bath usually presents difficulties associated with the need for a stable bath o f 

mutually soluble salts.

When considering only the equilibrium potential o f each metal involved in the 

electrodeposition o f an alloy, it is natural to expect that the less noble metal (smaller 

standard reduction potential) will deposit at more negative potentials and the composition 

of the alloy w ill directly depend on the bulk concentration o f the metal salts in solution. 

This is known as normal co-deposition. This can be further refined to consider where mass 

transport controls the rate as regular co-deposition and where kinetics controls the rate as 

irregular co-deposition. On the other hand, when the electrodeposition o f the less noble 

metal is favoured we have what is called anomalous co-deposition. Additionally, it is also 

possible to deposit an alloy component where at least one metal cannot be electrodeposited
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alone. This is known as induced co-deposition. An exam ple o f  this is N i-M o, where Mo 

does not deposit on its own.

For norm al co-deposition, when less noble and m ore noble metal ions are present in 

solution and the potential is varied tow ards more negative values, four regions can be 

identified; a kinetic and m ass transport limited region for m ore noble metal ions and a 

kinetic and m ass transport limited region for less noble metal ions, respectively as 

illustrated at Fig. 12. Yet in Fig. 12, B and D are the products o f  the reduction o f  A (more 

noble) and C (less noble) ions, respectively. There are, in this sim plified analysis, two 

im portant regions, which affect the com position o f  the alloy. The first corresponds to an 

intersection region where the more noble metal ion is m ass transport limited and reduction 

o f  the less noble metal is kinetically controlled. In this case the final com position o f  the 

alloy can be controlled by changing the potential or at fixed potential enhancing the mass 

transport o f  the more noble metal tow ards the electrode. Once the potential is kept constant 

in this region, changes in mass transport can only affect the reaction rate o f  the more noble 

metal. On the other hand, if  the mass transport is kept constant, changes in potential will 

only affect the rate o f  deposition o f  the less noble metal. Therefore, the com position o f  the 

alloys can be controlled in two different m anners without changing the bath com position.

The second region corresponds to both metal ions having the reduction rate controlled 

by m ass transport. In this case, the com position o f  the alloy does not depend on the mass 

transport, therefore the com position cannot be changed by m eans o f  stirring or variation o f  

the potential, but by changing the concentration o f  the ions in solution. Despite the fact that 

the com position cannot be changed in this region, the deposition rate can be since it 

depends on the limiting current by the follow ing expression:
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1l = nFDC®/5 ( 22)

Where n = valence number, F = Faraday constant, D = diffusion coefficient, = the 

bulk concentration and 5 = Nernst diffusion layer thickness.

In this situation, changes in the thickness o f the diffusion layer affect the limiting 

current, thereby increasing the reduction rate (deposition rate).
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Figure 12. Electrodeposition o f  alloys. A, C, B and D are the more noble and less noble 

ions and their reduction product, respectively.

Unfortunately, the partial currents during deposition are not always non-interacting. 

They can be coupled. When this is the case, the partial current o f  one reduction reaction 

may be reduced in the presence o f the other reaction. Competitive absorption o f 

intermediates in the electrode surface is likely to cause this inhibition; one intermediate 

may become dominant. Additionally, some reductions may chemically change the 

environment near the electrode affecting the kinetics o f the other reaction. If  this is the case
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and the reaction is m ass transport limited so are the reactions affected by the chem ical 

changes. The m ost com m on exam ple o f  this is the effect o f  hydrogen evolution, which  

increases the pH near the electrode according to the fo llow ing reaction:

2 H2 O +  2 e -^  H2  + 2 OH' (23)

This changes the deposition kinetics o f  the other reactions taking place often by the 

formation o f  a metal hydroxide at the cathode. If the hydrogen formation is mass transport 

controlled then so too is the alloy deposition process.

C om plexing agents are ions which bond usually to metal ions to form a new  ion. They  

are highly soluble in a broader range o f  pH than the metal ions to w hich they bonded, 

thereby m inim izing the effect o f  pH changes. Consequently, they have a substantial effect 

on co-deposition. They can change the charge transfer kinetics and they also prevent metal 

hydroxide formation, thereby reducing the effect that hydrogen evolution has on the co ­

deposition process. An exam ple o f  a com plexant is vitamin C, technically known as 

ascorbic acid. When used in solutions containing Fe ions it prevents hydroxide formation 

up to a pH as high as 12 depending the on concentration, iron hydroxide usually 

precipitates below  a pH o f  7. W henever the metal ions com pete for com plexing agents the 

rate o f  deposition o f  one w ill affect the other.

The com plex ion issues, electrochem ical interaction, electrochem ical properties and 

interacting chem ical properties are som e o f  the d ifficulties which make prediction o f  

com position and o f  plating parameters an experim ental science.
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1.2.6 Corrosion

Most corrosion reactions are electrochemical in nature. In the process one atom loses 

electrons and forms an ion. Electrochemical corrosion requires a medium to transport 

electrons, which can be a solid, a fluid or plasma o f ionised gas in space (shuttle glow).

The electrical circuit that is formed is called an electrochemical cell or galvanic cell 

which is composed o f four components: a) the anode which gives up electrons, b) the 

cathode which receives electrons, the cathode de-ionizes an element to produce what is 

called the reaction byproduct, c) a closed electrical circuit for the flow o f electrons and d) 

an electrolyte between anode and cathode which supplies and receive ions.

The chemical reaction is composed o f two so-called half-cell reactions, the oxidation 

and the reduction reactions. Both reactions occur at the same time and are inseparable.

The oxidation reaction, also called the anode reaction, forms ions and releases them into 

the electrolytic solution, while the free electrons flow in the opposite direction towards the 

cathode. The release o f elements leads to corrosion. The reaction is written as;

M ->  + ne' (24)

Where the metal M  oxidizes into an ion.

The reduction reaction, also called the cathode reaction, combines electrons with ions to 

form elements or reduce the oxidation number o f the ion. When the ions are reduced to 

metal we call the process electrodeposition.

Every metal has a different tendency to give up electrons in a particular chemical 

environment, which is associated with the standard reduction potential. The potential in
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which the metal has equal tendency o f  giving or receiving electrons is called the half­

reaction potential.

1.2.6.1 Passivation and breakdown

A piece o f  alum imum  placed in dilute nitric acid corrodes but no corrosion is observed 

when alum im um  is placed in highly concentrated nitric acid solution. This is due to 

passivation, a phenom enon known for over 200 years. The passivation o f  A1 in nitric acid 

occurs for concentrations around 35 vol. %.

When a piece o f  iron is placed in a dilute solution o f  sulphuric acid and its potential 

increased in the anodic direction, the rate o f  dissolution increases, reaches a m axim um , and 

then decreases to alm ost zero. Further increase o f  the potential has little effect on the 

current in the passive region until passivity breaks down, and the current rises rapidly with 

potential. This sequence o f  events is illustrated in Fig. 13, from G ileadi. The potential in 

which the anodic dissociation current has its m axim um  value, and beyond which it starts to 

decline rapidly, is called the primary passivation potential Epp and the corresponding 

current is called icm. In the passive region, which may extend over h a lf  a voh or more, the 

current is nearly constant. It starts to rise again at the so-called breakdown potential (Eb), 

above which pitting corrosion occurs, along with oxygen evolution and electrochem ical 

dissolution o f  the passive film.
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Figure 13. Schematic representation o f  corrosion and passivation o f  iron in sulphuric 

acid from Gileadi. The primary passivation potential Epp and the corresponding critical 

current density fo r  corrosion icru, are shown. Breakdown o f  the passive film  occurs at

potentials more positive than Eb-

1.2.6.2 Anodes and cathodes in corrosion

T here  are several types o f  metallurgical galvanic  cells w hich  are naturally  form ed w hen 

tw o or m ore  d issim ilar m ateria ls  have electrical contact: grain-gra in  boundary  cells, 

m ultip le-phase  cells (eutectics, d ispers ion-s trengthened  and aged m ateria ls) ,  im purity  cells 

(interm etallics , d ispersions), rivets and bolts, w elding, soldering, brazing. S ing le  e lem ent 

m ateria ls  such as Fe also show  dissimilarities since their m icrostructure  is constitu ted  o f  

non-un ifo rm  grains.
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The grain boundaries are often more anodic than the grain crystal itself. This leads to 

preferential corrosion o f  the grain boundary area in a chem ically active environm ent. The 

corrosion propagates along the grain boundary to form substantial cracks, which weaken 

the m aterial. In some alloys and metals the grain boundary is cathodic and the grain is 

anodic, w hich leads to corrosion o f  the grain next to the grain boundary (Fig. 14). One 

application o f  the grain-boundary corrosion process is the visualization o f  the grain 

boundaries o f  polished surfaces by etching them . As the grain boundary has higher energy, 

atom s are readily removed and grooves are formed. The grooves deflect incom ing light 

which leads to a dark line visualization.

As grain boundaries produce galvanic corrosion cells, a fine grain structure is more 

sensitive to the environm ent than a large or single crystal structure. This is one o f  the 

reasons for using single crystal turbine blades, which are exposed to very corrosive 

com bustion gases.

M any o f  the high perform ance m agnets such as SrnCo and N dFeB are extrem ely 

vulnerable to chem ical attack. They have a m icrostructure rich in grain boundaries and 

their com ponents corrode very easily. It is com m on practice to add a protective layer o f  Ni 

or Cr to perm anent m agnets produced from SmCo and NdFeB.

Other galvanic cells include steel screws in brass (m arine) hardw are, Pb-Sn solder 

around copper wire, steel pipes connected to copper plum bing. B uilding codes require 

teflon connectors between city w ater pipes and the copper tubing in houses. Teflon is an 

electrical insulator and thus breaks the electron flow between copper and steel.
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Figure 14. The formation o f a galvanic cell between grain and grain boundaries. An 

anodic (a) and cathodic (b) grain boundary.

1.2.6.2.1 Concentration and oxidation corrosion

C oncentration cells arise from differences in electrolyte com positions, when a gradient 

in ion concentration is present. At higher concentrations the metal becom es a cathodic 

electrode and is protected; at lower concentrations the same metal becom es an anodic 

electrode and corrodes.

Oxidation corrosion also develops in an environm ent with oxygen deficiency. Metal 

parts with inaccessible surface locations with low oxygen becom e anodes. The inaccessible 

or covered surface then corrodes.
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1.2.6.2.2 Stress Corrosion

Stress cells involve dislocation, grain boundaries and highly stressed or pre-stressed 

regions in the material.

Cold deform ation creates dislocations that becom e anodic surfaces, w hereas the 

unchanged metal serves as cathode. The electrode potential o f  a deform ed metal is more 

anodic than that o f  an annealed metal. Highly stressed regions are more anodic than the 

less stressed areas.

Fine grain m aterials are more anodic than large grain size m aterials. Fine grain size 

regions which have a larger ratio o f  grain boundary area to volum e and a specific surface 

energy, are more anodic than large grain size regions, which have a sm aller ratio o f  grain 

boundary area to volum e (and low surface energy). W elded regions often have varying 

grain size, thus they corrode more easily.

1.2.6.3 Corrosion measurements

There are three m ethods com m only used to determ ine the corrosion rate: the 

polarization resistance, Tafel extrapolation and weight loss m ethods. In the polarization 

resistance technique the sam ple potential is scanned over a very sm all range relative to the 

open circuit potential (typically ± 20 mV vs. £«), and the resulting current is m easured. 

O ver this range, the current vs. voltage curve is roughly linear. From the slope one obtains 

the polarization resistance per unit area, Rp, which is used to calculate Jcorr and thus the 

corrosion rate using the Stern-G eary equation:

Jcorr =  (1 /  Rp) (cxaac)/[ 2 .303 (aa+ttc)] (25)
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where aa and ac are the anodic and cathodic Tafel slopes, respectively, which must 

either be estimated or determined from another experiment.

The behaviour o f two metals that are galvanically coupled can be estimated by 

superposition o f the cathodic polarization curve o f the less-active (more noble) metal on 

the anodic polarization curve o f the more-active metal. The current at which the two curves 

intersect is the galvanic current, which is proportional to the galvanic corrosion rate o f the 

anode, provided that the ohmic drop in solution is negligible and that the current 

distribution is uniform.

The precision o f the Stern-Geary equation relies on the accuracy o f the coefficients aa 

and ttc, which are usually obtained from Tafel plots. In turn, the coefficients obtained from 

Tafel plots carry a certain inaccuracy due to solution resistance (ohmic drop). As long as it 

is applicable, the weight loss technique is the most simple and reliable method to 

determine the corrosion rate and can also serve to determine the coefficient o f the Stern- 

Geary equation (aattc) / (a a+ ac).

1.3 Magnetic forces in fluids

1.3.1 Lorentz force

The force resulting from the interaction between a magnetic field and a moving charge 

or current density is expressed by the Lorentz force:

F l = J X B (26)
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Where J is the current density in A  m ^  B is the applied fie ld  in Tesla and F t is the

-j

Lorentz force per unit volume N m' . This force acting in moving ionic solution leads to 

convection. For example for J = 50 A m '“ , B = 0.5 T. F|, ~ 25 N m‘ .̂

1.3.2 Electrokinetic magnetohydrodynamic force®

An electric field applied parallel to the electrode surface interacts w ith the charge in the 

d iffusion layer, inducing a How o f  these charges. This effect is known as electro-osmotic 

motion. Boundary conditions force the flow  velocity to be zero at the surface, therefore the 

flow  velocity increases w ith distance from the electrode surface. Viscous forces oppose the 

How, a llow ing a steady state velocity to be reached. The relative motion o f  the two phases, 

the electrode and the electrolyte, is known as an electrokinetic effect. Because the 

electrokinetic force arises due to the charge in the diffusion layer, any process which 

modifies the structure and charge distribution, such as contact adsorption o f  ions, or the 

concentration o f  the electroKte, w ill m odify this force.

O liv ier^ et al. proposed that a magnetic Held applied parallel to the electrode w ill act on 

the diffuse charges, via the Lorentz force, and create an electric field parallel to the 

electrode surface. They suggested that this electric fie ld w ill then induce electro-osmotic 

motion g iv ing rise to convection in the diffuse layer and thereby increasing the current, 

fh is  they called the electrokinetic magnelohydrodynamic effect.

Fi^k = (<3dH//)/5|| as a body force acting in the diffuse layer (27)

Where CTd is the charge density o f  the diffuse layer, E// is the induced nonelectrostatic 

field and 5n is the boundary layer thickness. Using o j  = lO ' C m ", E// = lOV/m and 5n = 

IC 'm ,  the magnitude o f  F|.;k is 10" N m
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1.3.3 The concentration gradient force Fvc

The magnetic energy density can be written as:

H = (28)

* ^  -  3Where C is the concentration in mol m‘‘ . Xm is the molar susceptibility of the ion in m 

mol"' and |ii) the permeability o f free space, 47txlO'^ A m '. Using F = -VE and taking only 

the term with VC (the other term w ill be discussed in another section), we obtain:

Fvc = (XmB'/2^io) VC (29)

For example, when Xm = 10 m ’ mol ' in 0 .1 M ( 10‘ mol m"’) solution and the diffusion 

layer thickness 5 = 1x10"  ̂m. B = I T then Fp = 4000 N m’ ’.

1.3.4 The field gradient force

The second term o f the magnetic force which derives from the magnetic energy density 

(equation (28)) is

F\ B = (CxmB VB)Vo (30)

This magnetic force is generated when the magnetic field is not uniform. For positive 

values o f BVB, paramagnetic ions are attracted and diamagnetic ions are repelled. For 

example, in a 1 T field, with field gradient o f 1 T m ', for a paramagnetic ion with Xm = 10' 

* m  ̂m of' in 0.1 M solution, F v b  = 1 N m'^ One o f the most successful applications o f this 

force is the construction o f oxygen sensor^. The sensor is used to measure real time oxygen

57



levels in combustion systems in order to determine combustion efficiency, information 

which can be used to feedback the combustion process. Oxygen needs to be at a certain 

level in order to minimize the emission o f the poisoning CO.

1.3.5 Hydrodynamic damping force

For very conductive electrolytes, the motion o f an electrolyte in a magnetic field w ill 

induce an electric field. vxB. then the current in the electrolyte can be written as a (vxB), 

where a is the conductivity o f the solution in (O hm ' m '). Consequently a current moving 

in a magnetic field w ill induce motion according to the l-orentz equation:

Fd = avxBxB (31 )

This force acts to impede or damp the velocity (~ lO ' m s'') in the transverse direction 

while velocity in the longitudinal direction is unaffected. This force is negligible in 

aqueous solutions where the conductivity is low; about 10" Ohm 'm '. I'he use o f static 

magnetic fields to control the convection during the growth o f crystals from conducting 

molten sails relies on this damping force* .̂
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1.4 Structure and phase diagrams of Fe-Pt, Fe-Pd, Co-Pt and Co-Pd

Equiatom ic FePt, C oPt and FePd belong to a special class o f  m agnets with the structure 

L I q. These alloys form tetragonal phases which show high anisotropy. The L l o  structure is 

an ordered structure corresponding to a stacking sequence A-B w here A corresponds to a 

layer o f  atom s o f  Fe or Co and B correspond to atom s o f  Pt for exam ple. The uniaxial 

anisotropy is along the c axis. When Pt randomly occupies the layers o f  Fe and vice versa 

the disordered phase is form ed and the lattice param eter c becom es equal to a. In this 

situation the anisotropy is very small in the structure and the m agnetic properties 

correspond to a soft m aterial. As an example, the structure o f  the FePt ordered phase is 

represented in Fig. 15. The m agnetic properties o f  the bulk sam ples are shown in table 2^.

Kasy
/

O
I'e

ococ b
Pi

0

Figure 15. Model structure o f  tetragonal FePt also known as the Llo phase.
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Table 2. Intrinsic magnetic properties o f  ordered 3d alloys o f  typical bulk permanent- 

magnet.

Alloy Tc
(K)

Mo Ms
(T)

Ki
(MJm^*)

MoMr
(T)

He
(KA m"')

Lattice parameters 
(nm)

a c
FePd 760 1.38 1.8 0. 95 160 0.3852 0.3723
FePt 750 1.43 6.6 1.04 390 0.3852 0.3713
CoPt 840 1.00 4. 9 0.65 360 0.3803 0.3701

The phase diagrams o f FePt, FePd, CoPt and CoPd'° are shown in Fig. 16, 17, 18, 19, 

respectively. The range o f compositions which form the tetragonal phase for FePt, FePd 

and CoPt are 34-59 at. % Pt, 50-60.5 at. % Pd and 41-75 at. % Pt, respectively. Since Fe 

forms the L l o  tetragonal phase with Pd and Pt (FePd, FePt), it is natural to think that the 

same type o f structure would be formed i f  we replace Fe by Co. In fact, there is an L l o  

CoPt phase but there is not an L l o  CoPd phase as can be seen in the phase diagram (Fig. 

19). CoPd alloys are included in the Co-rich alloys and not in the L l o  family. When Co and 

Pd are mixed together they segregate into Co and Pd phases.

In order to minimize the time required to obtain the ordered phase in bulk samples it is 

common practice to homogenize the sample. This procedure is carried out by annealing the 

sample at temperatures higher then the melting point o f the tetragonal phase and quenching 

the sample in water. As the cooling rate is significantly high the sample only forms a very 

homogenous disordered phase which then can be heat treated to form a highly homogenous 

tetragonal L I q phase. The homogenisation temperatures, according to the phase diagram, 

are about 1300 °C, 640 °C and 825 °C for FePt, FePd and CoPt, respectively.
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Figure 16. Phase diagram ofFePt, the tetragonal phase is formed in the range 34-59

at. % Pt.
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Figure 17. Phase diagram o f  FePd, the tetragonal phase is formed in the range 50-60.5

at. % Pd.
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Figure 18. Phase diagram o f  CoPt, the tetragonal phase is form ed in the range 41-75

at. % Pt.
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Figure 19. Phase diagram o f CoPd. Co and Pd do not form any common phase, when 

mixed the alloys segregate into Co and Pd.
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1.4.1 Literature review

1.4.1.1 Fe-Pt

M ost studies about FePt alloys reported in the literature w ere focussed on media  

recording applications. Thin and ultrathin film s are prepared as alloys or m ultilayers 

usually by sputtering"' electron-beam  evaporation^®’ (e-beam )

and pulsed laser deposition (PLD) Bulk materials have been prepared by arc-melting^^ 

and room-temperature cold-deformation^^’ A com m on feature o f  these techniques is the 

requirement for the film s to be either deposited onto a heated substrate or post-annealed in 

order to develop  a crystalline structure. The effect o f  additives in FePt a lloys has been 

studied by many authors.

in 2002 , Chen et al. studied the effect o f  the addition o f  N b on the m agnetic properties 

o f  (FePt)ioo-xNbx 0 < x < 2.1 at. %. They reported an increase in the energy product, which  

w as associated with a better loop squareness and a decrease in coercivity. The coercivity  

decreases as Nb concentration increases.

A lso  in 2003, Hsu et al. studied the effect o f  a A g underlayer in the m agnetic properties 

o f  epitaxial FePt. They found that the film s sputtered onto heated substrates exhibit a lower 

ordering temperature when using A g as a seed layer. Film com position  w as Fes5 Pt4 5 , with 

thickness between 2 .5 -30  nm, A g thickness (10-175 nm and a substrate temperature o fT s = 

25-300  °C. The authors suggested that A g acts as a seed to the epitaxial growth o f  FePt 

based on the fact that there is a small lattice mismatch betw een A g and L lo FePt w hich is 

only 7 %. The authors found in plane coercivity o f  0.4  T for 30 nm thick film s sputtered 

onto substrates heated to 300 °C when using a 10 nm A g seed layer on a Si substrate.
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In 2003, Sato et al. studied the effect o f  a Ag seed layer in the L l o  phase form ation o f  

FePt deposits. The films were prepared using e-beam evaporation and the substrate was 

NaCl. The authors claim ed that Ag reduces the ordering tem perature o f  FePt//NaCI. 

A ccording to them, the ordering tem perature was 673 K for an average 7 nm particle size. 

However, only a m odest 0.1 T  coercivity was obtained for sam ples containing 11 at. %  Ag 

after annealing at higher tem perature (600 °C). In conclusion the authors stated that the 

role o f  Ag additives on the prom otion o f  atom ic ordering rem ains an open question.

Some reports have specifically addressed the effect o f  additives on the reduction o f  the 

ordering tem perature o f  the L l o  FePt phase. Elem ents such as Cu, Ag, W, Ti by Kuo et 

al.^^ and C r by Lee et al.^^ have been studied.

In 2002, Takahashi et al. reported that the (FePt)i.xCux (x = 0, 0.04) alloys have an 

ordering tem perature sm aller than that o f  pure FePt. By adding 4 at. %  o f  Cu they reduced 

the ordering tem perature from 500 °C to 400 °C with I hour annealing. They suggested 

that the decrease o f  the formation tem perature o f  ordering is due to the enhanced kinetics 

o f  ordering as a result o f  higher diffusivity obtained from the alloy with a lower melting 

point. The authors also suggested that the chemical form ula for FePtCu should be (Fei. 

xCux)Pt as Cu replaces Fe in the structure. Takahashi et al. during their conclusion referred 

to several other reports where other additives were studied. O ther alloy elem ents have been 

studied for FePt, W, Ti by Kuo and Cr by Lee. W, Ti and Cr retard the grain growth but 

have no effect on the ordering tem perature. Kitakami et al.^°, found that Sn, Pb, Sb and Bi 

additives in CoPt are effective at reducing the ordering tem perature. Kitakam i explained 

the ordering tem perature reduction in term s o f  the enhancem ent in the diffusivity o f  Co and
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Pt d ue to  the va ca n c ies  left behind  by the m eltin g  and segregation  o f  the lo w  m eltin g  point 

e lem en ts . T h ese  e lem en ts do not a lloy  w ith  either C o  or Pt.

T akahashi then con clu d ed  that the k in etics en h an cem en t m ech an ism  for Cu is d ifferent 

from that o f  Sn, Pb, Sb and B i. Cu rep laces Fe in the structure and reduces the m eltin g  

point o f  the co m p o sed  a llo y , w h ile  the low  tem perature e lem en ts  p rom ote v a ca n cies , w hich  

en h ance d iffu sio n . C o erciv itie s  up to 0 .8  T  w ere obtained  for 3 0 0  nm th ick  film s w ith  

co m p o sitio n  (F eP t)9 6C u4  after annealin g  at 4 0 0  °C for 1 hour (F ig . 20 ).

•  Cil - 0 m Si

0 200 300 40C 500 800

Annealing tem pera tu re  ( 'C )

Figure 20. Coercivity dependence o f  FePt and (FePt)g6Cu4 on the annealing 

temperature from  Takahashi.

In a recent p ublication  a con troversia l issue w as brought to light. In 2 0 0 4 , W ierm an et 

al. c la im ed  that Cu has no e ffec t on  the ordering tem perature o f  FePt. T h ey  stated that the 

reduction o f  the ordering tem perature is due to ch a n g es in co m p o sitio n  rather than the  

effec t o f  Cu addition  i t s e l f  T he authors present resu lts w h ere Cu atom s rep lace Fe and the 

ordering tem perature is not ch an ged . T h e m agnetization  and the co erc iv ity  d im in ish  as Cu
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is added. Therefore, they concluded that Cu does not change the kinetics o f  form ation o f  

the ordered phase as suggested by other authors. Additionally, the authors suggested that 

the changes in the ordered phase formation are rather associated with com position 

deviation from the equiatom ic FePt. The lowest annealing tem perature to show coercivity 

was 350 °C, as can be seen in Fig. 21.

15
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♦  0 » , t u
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500 W)0 700400

A nnealing tem perature (°C)

Figure 21. Coercivity dependence on annealing temperature o f  50 nm Feso-xfhoCux (x 

= 0, 6, 11, 17 at. %) fdm s from Wiermau. Films were annealed fo r  10 min.

Colossal coercivities were obtained in a special situation where the ultrathin films were 

prepared by co-deposition o f  Fe and Pt using sputtering by Shim a et al. and using PLD by 

W eisheit et al.. After growth at heated substrate, an array o f  w ell-separated nanoparticles 

was formed. Shim a et al. found coercivities as high as 10.5 T at 5 K with these 

nanoparticles. The substrate was M gO (001) which was kept at 780 °C during the 

deposition. The com bination o f  epitaxial growth and particle isolation lead to out o f  plane
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room -tem perature coercivity o f  7.0 T for sam ples with 5 nm nom inal thickness. The 

coercivity was found to reduce to 4.0 T as the nom inal thickness was increased to 40 nm. 

W eisheit used the PLD technique to obtain coercivities as high as 5.6 T  for a 40 nm thick 

film deposited on glass with an a MgO (001) seed layer. T he substrate tem perature was 

800 °C during the deposition. The authors also found that the films grew epitaxially and 

formed w ell-separated nanoparticles.

In contrast to sputtered and e-beam deposition o f  FePt films, only recently, have FePt 

films been electrodeposited as a continuous film^' and into porous membranes^^. To our 

know ledge our group was the first to report the electrodeposition o f  continuous films. 

Films were annealed to develop coercivity, which is associated with the formation o f  the 

L l o  phase. Based on the electrochem ical bath that we have first introduced there has been a 

rem arkable im provem ent in the coercivity o f  electrodeposited films^^’ '̂̂ . In addition to the 

interest in m edia recording and MEMS, there is also a renewed interest in shape memory 

alloys^^ and nanotubes^^ based on FePt. A sum m ary o f  the m agnetic properties o f  FePt is 

shown in table 1 and a com parison o f  the coercivity vs. the film thickness in Fig. 22.
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Table I. Magnetic properties electrodeposited (Ec), sputtered (Sp), e-beam evaporated (E- 

b), cold-deformation (Cd) and pulse laser ablazion (PLD) FePt alloys. All sputtered, e- 

beam evaporated and arc-melted samples were either prepared on heated substrates or 

with post-anneal. Symbols ”, "1  ” stand fo r  not reported, in plane and out ofp lane

measurements, respectively.

Process

code
Alloy

Alloying 

elem ent 

(at. % )

Thickness

(^m )

Coercivity

(mT)
[Ms (T)] References

Sp FePtTa 20 Ta 0.01 500 0.5 -0.69 Shimatsu

Sp FePtNb ONb 650 0. 980 Chen

Sp 2.1 Nb - 270 1.5

Sp FePtCu 0-4 Cu 0.3 800 0.753 Takahashi

Sp FePtCu 0-4 Cu 0.3 1000 0.753

Sp FePtCu 0-4 Cu 0.3 1000 0.753

Sp FePtAg - 0.03 400 (//) Hsu

Sp FePt 48 Pt 0.005 7000 (1) 1.44 Shima

Sp FePt 48 Pt 0.04 4000 (1) 1.444

Sp FePt - 0.02 261 1.03 Lim

Sp FePt - 0.05 1400 1.25 Wierman

Sp FePt 41 Pt - 670 (1) 0.532 Lai
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Sp FePt 41 Pt - 992 (1 ) -

Sp FePt 48 Pt 0.12 950 (//) - Bai

E-b FePt - 0.11 1200 - Schwickert

E-b FePt - 0.05 150(1) - Shima

E-b FePt 56 Pt <0.02
550 (1), 

460 (//)
- Sato

E-b FePd 58 Pd <0.02
330 (1), 

340 (//)
-

66

E-b FePtAg 11 Ag - 100 - Sato

PLD FePt - 0.04 5600 0.85 Weisheit

Cd FePt 50 Pt 100 900 0.6-0.7

Ec FePt 50 Pt 0.45 200
0.70-

0.90
Rhen

Ec FePt 50 Pt 0.45 300
0.70-

0.90

Ec FePt 50 Pt - 1500 - Rhen

Ec CoPt - - 380 - Huang

Ec FePt - - 300 -

Ec FePt 50 Pt 0.7 1100 0.4-0.6 Leistner
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Figure 22. Coercivity dependence on the thickness o f equiatomic FePt. Data taken from  

the current literature including the present thesis. Open circles, open squares, black 

circles and black squares stand fo r  in plane and out ofplane coercivity o f  sputtered 

samples, isotropic electrodeposited samples and isotropic bulk samples, respectively.
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1.4.1.2 Co-Pt

M any o f  the recent studies o f  CoPt alloys are devoted to the preparation o f  recording 

media. In contrast to FePt alloys, there are many studies o f  electrodeposition o f  CoPt 

alloys. As Co is the only m agnetic elem ent to exhibit uniaxial anisotropy due to its stable 

hep structure at room -tem perature, it is largely used for m edia recording. The vacuum 

techniques for the preparation o f  CoPt films include sputtering^^’ and electron-

beam evaporation (e-beam). A dditionally, arc-melting''^ was used for the preparation o f  

the bulk alloys. Electrodeposition has also been exploited for the preparation o f  CoPt /Co- 

rich-Pt as multilayers^"' alloys and Co-rich alloys

excluding pt^O, 61, 62, 63, 64, 65, 66

The effect o f  additives on the ordering tem perature o f  sputtered CoPt was studied for 

Sn, Ag, Pb, Sb and Bi additives. In 2001, Kitakami et al. studied the form ation tem perature 

o f  ordered CoPt with the addition o f  Ag, Sn, Pb, Sb and Bi. A ccording to the authors, with 

the exception o f  Ag, all these low-m elting point elem ents segregate to the surface o f  the 

film lowering the crystallization tem perature o f  CoPt. A ddition o f  A g to the granular film 

is effective in reducing the ordering tem perature, while there is no effect on continuous 

films. The mechanism  proposed is the increase in diffusivity o f  C o-Pt due to an excess o f  

defects caused by the low m elting point elem ents, w hich segregate to  the surface o f  the 

film during annealing. They concluded that Sn is the m ost effective additive to reduce the 

ordering tem perature. A coercivity o f  0.6 T was obtained in 40 nm thick films containing 

4.3 at. %  Sn after annealing at tem peratures as low as 450 °C.
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In 2001, Keitoku et al. prepared Co-Cr-Pt alloys by sputtering and found coercivities up 

to 0.5 T for m edia applications. The com position o f  the alloy studied was Co-Cr-Pt with 

13-18 at. %  Cr, 12-22 at. % Pt and the films were sputtered onto heated substrates (Ts = 

400-450 °C). Films with com position C o-C ris-P tn  ? and a thickness o f  30 nm developed 

out o f  plane coercivity o f  0.558 T after annealing at 400 °C.

Several authors have studied the electrodeposition o f  m ultilayers. In contrast to 

sputtered film s the authors did not post-anneal the samples. There are reports o f  two 

electrochem ical techniques for the preparation o f  m ultilayers. O ne m akes use o f  a dual 

bath. In this case the electrode is transferred to each bath that contains either Co or Pt ions. 

The o ther technique consists o f  using a single bath and by changing the applied potential 

(pulse-plating) to deposit a Pt or Co-rich alloy. In 1996, Jyoko et al. prepared Co/Pt 

m ultilayers on Pt (111) with each layer as thin as 5 nm by electrochem ical plating from 

separate baths, however no magnetic properties were studied. Also in 1996, G eorgescu et 

al. electrodeposited Co/Pt m ultilayers with layer thicknesses ranging from 0.8 to 15 nm 

from a single electrochem ical bath using the pulse the plating technique.

In 1997, Hayashi et al. prepared electrodeposited Co/Pt m ultilayers on Cu substrates 

from two electrochem ical baths. Films as thick as 100 nm were m agnetically soft with 

0.025 T  coercivity.

In 2000, Georgescu et al. prepared Co/Pt m ultilayers on either Pt or Pt (50 nm)/Cu 

substrate by electrodeposition with a layer thickness o f  about 1 nm. The authors claimed to 

deposit films containing the ordered L l o  phase or ordered CoPts. However, only a very 

small coercivity (15 mT) was m easured for the 100 nm thick film, contradicting the claim s 

o f  an L l o  phase.
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In 2000 and 2001, Jyoko et al. '̂  ̂ '’* electrodeposited Co/Pt and C oN i/Pt m ultilayers and 

alloys onto Cu from two separate baths. In plane coercivities o f  up to 0.15 T were obtained 

for CoN i/Pt m ultilayers with a total thickness o f  150 nm. The authors suggested that the 

increase o f  coercivity is associated with the pinning o f  the domain wall in the grain 

boundary due to the presence o f  non-m agnetic or weakly m agnetic Pt.

A rem arkable progress has been m ade in the im provem ent o f  coercivity o f  

electrodeposited Co rich alloys containing about 20 at. % Pt. One o f  the first 

electrodeposited films to show considerable high coercivity (0.25 T) was prepared by 

Bozzini et al. Historically, all the publications related to the electrodeposition o f  Co-Pt 

alloys w hich present reasonable coercivity are linked to the sam e group o f  researchers in 

Italy: Bozzini, Z angari, Callegaro^' and Franz who are all close collaborators o f  Cavallotti 

and more recently Zana who is a form er student o f  Zangari.

In 1993, Bozzini et al. electrodeposited Co-Pt and Co-Pt-P onto Cu substrates from 

novel electrochem ical bath with thicknesses up to 0.3 j^m. Thin films (30 nm) containing 

Pt (17-20 at. %) and P developed 0.2605 T in plane coercivity.

In 1995, Callegaro et al. studied the m agnetic interaction in CoPtP electrodeposited 

films. For very thin films the authors found out o f  plane coercivity o f  about 0.5 T. The 

addition o f  P accounted for the change o f  magnetic interaction from exchange to 

m agnetostatic. A dditionally, the authors explained that the decoupling between grains is 

associated with the formation o f  non-m agnetic m aterial around the grain boundary (P) 

leading to the reduction o f  exchange am ong grains. The P rich grain boundaries act as 

pinning sites for the dom ain wall, causing discontinuous ju m p s by incoherent irreversible 

rotation o f  the single-dom ain grain, which enhances the coercivity. In C oPt samples.
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in stead , reduced num ber o f  p inning sites and ex ch a n g e co u p lin g  favour dom ain  exp an sion  

by ava lan ch e p ro cesses  w h ich  a lso  accoun t for the loop  sq uaren ess.

In 1996 , Zangari et al. a lso  e lectrod ep osited  C oP tP  (P  0 .5  to 5 at. %) from  the sam e bath 

earlier introduced by C a llegaro . T he authors su ggested  that the absorption  or incorporation  

o f  o x id e s  and h yd rox id es m ay a lso  play a role in the m agn etic  interaction b es id es  the c o ­

d ep o sitio n  o f  P.

In 1998, C avallotti et al. e lectrod ep osited  C oP t and C oPtP  a im in g  to id en tify  the 

m agn etic  p hases. T h e C urie tem perature w as found to be ab o v e 1000 K (>  7 2 7  °C ) w h ich  

can be com pared  to the C urie tem perature o f  hep C o (1 3 9 0  K)^^. C o w a s found to be the 

m ain p hase w hich  w as a lso  con firm ed  by X -ray d iffraction  pattern. A d d ition a lly  the 

authors stud ied  the d ep en d en ce o f  the co erc iv ity  on film  th ick n ess. T he out o f  p lane  

co erc iv ity  w as about 0 .4  T  for a 0.1 fim  thick  film  and q u ick ly  dropped to 0 .2 5  T  for a 4 

|im  thick  film , w here the film  co m p o sitio n  w as CogoPti^P.

In 2 0 0 2  and 2 0 0 4 , Z ana et al.^^’ ^̂  e lectrod ep osited  1 )j.m thick  CogoPt2oP film s on to  Cu 

( 111)  substrate w ith  co e rc iv itie s  as high as 0.61 T  out o f  p lane.

A lso  in 2 0 0 4 , Fujita et al. have e lectrod ep osited  and an nealed  thin film s o f  nearly  

eq u ia tom ic C oP t on ITO substrates to obtain co e rc iv itie s  as h igh as 1.1 T  for the isotrop ic  

C oPt tetragonal phase.

1.4.1.2.1 Co-rich alloys including elements other than Pt

T h e elec trod ep osition  o f  ferrom agnetic C o-rich  based  a llo y s  ex c lu d in g  C oP t has been  

carried out for w e ll over 30  years. In 1970, L uborsky et al. studied  the e ffec t  o f  ad d itives  

from the groups V A  and V IB . (Cr, M o, W , P, A s, Sb, B i) on the m agn etic  properties o f
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e lec trod ep osited  C o. T h e authors found that co e rc iv it ie s  o f  up to 0.1 T  can be a ch iev ed  and 

stated that the ab ility  o f  the additional e lem en t to en h an ce c o e rc iv ity  is d irectly  related to  

the segrega tion  o f  the e lem en t in the grain boundary o f  the C o.

T h e addition  o f  P has a lso  been  recently  studied  by other authors and con sid erab le  

p rogress has been  m ade. In 1996, F en in ech e et al. prepared C o N i and C o N iP  on  Cu  

substrates and stud ied  the m agn etic  properties o f  the film s but o n ly  a m od est 0 .0 5  T  

co e rc iv ity  w a s obtained .

In 2 0 0 0 , M yu n g et al. com pared  a series o f  C o-rich  a llo y s . T h ey  c la im ed  that C o 4 iPts8P 

on brass substrates have co e rc iv it ie s  o f  0 .2 6 2  T  (//)  and 0 .2 9 2  T  ( ± ) .  In 2 0 0 2 , Park et al. 

from  the sam e group as M yu n g elec trod ep osited  C o N iP  and ch aracterized  the m agn etic  

properties. T h ey  sh ow ed  co e rc iv it ie s  up to  0 .2  T  out o f  p lane and O.I T  in p lane, a ssoc ia ted  

w ith  to the form ation o f  hep cob alt. T h ey  found that the addition  o f  P to C o N i d ep osits  

favours the form ation o f  hep  C o w ith  texture [002] con firm ed  by X -ray  d iffraction  pattern.

In 2 0 0 4 , Ji et al. e lec trod ep osited  C o-P b  into porous m em branes and after an n ea lin g  at 

7 0 0  °C  for 30  m in obtained  co e rc iv it ie s  as h igh as 0 .25  T.
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1.4.1.2.2 Overview o f the magnetic properties o f Co based alloys

Fig. 23 show s the dependence o f  coercivity on film thickness for electrodeposited Co 

based sam ples without any annealing. The data includes all Co/Pt m ultilayers, CoPt, CoPtP 

and Co-rich alloys, it is notable that there are no films thicker than 20 |im  and in this range 

the coercivity does not exceed 0.3 T. A com plete list o f  references and related m agnetic 

properties are listed in table 1.
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Figure 23. Room-temperature coercivity in as-electrodeposited Co-based alloys vs.

thickness.
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Table 1. Magnetic properties o f  electrodeposited (Ec), sputtered (Sp), e-beam evaporated 

(E-h) and arc-melted (Arc) CoPt alloys. All sputtered, e-beam evaporated and arc-melted 

samples were either prepared on heated substrates or with post-deposition annealing. 

Symbols stand fo r  electrodeposited samples which were post-annealed, in

plane and out o f  plane coercivity, respectively.

Process

code

Electrodeposited

Alloy

Alloying 
element 
(at. %)

HoHe (mT), 

Ithickness 

(Hni)l

Ms (T); 
M r(T)

S References

Ec CoNi 20-40 Ni 30-50 1.4-1.6 0.7-0.8 Bondar'’*

Ec CoNi 20-40 Ni I0(//), [2] 1.4-1.6 0.6-0.775 Myung

Ec CoP 4.3 P 70, [0.65] 1.61 - Luborsky

Ec CoP 7.3 P
47[0,65],

32[1.0]
1.0 0.72 Fisher'’̂

Ec CoP (electroiess) 9.1 P 90[0.04] - - Mirzamaani™

Ec CoP 3.7-7.3 P
!40(//), 130 

(1), [2.0]
1.5-1.6

0.2-0.5 ( I I ) ,  

0.1-0.3 (1)
Myung

Ec CoNiP
10-20 Ni, 3.7- 

7.3 P
70-80 0.6 0.5-0.6 Bondar

Ec CoNiP - 102 - - Luborsky

Ec
CoNiP

(electroiess)
- 250 (1) [0.2] - Itakura’’

Ec CoNiP 18-37 Ni, 2-6 P
92.6 (//), 215 

(1), [2]
1.2-1.4

0.2-0.45(//), 

0.1-0.3 (±)
Myung

Ec CoMnP 1 Mn, 9P 80 1-1.1 0.7-0.8 Bondar

Ec CoMnP < 5 P, < 1 Mn
92 (//), 161 

(1) [0.2]
- - Horkans’^
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Ec CoMnP < 1 Mn, 4-7 P
80 (//), 200 

(1), (2)
1.4-1.5

0.1-0.3 (//), 

0.1-0.2 (1)
Myung

Ec CoNiMnP
10 Ni, 10 P, 0.5 

Mn

90 (If), 130 

(1), [10-45]
1.3 0.23 Liakopoulos”

Ec CoNiMnP 12.8Ni, < 1 Mn 200 (1) (0.2) - - Horkans

Ec CoAs 6.5 As 13.5[1.0] 1.38 - Luborsky

Ec CoSb 12 Sb 24 (0.56) 1.16 - Luborsky

Ec CoBi 50 Bi 17[0.22] 0.52 Luborsky

Ec CoW 2-6 W 35-50 1 0.5-0.6 Bondar

Ec CoW 4-20 W 40 (//)[0.10] 1.0-1.5 0.2-0.5 Myung

Ec Co3W/CoW 12-18 W 25 (//)[2.0] 1.2-1.3 0.2-0.5 Myung

Ec CoMo 15 Mo 46.5[0.45] 1.05 - Luborsky

Ec CoCr 22 Cr 14[0.16] 1.02 Luborsky

Ec CoPt 20-30 Pt 20-100 - 0.2-0.8 Zangari

Ec CoPtP 30 Pt, 2 P
262 (//), 292 

(±)[1.0]
1.07

0.4-0.6 (//), 

0.3-0.4 (1)
Myung

Ec CoPtP 23.4 Pt, 0.5 P
400[0.05],

200[10]
- - Cavallotti

Ec Co/Cu 4.5-48 Cu
34 (//), 65 

[2]
0.7-1.3

0.6-0.7 (//), 

0.1-0.2 (1)
Myung

Sp
(CoPt)C(30 vol. 

%)

50 Pt and 30 vol.

% C
1200[0.1] 0.78 - Yu

Sp (CoPt)i.xSb > 600[0.04] - K.itakami '̂'

Sp
Co (16.7 nmVCoPt 

(25)//Si
200[0.025] - Crew
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Sp CoCrPt 15Cr, 14.7 Pt
558 (1) 

[0.030]
0.63 - Keitoku

Sp CoCrPt 14.2 Cr, 20 Pt
441 (J_) 

[0.030]
0.50 - Keitoku

Sp CoPt//Si > 700 [0.010] - Zeng

E-b CoPt 60 Pt 100[0.100] - Poulopoulos

arc CoPt 508[400] 0.795 0.75 Xiao

Ec Co/Pt//Cu - 25[0.100] - - Hayashi

Ec Co/Pt - 15[ <0.100] - - Georgescu

Ec CoNiPt 10 Ni, 30 Pt 150[0.150] - - Jyoko'"’''*

Ec CoPt 30 Pt 44[0.150] - - Jyoko^’-̂ *

Ec CoPt 30 Pt 100[0.300] - - Bozzini

Ec CoPtP 17-20 Pt
260 (//) 

[0.030]
0.42; 0.30 - Bozzini

Ec CoPtP 17-20 Pt
198 (//) 

[0.060]
0.78; 0.54 - Bozzini

Ec CoPtP 17-20 Pt
161 (//) 

[0.150]
2.23; 1.42 - Bozzini

Ec CoPd 92 Pd 5[2] - - Zangari

Ec CoPtP 20 Pt+P
375[0.100-

0.500]
- - Callegaro
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Ec CoPt 20 Pt
55[0 .100-

0 .500]
- - Callegaro

Ec C0 79PtP 20 Pt, 0.5-5 P
550 (1 )  

[<0.10]
- - Zangari

Ec CoPtP 19 Pt, 0 .5-5  P 200[20] - Cavallotti

Ec CoPtP 19 Pt, 0 .5-5  P 300[0 .200] 1.08-1.15 - Zana

Ec CoPt 35 Pt 250[6] 1.10-1.25 - M allet

Ec CoPtP - 620[1] 0 .9 8 -1 .0 5 0. 9 -1 .0 Zana

Ec CoPtW  (P)
85.2 Co, 12.6 Pt, 

2.2 W
270 [9.2] 0.5 T - Franz

Ec C o P t(* ) 57 Pt I100[0 .3] - - Fujita

Ec C o P b (* ) 52 Pb [250]20 - - Ji

Ec CoNIP 20 Ni 200[1] - - Park

1.4.1.3 Co-Pd

W hen com pared to CoPt, there are fewer studies undertaicen on the preparation and 

characterization o f  CoPd. CoPd alloys do not have a tetragonal phase and thereby the 

m agnetic properties o f  these alloys are limited to those o f  Co itse lf  Investigators prepared 

CoPd by sput tering^^’ e- beam evaporation and electrodeposition

In 1992, M aeno et al. prepared Co-Pd/Pd m ultilayers on glass substrates by sputtering. 

They found coercivities up to 0.25 T  and m agnetization o f  0.15 T for 20 nm thick Co-Pd 

multilayers. No annealing was carried out.
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In 1993, Yamane et al. prepared Co-Pd multilayers on either glass or Si substrates by 

sputtering and annealed the sam ples at 300 °C in air to obtain coercivities up to 0.2 T. The 

form ation o f  C o-O  during the atm ospheric annealing is believed to serve as pinning centers 

w hich lead to an increase in the coercivity. Annealing in vacuum  did not result in any 

coercivity. The effect o f  atm ospheric annealing is evident with the formation o f  C 0 3 O 4 As 

the tem perature is raised to 500 °C the Co in the films is alm ost totally consum ed by 

oxidation resulting in the decrease o f  coercivity and m agnetization.

in 1992, Kim et al. prepared ultrathin (< 10 nm) Co/Pd m ultilayers on silicon consisting 

o f  a few atom ic layers o f  Co by sputtering on substrate tem perature from 30-80 °C. The 

authors m easured coercivities o f  up to 0.4723 T in as-deposited multilayers.

In 2001, Roy et al. prepared Co/Pd m ultilayers on Ta and ITO substrates by sputtering. 

Film s deposited on ITO show coercivities o f  up to 0.68 T. The authors explained that as 

the film s were annealed the low m elting ITO allows the grain segregation, thereby 

favouring coercivity.

in 2002, Kawaji et al. prepared Co/Pd m ultilayers by sputtering onto Pd/Si seed layers 

deposited on glass. Films with a 10 nm Pd seed layer showed coercivities as high as 0.78 

T, with the structure [C oo.2nm /Pdo,8nm ]io//[Pd (10 nm)/Si (100 nm)]. The authors explained 

that the sw itching mechanism  in the films as coherent rotation which accounts for the high 

coercivity.

In 2001, Kudo et al. electrodeposited Co (0.4 nm)/Pd (1 nm) m ultilayers on Cu 

substrates from a dual bath and characterized the m agnetic properties o f  the films. The 

authors obtained coercivities o f  0.08 T for structures as thick as 50 nm. The coercivity 

dim inishes as the thickness increases.
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1.4.1.4 Fe-Pd

E q uiatom ic FePd a llo y s  are in clu d ed  in the uniaxial L lo  (tetragonal) a llo y  fam ily . The 

in vestiga tion  o f  th ese  a llo y s  has probably been  o versh ad ow ed  by the ach ievem en ts  

ob ta in ed  w ith  FePt a llo y s . S everal tech n iq u es for the preparation o f  FePd film s have been

83 84 85 86 87in vestiga ted  in clu d ing  sputtering ’ e-b eam  evaporation  and elec tro d ep o sitio n  ’ . On 

the other hand the bulk m aterials have been prepared by m elt-spinning**, f loa tin g  zo n e  

and co ld  deformation'^'’. B u lk  sam p les o n ly  g iv e  sm all co e rc iv it ie s  o f  0.1 T .

In 1998 , O kum ura et al. prepared n an ocrysta llin e FesoPdso by sputtering and ball 

m illin g . A fter  an n ea lin g  0.1 to 0.5 )im  thick  sam p les in vacuum  at 575  °C  for 160 hours the 

a llo y s  d ev e lo p ed  co e rc iv it ie s  ranging from  0 .2  to 0 .2 5  T.

In 2 0 0 3 , Sato  et al. prepared F es8Pd42//N aC l (0 0 1 ) n anop articles by e-b eam  evaporation  

on to  heated substrates m aintained  at 773  K and 873  K. C o erc iv itie s  o f  up to 0 .3 5  T  w ere  

obtained  from  sam p les as thick  as 10 nm w ith  perpendicular an isotropy.

There are on ly  a few  reports o f  electrod ep osition  o f  FePd film s. T w o  sim ilar baths w ere  

reported by C h ow  and B ryd en . C h o w  prepared a llo y s  w ith  co m p o sitio n  61 at. % Pd-39 at. 

% Fe from  a bath con ta in in g  4 .4 3  g /L  P dC b , 10 .15 g /L  o f  F e2 (8 0 4 )3, 2 5 .4 2  g /L  o f  

su lfo sa lic y lic  acid  and 19.8 g /L  o f  (N H 4)2S 0 4 . A fter an n ea lin g  the e lec trod ep osited  film s  

on Cu substrates at 5 0 0  °C  the authors observed  the form ation o f  a d isordered  FePd and 

CuPds phase. B ryd en ’s bath con ta ined  0.1 M P dC b, 0 .0 2 -0 .1  M F eS 0 4 - 7 H 2 0 , 0 .0 4 -0 .2  M 

su lfo sa lic y lic  acid  and 0 .3  M am m on iu m  sulphate. T h e co m p o sitio n  o f  th e film s w as  

FcxPdi-x (x  =  7 to  4 0  at %). D esp ite  the fact that a su itab le e lec tro ch em ica l bath already  

ex ists no stud ies o f  the m agn etic  properties o f  the e lec trod ep osited  a llo y s  w ere carried out.
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Chapter 2 

2 Experimental methods

2.1 Scanning microscopy imaging

The transmission and scanning electron microscopes are the most used microscopes 

for studying nanostructures these days. Important accessories have been introduced to 

these microscopes allowing composition characterization and device patterning (focussed 

ion beam) as well as the common imaging features. This work makes use o f the scanning 

electron microscope for the purpose o f imaging and composition analysis. The ultimate 

resolution o f any microscope is related to the wavelength o f  the beam used to probe the 

sample. For example, blue light, which has a wavelength o f 350 nm, sets the resolution 

lim it o f the optical microscope. Typically, a commercial optical microscope can show 

clear images w ith resolution o f 1 |im. The wavelength o f electrons can be controlled by 

their energy, E  = hc/2. hence the wavelength can easily reach values as small as 5 nm 

with a 50 keV beam typically used in high resolution scanning electron microscopes 

(SEM). Usually the ultimate resolution o f the SEM is lim ited by the interaction o f the 

beam with the sample rather than the wavelength o f the electron beam itse lf

The interaction between the incident electronic beam and a sample results in elastic 

and inelastic scattering o f the initial beam. Most o f the initial energy o f the beam is 

transformed into heat in the sample and the remaining energy is used up in the generation 

o f backscattered primary electrons, secondary electrons. Auger electrons, photons and X- 

rays.

Backscattered primary electrons mostly result from elastic scattering and as the 

backscattering depends weakly on the atomic number o f the specimen it accounts for
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some contrast related to the sample chemical composition. Also, as the backscattered 

signal may come from beneath the surface, the topography signal is weaker than that for 

secondary electrons. Secondary electrons usually have energy below 50 eV and are 

generated by inelastic scattering o f the primary electronic beam. As most o f the 

secondary electrons are generated in the surface o f the sample they are used for the 

topographic imaging o f the sample. Edges and rough areas tend to generate more intense 

signals than flat surfaces creating good contrast. Secondary electrons also may give a 

resolution o f the order o f 5 nm in high vacuum microscopes using a 50 keV beam.

Low energy photons are emitted when electronic transitions within the atoms occur. 

When vacancies are created by the collisions between the primary beam and the 

electronic core, electronic transitions occur to fill the lower energy levels, generating 

photons. This low energy photon emission is known as luminescence and carries 

information about material boundaries and defects in the structure.

X-ray emission occurs as a consequence o f high energy electronic transition. As the X- 

ray is generated from specific transitions in the atom they carry information about the 

electronic structure o f the atom, which serves as a fingerprint to identify the composition 

o f the sample. The use o f X-rays to characterize chemical composition is known as 

energy dispersive X-ray spectroscopy (EDS).

The use o f the scanning electron microscope (SEM) requires the sample to be 

conductive. In this work all the samples are metallic and the substrates conductive. Here, 

the SEM measurements provided chemical and topographic analysis and were carried out 

in the Center for Microscopic Analysis (CMA) in Trinity College.

2.2 SQUID magnetometer
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The superconducting quantum  interference device (SQ U ID ) maices use o f  Josephson 

junctions to detect sm all m agnetic flux. The m agnetic field goes through a 

superconducting ring producing a flux. Due to the high sensitivity o f  SQ U ID s, m agnetic 

fields as small as a few nT can be m easured. The SQ U ID  m agnetom eter m akes use o f  a 

SQ U ID  to m easure m agnetic m om ent. A m agnetized sam ple produces a non-uniform  

field in its surroundings, w hich is then converted into flux and detected using the SQUID. 

T he SQ U ID  m agnetom eter currently in use in the laboratory has a signal to noise ratio 

w hich allow s nom inal m easurem ents dow n to 1 0 '"  J T '' (10'* emu). Highly, accurate 

m easurem ents are typically  obtained in the 10'^ J T '  (10'^ em u) scale. The m axim um  

field that can be applied using this SQ U ID  m agnetom eter is 5 T.

The SQ U ID  m agnetom eter is applied in m edicine, for exam ple to m easure brain 

activity. The electrical current produced by the neurons generates a m agnetic field 

w hich can be detected using a SQUID array.

92



2.3 Sputtering and evaporation

For electrodeposition purposes, metallic films were prepared as electrodes on 

insulating or poorly conducting material using sputtering and evaporation techniques. 

There are two types o f sputtering systems: direct current (DC) sputtering and radio 

frequency (RF) sputtering. Ions are accelerated and collide with a target, which can be 

either a single element or an alloy, and as a result o f the collision atoms are ejected from 

the target in different directions. Most o f the collisions between the ions and the target 

result in heat and only a small fraction o f the collisions result in sputtering. RF sputtering 

is used where the target is an insulating or weak conductor. As the sputtering process is 

caused by a mechanical collision it does not depend on the melting point o f the target 

element(s), so the composition o f the films prepared by sputtering is very' close to that o f 

the target alloy.

Films can also be prepared by evaporation, which depends strongly on the melting 

point o f the element used. The material to be evaporated is placed in a tungsten alloy 

boat. An electrical current is passed through the boat and heats it up, melting and then 

evaporating the material. The evaporated material is then collected onto a substrate. A 

huge amount o f heat is dissipated to the surroundings compared to the small amount 

which converts the molten metal into the vapour phase. As this technique is strongly 

dependent on the melting point o f the material, a smaller number o f alloys can be 

deposited as compared to sputtering.

A small commercial DC sputtering machine was used to prepare electrodes o f Pt and 

Ag. Evaporation was used to prepare Ag electrodes on the back o f alumina membranes.
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2.4 X-ray diffraction

X-ray diffraction spectroscopy is an im portant tool for the characterization o f  the 

crystalline structures w ithin a sam ple. C onstructive diffraction occurs w hen the X-ray 

w avelength is a m ultiple o f  the interatom ic distances w ithin the structure, thus the 

interatom ic distances can be directly probed and related to the crystal lattices depending 

on the structure as illustrated in Fig. 24. A condition for the occurrence o f  X-ray 

diffraction is that the w avelength should be com parable to the lattice param eter. The 

w avelength o f  Cu radiation ( K a  = 0.154056 nm) is used here.

Figure 24. Principle o f  X-ray diffraction spectroscopy; Bragg scattering.

The Bragg condition expresses the relationship betw een the interatom ic spacing, d, 

and the diffraction angle, 0, m easured from the lattice plane. Bragg reflection can only 

occurs for w avelengths o f  order 2 d or less:

2d sin0 = n^

w here n is the diffraction order. In an X-ray diffraction experim ent, the intensity o f  a 

diffracted m onochrom atic beam o f  X-rays is m easured against the angle 0. Once the X- 

ray diffraction pattern is m easured it is then com pared to a standard in order to identify
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the phases present in the sam ple. We carried out the X-ray diffraction experim ents for 

this w ork in a Philips X -Pert Pro X-ray m achine w hich is held in the SFI Trinity 

nanoscience laboratory.

2.5 The electrochemical cell

A standard three-electrode electrochem ical cell was used for all the electrochem ical 

experim ents in this work. A schem atic diagram  o f  such a cell is show n in Fig. 25. The 

w orking electrode and solution define an interface under investigation and may act either 

as cathode or an anode depending on the applied overpotential. The choice o f  electrode 

m aterial for a particular application depends on a num ber o f  factors determ ined by 

electrochem ical and chem ical requirem ents. From an electrochem ical point o f  view, an 

electrode should not react chem ically with the solvent or the supporting  electrolyte within 

the potential range o f  the experim ent. Inert m etals such as p latinum , silver and gold are 

com m only used in electrochem ical experim ents. In electrochem istry  the electrode should 

conduct electrons, therefore it is not possible to electrodeposit on insulating m aterials.

AW orking
ElectrodeInert Gas 

Inlet

Referenc
Electrode

Auxiliary
Electrode

W ater
Jacket Electrolyte

Solution

Figure 25. Illustration o f  a three-electrode electrochemical cell.
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The reference electrode provides a constant potential against w hich the potential o f  the 

w orking electrode may be m easured. In this w ork, the reference electrode was 

silver/silver chloride in a solution containing a high concentration o f  chloride ions. The 

entire solution is encased in glass and contact w ith the bulk solution is m ade through a 

porous V ycor frit. Tw o different electrodes were used during the course o f  this work; 

A g/A gCl (saturated KCl) and A g/A gCl (3M  KCl). Both exhibited good stability in the 

potential range em ployed. The standard reduction potential o f  Ag/A gCl electrode relative 

to the standard hydrogen electrode (SH E ) is 0.220 V '.

The counter or auxiliary electrode is used to close the electrical circuit in the solution, 

thus passing current through the cell. The surface area o f  the counter electrode should be 

greater than that o f  the w orking electrode to ensure that the potential distribution is 

uniform  at the w orking electrode. C ounter electrodes used in this work w ere m ade o f  

platinum .

A w ater jacket is used to set the tem perature o f  the electrochem ical bath. W hen water 

is used as the heating fluid the tem perature can be controlled from 0 to 98 °C. An inert 

gas is used to reduce the oxygen concentration in the solution when the solution is 

vulnerable to oxidation.

There are two basic types o f  electrodeposition experim ents: potentiostatic and 

galvanostatic. Potentiostatic experim ents are carried out by keeping the potential 

difference betw een the w orking electrode and the reference electrode constant. An 

external source varies the potential betw een the w orking and counter electrodes in order 

to m atch the required potential difference betw een the reference and w orking electrodes. 

C onsequently , the current in cell varies freely. G alvanostatic experim ents are carried out 

by keeping a constant current betw een the w orking and counter electrodes, and the 

potential difference betw een reference and w orking electrodes is free to  vary. W hile the
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use o f  a reference o f  electrode is useful in galvanostatic experim ents, it is not necessary. 

H ow ever it is required for potentiostatic experim ents.

2.6 Shadow masking

Shadow  m asking is one o f  the sim plest patterning techniques. It is used in com bination 

w ith one o f  the deposition techniques (sputtering or evaporation) to produce certain 

patterns. The shadow m ask is an obstacle put betw een the source o f  m aterial and the 

substrate. It covers the substrate from the depositing m aterial in certain regions depending 

on the shadow  m ask shape. They are easy to construct, but their dim ensions are limited 

by m echanical precision, w hich is typically under the m illim etric scale. For exam ple, for 

the preparation o f  a m etallic stripe a 100 )im slit shadow  mask can be used, as illustrated 

in Fig. 26.

W hen small patterns are required one should look for other techniques such as UV 

lithographyda (dow n to 0.5 |im ), focussed ion beam (FIB ) lithography (dow n to 50 nm) 

and focussed electron beam m illing (nanom eter scale). In this w ork, a shadow  m ask was 

built using w ires to deposit m etallic stripes.

Substrate

M aterial source

Shadow mask

Figure 26. Schematic diagram showing the use o f  a shadow mask. The shadow mask 

protects the substrate allowing material to be deposited only in certain areas.
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2.7 The magnetic profiler

We have made some adaptations to a commercial x-y-z positioning system to enable 

the measurement o f static magnetic fields around small permanent magnets. We call the 

system the magnetic profiler. A typical rotor and its magnetic profile using the magnetic 

profiler are illustrated in Fig. 27. The magnetic profiler consists o f a Hall probe and x-y-z 

positioning system interfaced with a computer allowing the measurement of the z- 

component of the magnetic field for flat surfaces, illustrated in Fig. 28. The Hall probe is 

integrated in a circuit which generates an electrical signal proportional to the magnetic 

field and can be positioned near the sample surface. The geometry o f the Hall probe is 

such that the Hall sensor is about 250 )j,m away from the surface. The positioning system 

is based on stepper motors which can set coordinates with a precision greater than 10 jam. 

The magnetic profiler measures the magnetic field line by line as shown schematically in 

Fig. 28 (top).

(a) (b)

Figure 27. A CoPt rotor cut into 12 poles and magnetized with 6 poles (a) and its 

magnetic profile (b). The magnetic stray fie ld  is measured in the z-direction.
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Hall sensor

Figure 28. Above, a simplified diagram showing a magnetized sample and the Hall 

probe mapping the surface. Below, the magnetic profiler consisting o f  (a) a Hall probe

and (b) the positioning stage.

The procedure to use the magnetic profiler is as follows. The sample is assembled on 

the stage [Fig. 28(b)]. The programs used to profile the magnets were developed and
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im plem ented by P. Stam enov and they are self-explained. The Hall sensor attached to the 

z-axis [Fig. 28(a)] is positioned over the sam ple using the program  called “ Position.vi” . 

O nce the initial position for profiling is reached, w hich depends on the needs, the data is 

collected using the program  called “X Y Scanner.vi” . The num ber o f  step in the direction x 

(nx) and y (ny) and the size o f  each step are set through this program  and the data is 

saved as m atrix o f  dim ension nxxny into a ASCII file w here each elem ent represents the 

intensity o f  the stray field m easured in the z direction.

' R.C. W east, H andbook o f  C hem istry and Physics, The Chem ical Rubber Co., 

C leveland, 1972, D-111
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Chapter 3

3 Electrodeposition of L1o and hexagonal magnetic alloys

3.1 Electrodeposited FePt thin films

The face-centred tetragonal FePt phase, known as the Llo phase, is o f interest for 

permanent magnet applications due to its excellent intrinsic magnetic properties (i^oMs = 

1.43 T, Ki = 6.6 MJ m'^) and corrosion resistance'. Numerous studies have been carried out 

to develop hard magnet films o f this material due to potential applications in high-density 

recording media and microelectromechanical (MEMS) systems^. Most o f these studies have 

used sputtering, vapor deposition or laser ablation. Thin continuous film samples typically 

show coercivities between 1-2 while bulk samples typically show coercivity

values o f 0.5 T^. Only recently Huang et al. electrodeposited nanowires o f FePt in a porous 

anodized aluminium disc from a single bath'” .

Here we present the preparation conditions o f continuous FePt films by electrodeposition 

from a single sulphate bath and we also present their structural and magnetic 

characterization. Films were electrodeposited on Ag and Cu substrates and the effect o f the 

annealing atmosphere on the magnetic properties was also investigated.
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3.1.1 Electrochemical bath

FePt film s were electrodeposited onto polycrystalline Cu or Ag substrates from a single 

sulphate bath containing 1 mM H2PtCl6, 0.1 and 1 M Na2S0 4  and 0.1 M FeS0 4 . The 

solution pH was adjusted to 2.9 by adding a small amount o f either sulphuric acid or 

hydrochloric acid. The counter electrode was a 50 mm long Pt wire and the reference 

electrode was Ag/AgCI saturated with KCl. A ll potentials are quoted with respect to this 

reference electrode.

Solutions were prepared from 100 mL o f deionized water. Ag and Cu substrate working 

electrodes were cut out from 99.8 % pure Ag and 99.9 % pure copper foils into 5 mm x 5 

mm squares. These substrates were coated on one side with varnish and connected to a 1 

mm diameter copper wire. Just before electrodeposition, the substrates were dipped into a 

10 vol. % H2SO4 solution to remove any impurities on the surface and then dipped into 

deionized water. Fresh solutions were vigorously stirred in an open atmosphere at room- 

temperature and the deposition took place immediately after inserting the substrate into the 

bath. The deposition was controlled using an EG&G model 263A potentiostat. The film  

thickness was evaluated using an atomic force microscopy Nanoscope 3 (AFM ) in contact 

mode.

Electrodeposition o f FePt from a sulphate bath was carried out using two baths with 

different concentrations o f the supporting electrolyte (Na2S0 4 ). Films were smooth when 

electrodeposited at potentials ranging from -0.65 V to -1.4 V. We also found that hydrogen 

evolution starts at potentials as small as -0.7 V and the formation rate increases as the 

potential becomes more negative. We also observed that the films stick very well to Cu and
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A g substrates when the total charge per square unit is sm aller than 9.6 C cm'^. For higher 

charge densities the film s lose their m etallic look and start to peel o f f  from the substrate. 

Sm oother and shinier film s w ere obtained from the solution containing 0.1 M N a2S0 4 .

Film s electrodeposited at -0 .9  V with a total charge o f  2.4  C show ed a thickness value o f  

0.45 )j.m when plated over an area o f  0.25 cm^. This g iv es  a rate o f  0.75 |am C 'cm '^  that 

w as verified between 0.6 and 2.4 C as can be seen in Fig. 29.

bUO-j
450-
400-

Er 350-
tn 300-
(/3
Q)c 250-
o 200-
h- 150-

100-
50-

0.4 0.8 1.2 1.6 2.0 2.4 2.8
Charge (C)

Figure 29. Thickness as a function o f  the total charge fo r  samples deposited on 0.25 cm' 

Cu substrates. Measurements were carried out in the AFM.

3.1.2 Film composition

C om position o f  the sam ples w as determined by energy dispersive X-ray spectroscopy  

(E D S) and m orphology w as exam ined using a scanning electron m icroscope (SE M ) in the 

sam e unit. C om position dependence on the potential and concentration o f  the supporting 

electrolyte w as studied. The supporting electrolyte w as 0.1 and I M N a2S0 4 . The potential
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w a s varied from  -0 .6 5  V  to -1 .4  V  vs. A g /A g C l as sh ow n  in F ig. 30 . T h e con ten t o f  Fe in 

the film s increases as the potential b eco m es m ore n ega tive . T h e range in w h ich  the 

co m p o sitio n  is con tro lled  by the potential corresp ond s to the k in etica lly  con tro lled  region  

o f  F e ( le s s  n ob le  m etal) and the m ass transport lim ited  region  for Pt (m ore n ob le  m eta l). A t 

p oten tia ls greater than -0 .6 0  vs. A g /A g C l ( -0 .3 8  vs. SH E ) the d ep osition  o f  the a llo y s  cou ld  

not take p lace , w h ich  can be exp la in ed  in term s o f  the standard reduction  potential o f  Fe (- 

0 .4 0 9  vs. SH E ).

T h e e ffec t  o f  the con centration  o f  N a 2S 0 4  is a lso  illustrated in F ig . 30 . A s  the N a 2S0 4  

con centration  in creases the potential n eeded  to  obtain eq u ia tom ic FePt d im in ish es. T h is  is 

a sso c ia ted  w ith  the increase o f  the polarization , the bulk resistan ce d im in ish ed  as the 

su pporting e lec tro ly te  concentration  increased.

F ig . 31 sh o w s the initial d evelop m en t o f  cracks in sam p les an nealed  at 4 0 0  °C for 20  

m in. It is lik e ly  that th ese  cracks are d ue to internal stress in the film s w h ich  m ay co m e  

from  g a se s  absorbed during the d ep osition  such as N 2 and O 2 and the precip itation  o f  m etal 

h yd rox id es. A s  the hydrogen  e v o lv e s , the pH near the e lectrod e surface increases and 

h yd rox id es m ay precip itate. U pon  annealin g , the h yd rox id es m ay d eco m p o se  gen erating  the  

crack s ob served  in the film .
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Figure 30. Film composition dependence on the potential and supporting electrolyte 

concentration (Na2S04). The greater the amount o f  supporting electrolyte the higher is 

the potential to obtain the equiatomic FePt alloy.

(a) (b)

WD20. 5mm 2 0 .0 k V  x l . Ok 50um WD20.0mm 20 .0 kV  x l . Ok 50um

Figure 31. SEM pictures o f  an FePt sample before (a) and after (b) annealing at 400 °C 

fo r  20 min. Cracks develop on the sub-millimeter scale.
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3.1.3 Structure of vacuum annealed FePt films

The structure o f  vacuum (10'^ Torr) annealed FePt films electrodeposited onto Cu was 

investigated by X-ray diffraction (XRD) with Cu K« radiation and an angular (29) 0.02° 

step. The nearly equiatomic films were annealed at 400 and 500 °C. The diffraction pattern 

o f  the as-deposited films at -0.9 V showed only a broad hump which is associated with a 

nanocrystalline disordered FePt structure. Annealed films developed a combination o f  the 

ordered tetragonal L l o  FePt phase with a minor amount o f  Fe304  as shown in Fig. 32. The 

optimized annealing time that leads to the greater amount o f  L l o  FePt in the annealed 

samples at 400 °C is 20 min, and at 500 “C it is 10 min. Samples subjected to long 

annealing times (60 min) showed severe cracking that partially or totally caused the film to 

peel o f f  the substrate.

3
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40 50 60 70 80 90
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Figure 32. X -ray diffraction patterns o f  FePt film s annealed at 400 °C and 500 °C and 

the Cu substrate. The nearly equiatomic film s were electrodeposited at -0.9 V vs. Ag/AgCl.

Both films annealed at higher temperatures and for long periods tend to peel o ff  the 

substrate.
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3.1.4 Structure of H2-annealed FePt films

Equiatomic FePt films electrodeposited onto Ag substrates were annealed in a H 2 

atmosphere. The effect o f  the annealing temperature and annealing time on the structure o f  

the films was investigated ranging from 500 °C  to 900 °C  and a period o f  up to 2 hours.

The samples were placed in a quartz tube inserted inside a furnace with a constant H 2 

flow  and annealing was carried out as follows: the furnace was heated up to the annealing 

temperature at a constant rate (40 °C  min '), the annealing was then carried out and finally  

the furnace was cooled down to room-temperature at the same rate (40 °C  m in '').

The X-ray  diffraction patterns o f  samples annealed at different temperatures is shown in 

Fig. 33. As-deposited films show a broad diffraction bump which is characteristic o f  a 

nanocrystalline structure. This diffraction pattern matches the cubic disordered FePt 

pattern. There was little structural change between the samples annealed at 500 °C and the 

as-deposited films. A t 650 °C, the formation o f the tetragonal FePt starts to happen, the 

grain size increases making the peaks sharper and the peaks which correspond to the 

tetragonal phase appear. A t 800 °C and 900 °C , there is further growth in the grain size and 

peaks become even more distinct.

The annealing time was varied from 30 to 120 min, as shown in Fig. 34, while the 

temperature was kept at 800 °C . The formation o f  the tetragonal phase happens at the 

earlier stage o f  the annealing process at 800 °C. Significant grain growth is already present 

in samples annealed for 30 min. As the annealing is increased to 60 min and 120 min no 

further grain growth is observed. The effect o f  the annealing time is similar to the annealing 

temperature, at longer annealing times and higher temperatures the tetragonal FePt phase is 

formed.
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Figure 33. X-ray diffraction patterns o f  FePt films (a) as-deposited and annealed at (b) 

500 °C, (c) 650 °C, (d) 800 X  and (e) 900 X  fo r  2 hours. Below, the X-ray pattern fo r  the 

ordered tetragonal and disordered cubic FePt phases.
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Figure 34. X-ray diffraction patterns o f  FePt electrodeposited films (a) as-deposited and 

annealed at 800 X' fo r  (b) 30 min, (c) 60 min and (d) 120 min. Below, the X-ray pattern fo r  

the ordered tetragonal and disordered cubic FePt phases.

3.1.5 Magnetic properties of FePt films

T he m agnetic  p roperties o f  the FePt e lec trodeposited  film s w ere  investiga ted  using  the 5 

T  S Q U ID  m agnetom eter. A s-deposited  film s w ere all m agnetica lly  soft w ith  co e rc iv ities  

sm alle r than  5 m T. T he m agnetic  properties d ependence  on the an n ea lin g  a tm osphere  

(vacuum  and H2), annea ling  tem pera tu re  and annealing  tim e w as investigated .

T h e  vacuum  post-annealing  m agnetic  p roperties o f  nearly  eq u ia tom ic  F eP t film s
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elec trod ep osited  on  Cu and A g  substrates are sh ow n  in F ig. 35a  and 35b , resp ective ly . For 

Cu substrates, the sam p les an nealed  at 5 0 0  °C exh ib it co erc iv ity  o f  0 .2  T  and the shape o f  

the m agn etiza tion  cu rve su g g ests  the p resen ce o f  a so ft m agn etic  p hase. T h e shape and  

co e rc iv ity  (0 .3  T) w ere im proved  for sam p les annealed  at 4 0 0  °C. M uch h igher co erc iv itie s  

(0 .9 2  T) w ere obtained  for sam p les elec trod ep osited  on  A g  substrates (F ig . 3 5 b ). T he ratio 

o f  rem an en ce saturation m agn etiza tion  Or/aj ca lcu lated  for th is sam ple is about 0 .65  for the 

Cu substrate and 0 .9  for the A g  substrate. A ll the sam p les are m agn etica lly  isotrop ic. T he  

estim ated  saturation m agnetization  ( J s )  o f  0 .7 0 -0 .9  T  w as based  on the film  th ick n ess and 

sam p le area.

R oom -tem perature m agnetization  m easu rem ents o f  FePt e lec trod ep osited  on A g  

substrates after an nealin g  in a H2 a tm osphere at d ifferen t tem peratures are sh ow n  in Fig. 36 . 

T h e initial cu rve is characteristic o f  a com b in ed  n ucieation  and p inn ing typ e m agnet. A s the 

co erc iv ity  in creases the contribution  o f  n ucieation  to  the reversal sw itch in g  m echanism  

in creases. A ll sam p les are m agn etica lly  isotrop ic in dicating that the film s are 

p o lycrysta llin e .

T h e d ep en d en ce  o f  the co erc iv ity  on the annealin g  tim e and tem perature is sh ow n  in Fig. 

37. C o erciv ity  q u ick ly  in creases and reaches a 1.4 T  lim it as the an nealin g  tim e reaches 20  

m in. S am p les an nealed  at low  tem perature (5 0 0  °C  for 2 hours) sh o w  the sam e coerc iv ity  

o f  as-d ep osited  sam p les. C oerciv ity  o n ly  starts to d ev e lo p  at tem peratures h igher the 500  

°C , then it sharply in creases and saturates at tem peratures ab ove 8 0 0  °C .
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Figure JS. Room-temperature hysteresis loops o f  FePt film s fa) electrodeposited onto 

Cu substrates and annealed at 400 °C and 500 °C and (h) electrodeposited onto Ag  

substrates and annealed a t 500 °C.
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Figure 36. Room-temperature magnetization measurement o f  samples annealed at 650

°C, 800 °C and 900 T fo r  2 hours.
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Figure 37. Coercivity dependence on the (a) annealing time and (b) temperature.

11 2



3.1.6 Discussion

In the electrochemical bath studied, platinum is electrodeposited from a complex ion 

PtCle'^ in two consecutive steps, onto the working electrode (Cu or A g  substrate):

PtCU^' +2e PtCl4^'+2C r  (1)

PtCU^' +2e Pt +4Cr (2)

The standard reduction potentials for the reactions ( I )  and (2 ) are 0.52 V  and 0.54 V  vs. 

A g/A gC I reference electrode". As Pt is more noble than Cu, we observed that the Pt 

displaces Cu and Pt deposition occurs even without applying any potential to the 

electrochemical cell. The standard potential for Fe^^ reduction is -0 .629V  vs. A g /A gC l. The 

range in which the electrodeposition o f  the FePt alloy occurs is such that the deposition rate 

o f Fe is governed mainly by reaction kinetics and Pt by mass transport. By measuring the 

thickness o f  the film  in an A F M  and taking account o f  the integrated charge we estimate the 

current efficiency. Values o f  about 5 %  at -0.7 V  and 23 %  at -1.1 V  were found.

Pt content in the films was found to vary almost linearly around -0.9  V  as shown in Fig. 

30. Films were shiny and homogeneous. The diffraction pattern o f  the as-deposited films at 

-0.9 V  showed only a broad hump corresponding to a nanocrystalline structure. After 

annealing in vacuum the films electrodeposited on Cu substrates developed a combination 

o f ordered L l o  FePt phase with a minor amounts o f  Fe304 , as shown in Fig. 32. The 

optimized annealing time that leads to greater amounts o f  L l o  FePt in the annealed samples 

at 400 °C is 20 min, and at 500 °C it is 10 min. Samples subjected to long annealing times 

(60 min) showed severe cracking that partially or totally peeled the film  from the substrate. 

On the other hand, for samples electrodeposited on Ag substrates and annealed in vacuum, 

the major phase is the tetragonal FePt phase.
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T h e cho ice  o f  C u o r A g  substrate  canno t be driven  by e lec trochem ical requ irem en ts 

o n ly , the  fact tha t fu rther an nea ling  is requ ired  puts som e co n stra in ts  on th is cho ice. In 

ad d itio n  to  the e lec tro ch em ica l requ irem ents, the ideal su b stra te  shou ld  no t form  any  alloys 

w ith  the e lem ents co n stitu tin g  the film  (Fe o r Pt) d u ring  an nea ling  and i f  possib le  should  

en h an ce  the m agnetic  p ro perties . A g substra tes m atch the  e lec tro ch em ica l needs and  as it 

do es  not have any  com m on  phase  w ith any o f  the e lem en ts, it seem s to  be the  m ost su itab le  

substra te .

T h e  shape and  sm alle r co erc iv ities found in vacuum  an n ea led  sam ples e lec trodeposited  

on C u  are associa ted  w ith  the  presence  o f  iron oxide in the  film s w hich  is supported  by the 

X -ray  d iffrac tion  resu lts. A dd itio n a lly , the fact tha t an n ea lin g  at low er tem p era tu re  (400 

°C ) im proves the co erc iv ity  can be associa ted  w ith the  sm alle r am oun t o f  iron oxide in the 

film s. A dditionally , the h ig h er coerc iv ity  ob tained  for vacuum  annea led  sam ples deposited  

on A g substra tes can be ex p la in ed  by the absence  o f  a com m on  phase betw een  Fe/P t and 

A g. C u is know n to form  a te tragonal phase w ith Pt w hich  is no t m agnetic .

S am ples annealed  in H 2 a tm osphere  show ed g rea te r co erc iv ity  than  tho se  annealed  in 

vacuum . C oerc iv ities as high as 1.5 T  w ere ob ta ined . T h e  shape o f  the  initial m agnetization  

cu rv e  show n in Fig. 36 is charac teris tic  o f  a nu c lea tio n -co n tro lled  perm an en t m agnet. The 

sam p les  annealed  at 650 °C  show  a sm all con tribu tion  from  a so ft m agnetic  phase in the 

m agnetiza tion  curve. T h is  soft m agnetic  behav iou r ind ica tes that there  is a con tribu tion  

from  the soft cub ic  F eP t phase to  the  m agnetiza tion  a lso  acco u n tin g  for the sm aller 

co erc iv ity  (~1 T ). T h e  co erc iv ity  dependence  on th e  an n ea lin g  tim e  and  annealing  

tem p era tu re  can be un d ersto o d  in term s o f  the conversion  from  the d iso rdered  phase into 

the  o rdered  phase. For sh o rt an nea ling  tim es and low er tem p era tu res  the  conversion  is far 

from  com plete , acco u n tin g  fo r the sm aller coerc iv ities. A s the an n ea lin g  tim e and
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tem perature are increased  the con version  approaches co m p letio n  and the co erc iv ity  reaches  

its m axim u m  valu e (1 .5  T ). T he saturation m agnetization  o f  0 .7 0  -  0 .9  T  is in agreem ent 

w ith  v a lu es (0 .5  -  1.25 T) reported in the literature for film s'^ ’'̂  ''*.

From  the m agn etic  results it can be con clu d ed  that the an n ea lin g  atm osp here p lays an 

im portant role in the form ation  o f  the hard m agnetic  p hase. D esp ite  the g o o d  vacuum  

q uality  used  for the annealin g  (10'^ bar), w e  found the form ation  o f  iron o x id e . It is not 

clear w h eth er the m ain sou rce o f  o x y g en  is the vacuum  related, the elec trod ep osition  

p rocess or both. H ow ever, it is clear that film s an nealed  in H 2 atm osp here sh o w  better 

resu lts than th ose  an nealed  in vacuum . H2 is o ften  used  as a redu cing  agen t in ch em ical 

syn thesis'^ . It is p o ss ib le  that during an nealin g  H 2 m ay h ave reduced  o x id e s  to  H 2O  and 

rem oved  it from  the film s, h ow ever  further stud ies are n eed ed  to  clarify  th is m atter.

T h e h igh  co erc iv ity  (1.5 T) m easured can be com pared  to current v a lu es found in the 

literature as sh ow n  in Fig. 38 . T h e co erc iv ity  va lu es w ere  extracted  from  the references  

listed  in table 1, chapter 1 section  1.4.1.1.  Our data set a co erc iv ity  record for film s w ith  

su b-m icron  th ick n ess. O ther reports o f  good  co erc iv ity  (1 T) (2 0 0 4 )  in e lectrod ep osited  

FePt film s w ere p ub lish ed  after w e  first introduced our e lec tro ch em ica l bath (2003)'^ .
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Figure 38. Coercivity dependence on the thickness o f  equiatomic FePt. Data is taken 

from the current literature and includes data from the present thesis (violet circles). Open 

circles, open squares, black circles and green square stand fo r  the in and out ofplane 

coercivity o f  sputtered samples, isotropic electrodeposited samples and isotropic bulk

samples, respectively.

3.1.7 Conclusions

A n ovel bath for e lec trod ep ositin g  FePt film s w as d ev e lo p e d  and film s w ere  

elec trod ep osited  on  cop p er and silv er  substrates w ith  th ick n ess  o f  up to 0 .4 5  ^m . T he  

m agn etic  and structural properties o f  the film s w ere m easured . C o er c iv itie s  as h igh as 1.5 T  

w ere obtained  in film s after an n ea lin g  in H2 a tm osphere. F ilm s are sh iny  and sm ooth .
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Morphology was found to be affected by the annealing process. This method using a novel 

bath, when compared to vapor deposition methods, opens an alternative route for the 

production o f FePt films. Unfortunately, the requirement o f annealing limits the application 

o f FePt films in MEMS technology. This material and process can easily be incorporated 

into media recording technology.

3.2 Electrodeposition of FePd films

In this study FePd alloys were electrodeposited on three different substrates; silver, 

copper, a silver seed layer on silicon and an alumina membrane with 2 0 0  nm pore size, 

silver coated on one side.

The bath composition is listed in table 2. During the deposition the bath was kept at 40 

°C in open atmosphere. Mechanical stirring was used. Bath pH was adjusted to 8.5 by 

adding small amount o f NaOH. Sulfosalicylic acid was used as a complexant in order to 

increase the solubility o f Fe at pH 8.5. NH 4 SO4 is used as a supporting electrolyte for the 

electrochemical bath. The bath temperature improves the solubility o f Pd and increases the 

deposition rate.

After deposition films were annealed at temperatures above 400 °C in H2 atmosphere. 

Film composition and morphology were investigated by X-ray diffraction and scanning 

electron microscopy. Magnetic properties were determined at room-temperature in a 5 T 

SQUID magnetometer.
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Table 2. Electrochemical bath fo r  the electrodeposition o f  FePd.

C hem ical bath
C oncentration

(g/L)
C oncentration

(M)

Bath name FePd#l

PdCb 4.43 0.017

Fe2(S04)3.7H20 10.15 0.014

Sulfosalicylic acid.5H20 25.42 0.1

(NH4)2S04 19.8 0.15

NH4OH pH 8-8.5

Temperature

U00 
■

Stirring 290 rpm

Potential range -0.7/-1.3V vs. Ag/AgCl

Current density 5 -2 0  mA cm'^

Counter electrode Pd

3.2.1 Morphology of FePd deposits

Electrodeposited FePd films and nanowires are shown in Fig. 39. Films were 

electrodeposited at -1.3 V [Fig. 39(a), (b)] and -0.95 V [Fig. 39(c)] vs. Ag/AgCl. More 

negative potentials (-1.3 V) tend to form rough deposits which have a spherical shape. At 

higher potential (-0.95 V) the deposit is sm oother with small grains. Smooth, shiny deposits 

were obtained for a total charge o f  2.4 C with a thickness o f  1.5 jam.

The deposition into the mem brane tem plate is shown in Fig. 39d. The m em brane 

tem plate was dissolved in a concentrated solution o f  NaOH at 60 °C. The length o f  the 

wires ranges from 9-12 |am which were electrodeposited at -0.9 V vs. Ag/AgCl potential.



Electrodeposition into porous m em branes elim inates the spherical growth because each 

pore works as a center o f  growth and does not interfere with the neighbouring pore. 

Additionally, thicker structures can be deposited using m em brane tem plates.

2 7 1 6 2  HD 9.0cnB 2 0 .0 k V  x l . 2k  2 5 u n

27164 HD 9.0nuQ 20 .0kV  x l . 8 k  25um

Figure 39. Morphology dependence on plating potential and electrodeposition into 

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

into a membrane template.
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3.2.2 Composition of the films

Energy dispersive X-ray spectroscopy (EDS) was used to characterize the com position 

o f  the deposits. Typical EDS spectra o f  FePd films electrodeposited onto Cu and Ag 

substrates are shown in Fig. 40. These two spectra show that no im purity m etals or 

com pounds are incorporated in the deposit during the electrodeposition. The Ag, Si and Cu 

peaks correspond to the substrates.

Changing the bath potential from -0.9 V to -1.3 V vs. Ag/A gC l varied the com position 

o f  the films. As in the electrodeposition o f  FePt, the content o f  Fe in the films increases as 

the potential becom es m ore negative (Fig. 41). The range in which the com position is 

controlled by the potential corresponds to the kinetic controlled region o f  Fe (less noble 

metal) and m ass transport limited region for Pd (more noble m etal).

Figure 40. EDS spectrum o f  FePd electrodeposited on (a) Cu and (b) Ag//Si substrates. 
No metal impurities are observed in the spectra.
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Figure 41. Dependence o f  composition on the deposition potential o f  FePd films.

The electrodeposition o f  Fe-Pd alloys occurs in a broad range o f  potentials starting from 

about -0.7 V vs. Ag/AgCl. At this low potential the alloy is Pd rich. The potential 

m odulated region goes from -0.7 to -1.3 V, beyond that we have the m ass transport limited 

region for both Pd and Fe. Despite the fact that FePd can be electrodeposited in a wide 

range o f  potentials, the region o f  useful deposits is very narrow ranging from -0.9 to -1.0 V. 

Film s electrodeposited in this region are shiny and stick very well to the substrate. At lower 

potentials the deposits are spongy and pow der-like and at high potential the film s are very 

rough.
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3.2.3 X-ray diffraction

Films electrodeposited onto Ag substrates and in 200 nm membrane templates were 

annealed in H2 atmosphere and the structure o f the deposits was studied as a function o f the 

deposition potential, annealing time and temperature. Films electrodeposited on Cu 

substrates were not annealed due to the possible formation o f  a Cu-Pd alloy.

The effect o f annealing on the structure o f samples electroplated at different potentials is 

shown in Fig. 42. A t 500 °C no significant effect on the structure can be observed. The 

structure resembles the structure o f the as-deposited tllms, which is the disordered FePd 

phase. Additionally, annealing for times as long as 3 hours has no effect on the structure, as 

shown in Fig. 43. On the other hand when the films were annealed at 800 °C, the tetragonal 

FePd phase was formed (Fig. 44).

The effect o f annealing temperature on the structure o f electrodeposited FePd in the 

membrane templates is shown in Fig. 45. The tetragonal FePd phase is formed at 

temperatures as high as 700 °C and 800 °C, while as-deposited samples only show a 

disordered FePd nanocrystalline structure.
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Figure 42. X-ray diffraction pattern o f electrodeposited FePd on Ag substrates annealed 

at 500 as a function o f 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 o f  the tetragonal FePd phase.
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Figure 43. X -ray diffraction pattern showing the effect o f  annealing time on the 

structure o f  electrodeposited F ePd fd m s on Ag substrates. The film s were annealed at

500 X 'fo r  (a) 30 min and (b) 180 min.
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Figure 44. X-ray diffraction pattern o f  F ePd fd m s annealed in H2 atm osphere at 800 X' 

fo r  2 hours. Also shown is the diffraction pattern o f  the tetragonal F ePd phase.

Tetragonal FePd
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Figure  45. X -ray d iffraction  pattern o f  FePd electrodeposited into membrane templates, 

(a) As-deposited and annealed at (b) 700 X ' and (c) 800 X ' in H j atmosphere. Also shown, 

the d iffraction pattern o f  the tetragonal FePd phase.

3.2.4 Magnetic measurements

The magnetic properties o f electrodeposited FePd alloys were studied using a 5 T 

SQUID magnetometer. A ll as-deposited FePd samples showed soft magnetic behaviour 

which is associated with a disordered FePt nanocrystalline structure. Coercivity was 

developed after annealing. The in plane room-temperature magnetization curve o f a FePd 

film  annealed at 700 °C in H2 atmosphere is shown in Fig. 46. Coercivity o f  150 mT was 

measured. Smaller coercivity was found in FePd electrodeposited into a membrane
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template (85 mT) as shown in Fig. 47. The initial magnetization curve is characteristic o f a 

pinning-controlled magnet. Saturation magnetization values o f 1.2-1.4 T were estimated 

based on sample volume. For the deposits in the membrane template, with a filling factor o f 

50 vol. %, the saturation magnetization, Js, was estimated to be between 0.6-0.7 T.

0.8
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uH -  0 . 151'̂ 0 c
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Figure 46. Room-temperature magnetization measurement o f  FePd electrodeposited on 

a Ag substrate after annealing at 700 fo r  2 hours in a atmosphere.

MoHc= 8 5  m T
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Figure 47. In plane room-temperature magnetization o fF eP d  electrodeposited in a 200 

nm membrane template after annealing at 700 ‘C  fo r  2 hours in a H 2 atmosphere.
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The dependence o f  coercivity on the annealing temperature w as studied for sam ples 

electrodeposited into the membrane template as show n in Fig. 48. C oercivity starts to 

develop  only at temperatures higher than 600 °C, then at about 700 °C it reaches a 

m axim um  value and remains alm ost constant from 700 °C to 900 °C.
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Figure 48. In plane room-temperature coercivity measurements o f  F ePd

electrodeposited in membrane templates vs. annealing temperature. Annealing was carried

out in a H2 atm osphere fo r  2 hours.

3.2.5 Discussion

A s Pd is more noble than Fe it starts to plate at a higher potential and as the potential 

becom es more negative then Fe also starts to plate. H ow ever an undesirable reaction also  

takes place just after Fe starts to plate, hydrogen evolution (2 H2 O -i-2 e' ^  H2  -t- 2 OH'). 

This reaction drains m ost o f  the current required in the electrochem ical process, reducing 

the current effic ien cy  considerably. It also may block nucleation sites due to adhesion o f
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bubbles to the substrate surface and increases the pH near the electrode. We have used 

strong stirring to remove the bubbles from the surface o f  the electrode. A dditionally, metals 

less noble than Pd tend to be displaced. Therefore if  an Ag substrate is left in a solution 

containing Pd ions after som e tim e a Pd film is formed on top o f  the Ag substrate. This 

happens according to the reaction 2 Ag + Pd^^ ->  Pd + 2 Ag'^.

Only sam ples annealed at tem peratures higher than 600 °C developed coercivity. This is 

associated with the fact that above 600 °C the tetragonal FePd phase is formed. The 

dependence o f  coercivity on the annealing tem perature can be associated with the following 

sequence o f  events: at lower tem peratures the sam ple m ostly consists o f  the disordered 

FePd phase while at tem peratures as high as 700 °C the disordered phase is converted to the 

tetragonal phase increasing the m agnetic anisotropy which enhances the coercivity. In 

addition, above 700 °C the sam ple is mostly com posed o f  the ordered tetragonal phase and 

little change in the anisotropy can be observed, consequently the coercivity reaches its 

m axim um . Therefore, the shape o f  the coercivity dependence on the annealing tem perature 

is characteristic o f  the transform ation from the disordered to ordered phase.

The different coercivities found in films and deposits in the m em branes are likely to be 

associated with sam ple com position. Deviations from the equiatom ic FePd have a direct 

effect on the intrinsic magnetic properties. The range o f  com positions that lead to the 

form ation o f  the FePd tetragonal phase is very narrow 50-60.5 at. %  Pd. This idea is 

supported by the fact that there is som e m ismatch betw een the peak positions o f  the 

experim ental and standard X-ray diffraction patterns for the tetragonal phase. The 

m ism atch can be understood as a deviation from the equiatom ic tetragonal FePd phase.

This is the first report o f  the m agnetic properties o f  electrodeposited FePd films and 

deposits in m em brane tem plates. The coercivities obtained (0.15 T) are sm aller than those
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(0.35 T) obtained by e-beam  evaporation'^ and com parable to coercivities obtained in bulk

1 Q

sam ples (0.1 T) . Sato et al. prepared sam ples with large coercivity on heated substrates 

with 10 nm nominal thickness, representing the largest coercivity  values reported in the 

literature. The difference between our results and the report by Sato can be explained in 

term s o f  the structure. Sato et al. obtained oriented nanoparticles dispersed on the substrate 

with the c-axis perpendicular to the plane o f  the deposit. In our case the deposit is com pact 

with random  distribution o f  the c-axis orientation, which is know n to reduce the coercivity. 

A dditionally, the reversal mechanism  in our deposits is o f  the pinning type which usually 

show s sm aller coercivity than the nucleation type for decoupled particles.

The values o f  saturation m agnetization 1.2-1.4 T are in line w ith values reported in the 

literature (1.5 T). The saturation magnetization depends on the com position and the degree 

o f  order in the alloy. The highest values in equiatom ic FePd are obtained in fully ordered 

FePd.

The use o f  m em brane tem plates into the deposition o f  FePd show s an important 

advantage over the deposition o f  films. It allows the plating o f  th icker structures without 

the problem s o f  cracking and peeling often in films. The th ickness o f  the deposits in the 

m em branes can well be over 50 )j.m, whereas for the bath used, film s are 5 |im  or thinner.
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3.3 Electrodeposition of equiatomic CoPt

This section describes the electrodeposition o f equiatomic CoPt alloys on Ag substrates 

and membrane templates. We have studied the electrodeposition o f CoPt from two different 

electrochemical baths, (a) the chloride and (b) the ammino-complex baths. The magnetic 

properties o f the films were investigated. We systematically studied the morphology, 

composition and the structure in order to understand the origin o f coercivity in the films. 

Three chloride bath compositions were investigated.

Two annealing processes were tested: vacuum annealing and annealing in a H2 

atmosphere. The effect o f these two annealing processes on the structure o f  the films was 

compared by X-ray diffraction pattern.

3.3.1 Films electrodeposited from chloride baths

CoPt films were potentiostatically electrodeposited on polycrystalline Cu and Ag

substrates from a single bath as shown in table 3. The solution pH was adjusted to 3 by

adding a small amount o f hydrochloric acid (HCl). A Pt wire o f 0.25 mm diameter and 70

mm length was used as a counter electrode and Ag/AgCl saturated with KCl as the

reference electrode. A ll potentials are quoted with respect to this reference electrode.

Solutions were prepared from 100 mL o f deionized water. Cu and Ag substrates were used

as working electrodes and cut out from 99.9 % pure Cu fo il 0.5 mm thick and from 50 f^m

thick 99 % pure Ag fo il into 5 mm x 5 mm squares. These substrates were varnished on one

side and connected to a copper wire 1 mm o f diameter. Just before electrodeposition, the

substrates were dipped into a 10 % H2SO4 solution to remove any contamination on the

surface and then dipped into deionized water. Deposition was carried out from fresh

130



so lu tio n s  w h ich  w ere eith er v ig o ro u sly  stirred or stagnant in an op en  a tm osp here at room - 

tem perature. T h e d ep osition  w as con tro lled  u sing  an EG & G  m od el 2 6 3 A  p otentiostat.

T h e d ep o sitio n  o f  Pt m ay occu r on Cu substrates even  in the a b sen ce  o f  an applied  

p otentia l. Pt can d isp lace  Cu accord in g  to the fo llo w in g  reaction: PtCl6^'+ 2 C u Pt +  6 

Cr +2 Cu^^

Table 3. Chemicals fo r  the electrodeposition o f  CoPt.

Bath name CoPt#0 CoPt#l CoPt#2

C hem ical C oncentration (M )

C o C b 0.1 0 .2 0 .25

HzPtCU 0.0 0 5 0 .0 0 5 0 .0 0 5

N a 2S 0 4 0.1 0.1 0.1

T h e elec trod ep osition  o f  C oPt from  ch loride w a s carried out u sin g  three baths w ith  

differen t Co^^ con cen tration s as sh ow n  in table 3. N a 2S 0 4  is used  as a supporting  

e lec tro ly te  w ith  the purpose o f  in creasing the so lu tion  con d u ctiv ity , thereby reducing the 

e ffec t  o f  the gradient o f  the electr ica l fie ld  in the so lu tion . T h is is im portant for having  

sm ooth  d ep osits . N eith er Na^ nor S 0 4 ‘̂ are o x id ized  or reduced in the e lec trod ep osition .

F ilm s w ere found  to  be sm ooth  w hen  electrod ep osited  at p oten tia ls ranging from  -0 .6 5  V  

to  -1 .3  V . W e found  that hydrogen  evo lu tion  starts at p oten tia ls as sm all as -0 .7  V and 

in creases as the potential b eco m es m ore n egative. W e a lso  ob served  that the film s stick  

very w ell to Cu and A g  substrates w hen  the total ch arge per square unit is sm aller than 4 0  C 

cm'^ corresp ond ing to a th ick n ess o f  2 to 3 ^m . For h igher charge d en sities  the film s lo se  

their m eta llic  look  and start to p eel o f f  from  the substrate.
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In order to m easure thickness, CoPt films were electrodeposited on silicon substrates 

coated with 50 nm o f  Cu and exam ined by electron m icroscopy. A typical cross-section o f  a 

C oPt film is shown in Fig. 49.

28134 WD19.4nm 20 .0kV  x7.01c Sum

Figure 49. Micrograph o f  CoPt showing the film thickness. On the left is the silicon

substrate.

The m orphology o f  a typical CoPt film is shown in Fig. 50. C oPt films grew  sm oothly 

only at the beginning o f  the electrodeposition. As the films grew  thicker the roughness 

increased. Fig. 50(a). Additionally, when films becam e a few m icrons thick they started to 

develop cracks on the sub-m illim etric scale. Fig. 50(b) and subsequently the film s peeled 

o ff  the substrate.
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fli
Figure 50. SEM pictures showing the surface o f  the film s after electrodepositing at (a) - 

0.7 V with 2.4 C o f  charge and (b) the development o f  cracks after passing more than 15 C

o f  charge.
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The effect o f  the overpotential on the m orphology o f  the films was also investigated, as 

shown in Fig. 51. At more negative potentials the deposits form clusters and a spherical 

growth takes place [Fig. 51(b)]. At higher potentials the thickness o f  the deposits is more 

uniform [Fig. 5 1(a)].

2 7 1 6 3 . V(D 9 .2 m n  2 0 .0 k V  x l 2 k  2 . Sum 2 7 161  WD 9 . 0 m  2 0 . '0 k V 'x 4 .S k  'lO um

Figure 51. Morphology o f electrodeposited CoPt dependence on the potential. Films 

were electrodeposited at (a) -0.8 Vand (b) -1.3 V vs. Ag/AgCl.
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3.3.1.1 Composition of the films

The dependence o f  the film com position on bath tem perature, overpotential, C oC b 

concentration and stirring conditions in the bath was studied. Film com position was 

m easured by EDS. The bath tem perature was found not to affect the film com position in the 

range from 20-60 °C. We also found that the film com positions are alm ost constant in the 

range o f  potentials studied (-0.7 V to -1.3 V) as shown in Fig. 52. Here the film s were 

potentiostatically electrodeposited from the bath containing 0.1 M C oC b with strong 

mechanical stirring. The deposition was stopped when the charge reached 10 C.

80-
70-
60-

r  40-
CL

30-
2 0 -

- 0.8 - 0.61.4 1.2 1.0

E vs. Ag/AgCI (V)

Figure 52. Composition dependence on the overpotential offilms electrodeposited from  

a hath containing 0.1 M  CoCh (CoPt#0). The bath was mechanically stirred during the

electrodeposition.

The com position dependence on the C oC b concentration is shown Fig. 53. The films 

were electrodeposited from the three different baths (table 3). V igorous m echanical stirring

135



was used during the electrodeposition. Since the PtCle^’ concentration was kept constant in 

the bath, the increase o f C 0 CI2 leads to an increase in the amount o f Co in the films. It is 

worth to noticing that to obtain equiatomic CoPt one should use C 0 CI2 at around 0.24 M, if 

-0.7 V is the depositing potential.

5 0 -

0.08 0.12 0.16 0.20 0.24 0.28
CoCI^ concentration (M)

Figure S3. Pt content dependence on the CoClj concentration in the electrochemical 

bath. Films were electrodeposited at -0 .7 V vs. Ag/AgCl reference electrode with vigorous

mechanical stirring.

In the absence o f stirring the Co content o f the films was found to be in the range o f 80 

to 89 at. % for baths containing 0.1 M and 0.25 M of C 0 CI2 . Additionally, the composition 

o f films electrodeposited from stagnant solutions was not as uniform as those 

electrodeposited from stirred baths.

3.3.1.2 Structure of as-deposited films

The crystalline structure was investigated by X-ray diffraction (XRD) with CuK„

radiation. The X-ray patterns o f as-deposited films electrodeposited at -0.7 V vs. Ag/AgCI
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on Ag substrates are shown in Fig. 54. The spectrum was corrected for 20 misalignments 

by matching the diffraction pattern o f the cubic silver substrate. Films are nanocrystalline 

with the most intense peak around 41 ° which is in between the (111) diffraction peaks 

pattern o f the CoPts and CoPt phases. As the CoCb concentration in the bath increases the 

position o f the peak around 41 ° moves towards the CoPt phase. The width o f the peaks 

indicates that the deposited films are composed o f nanocrystalline grains, therefore it is not 

possible to distinguish between the cubic and tetragonal phases. Also the appearance o f 

other reflections in the spectrum suggests that the films are polycrystalline.

i: Tetragonal CoPt
C 0 R 3

Cubic Ag
Cubic

>>
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(D
c

35 40 45 50 55 60 65 70 75 80 85 90
20 (degrees)

F igure  54. X -ray  d iffraction  patterns o f  as-deposited CoPt film s  electrodeposited fro m  

baths w ith different C0 CI2 concentration (a) 0.1 M, (b) 0.2 M a n d  (c) 0.25 M.

3.3.1.3 Structure of vacuum annealed CoPt samples

Vacuum annealing was carried out using a tubular furnace, a quartz tube and a vacuum 

system: samples were left in the vacuum for at least 24 hours before the annealing process 

took place to obtain a pressure o f 1 x 10"̂  bar. The annealing process was carried out as
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fo llow s. T he fu rnace w as first heated to  the annea ling  tem pera tu re , the  quartz  tube w as then 

inserted  into the fu rnace fo r the requ ired  tim e. A fte r annealing  the quartz  tube w as rem oved 

from  the fu rnace  and  allow ed  to  cool to  room -tem peratu re  under vacuum .

T he e ffec t o f  the  annealing  tim e on the  structure  o f  the film s is show n in Fig. 55, Fig. 56 

and  Fig. 57 for sam ples ind iv idually  annealed  and  e lec tro d ep o sited  at -0 .725 V, -0 .700  V 

and  -0 .650  V vs. A g /A gC l, respective ly . L ittle  change is observed  in the w id th  o f  the 

d iffrac tion  pattern  peaks as the an nea ling  tim e is increased  to  10 m in. H ow ever, sharper 

peaks are  found w hen  the annealing  tim e increases to  20 m in w hich  ind icates tha t the  film s 

are  m ore c rysta lline  after longer annealing  tim es (F ig . 55d). In ad d ition , as the  annealing  

tim e increases, the  cub ic  C oP t phase becom es m ore ev ident. For sam ples e iec trodeposited  

at -0 .725 V the X -ray  patterns show  that the  m ain  phase p resen t is the cub ic  C o P t after 

an nea ling  for 20 m in. Sam ples e iec tro d ep o sited  a t -0 .700  V and -0 .650  V show  d iffraction  

patterns w hich  also  m atch  the cub ic  phase at h igher ang les and a strong  peak near 41 ° 

w hich does no t m atch e ith er C oP t o r C oPts. T hese  tw o facts to g e th e r suggest tha t cubic 

C oP t o r C o P t3 is the m ain phase p resen t and there is a la ttice  d isto rtion  w hich  sh ifts the 

(111)  peak from  the cub ic  C oP t or the C oPts standard  pattern  as show n in Fig. 56 and  57. 

A dditionally , as the p lating  potential goes from  -0.725 V to -0 .650  V the (111)  reflection  

sh ifts tow ards the C o P t3 phase.
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Figure 55. X-ray diffraction patterns o f nearly equiatiomic CoPt fdm s (a) as-deposited 

and annealed at 660 °C fo r  (b) 5, (c) 10 and (d) 21 min. Films were electrodeposited at -

0.725 Vvs. Ag/AgCl.
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Figure 56. X-ray diffraction patterns o f nearly equiatomic CoPt fdm s (a) as-deposited 

and annealed at 660 T’ fo r  (b) 21 and (c) 40 min. Films were electrodeposited at -0.700 V

V5. Ag/AgCl.
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Figure 57. X-ray diffraction patterns o f nearly equiatomic CoPt films annealed at 660 

X" fo r  (a) 20 and (b) 40 min. Films were electrodeposited at -0.65 V vs. Ag/AgCl.

3.3.1.4 Structure of CoPt films annealed in a H 2 atmosphere

Annealing in a forming atm osphere was carried out in a tubular furnace. The forming 

gas is com posed o f  5 vol. % o f  H2 and 95 vol. % o f  Ar. A constant flow rate o f  0.6 mL s '’ 

o f  forming gas was used at all times. Here, a quartz tube was used which allows the H2 to 

flow during the annealing process. Before the annealing process took, place, the forming gas 

was flushed in the tube for at least 8 hours with a 0.6 mL s '' flow rate. The annealing 

process consists o f  heating up the furnace at a rate o f  80 °C m in '', leaving the sam ple for 

the annealing tim e at the desired tem perature and cooling down to room -tem perature at the 

same heating rate.

The X-ray patterns o f  films electrodeposited at different overpotentials and annealed at 

800 °C for 2 hours is shown in Fig. 58. Films were electrodeposited from the bath 

containing 0.1 M C0 CI2. As can be seen in the diffraction pattern, all o f  the films show
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sharp peaks due to the long annealing time. At -0.650 V and -0.675 V the patterns 

correspond to a mixture o f  cubic CoPt and CoPt3 . On the other hand, samples 

electrodeposited at -0.725 V show the formation o f the tetragonal CoPt phase which can be 

identified with the appearance o f  the (002) peak near 49.583 ° and the (112) peak near 

71.419°.

(C)

(b)
(a)

35 40 45 50 55 60 65 70 
20 (degrees)

Figure 58. X-ray patterns o f  nearly equiatomic CoPt film s annealed at 800  “f  fo r  2 

hours in a H: atmosphere. Films were electrodeposited at (a) -0.650 V, (b) -0.675 V and (c)

-0.725 V.

Films electrodeposited from baths containing 0.2 and 0.25 M o f  C0 CI2 were also 

annealed at 800 °C for 2 hours as shown in Fig. 59. All films were electrodeposited at - 

0.725 V and after removal from the furnace they had a metallic look. All the films showed 

the L l o  CoPt structure. The diffractions pattern for the films electrodeposited from the bath
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containing 0 .25 M C 0 CI2 looks noisier because the m easurem ents w ere carried out only for 

4 hours w here usually they are carried out for 8 hours.
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Figure 59. X-ray diffraction patterns o f CoPt films annealed at 800 X' fo r  2 hours. 

Films were electrodeposited from electrochemical baths containing (a) 0.1 M, (b) 0.2 M  

and (c) 0.25 M ofCoCh at -0 725 V vs. Ag/AgCl.
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3.3.1.5 Magnetic measurements

All as-deposited samples were magnetically soft. Vacuum annealed samples from the 

bath containing 0.1 M C0 CI2 developed coercivity after annealing at 660 °C for 20 min as 

shown in Fig. 60. The magnetization curve is characteristic o f a magnetic system composed 

o f a soft and a hard phase. The soft magnetic behaviour is evident from the low field 

switching and the hard magnetic phase is responsible for the 0.4 T coercivity in this film. 

Additionally, the films are magnetically isotropic and showed the same in plane and out of 

plane coercivity.
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Figure 60. Room-temperature magnetization measurement o f  a CoPt film  annealed at 

660 T ’ fo r  20 min in vacuum. The film s were electrodeposited from  the bath containing 0.1

M  CoCh-
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The effect o f the plating potential on the coercivity o f films is illustrated in table 4.

Table 4. C oercivity o f  films annealed in vacuum and H2 atmosphere.

Bath#
Potential 

(V vs. 
Ag/AgCI)

Annealing 
conditions 
(°C X min)

Coercivity 
for samples 

vacuum 
annealed 

(T)

Phases
for

vacuum
annealed
samples

Coercivity 
for samples 
H2 annealed 

(T)

Phases 
for Hz 

annealed 
sam ples

CoPt#0 -0.675 660 X 20 0.1 C0Pt3 + 
cubic CoPt - -

CoPt#0 -0.700 660 X 20 0.4 Cubic
CoPt - -

CoPt#0 -0.725 660 X 20 CoPt3 + 
cubic CoPt

-

CoPt#0 -0.750 660 X 20 CoPt3 + 
cubic CoPt

CoPt#0 -0.675 660 X 20

CoPt#0 -0.725 660 X 20

CoPt#0 -0.750 660 X 20

CoPt#l -0.725 660 X 20 0.6 Cubic
CoPt - -

CoPt#2 -0.725 660 X 20 0.6 Cubic
CoPt - -

CoPt#0 -0.700 800 X 120 0.63 Tetragonal
CoPt

CoPt#l -0.725 800 X 120 - - 1.0 Tetragonal
CoPt

CoPt#2 -0.725 800 X 120 - - 1.0 Tetragonal
CoPt

144



S a m p les e lec trod ep osited  from  baths con ta in in g  0 .2  M (F ig . 6 1 )  and 0 .2 5  M o f  C oC b  

a lso  d ev e lo p e d  co erc iv ity  after an n ea lin g  at 6 6 0  °C  for 2 0  m in. F ilm s e lec trod ep osited  from  

th ese  tw o  baths sh ow ed  co e rc iv it ie s  o f  around 0 .6  T.
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Figure 61. Room -tem perature magnetization offilm s electrodeposited from  the bath 

containing 0.2 M  o f  CoCl: and annealed at 660 X"for 20 min in vacuum.

In contrast to  vacuum  an n ea lin g , f ilm s annealed  in a H 2 a tm osp here at tem peratures up 

to 800  °C  look  m eta llic . R oom -tem perature m agn etiza tion  m easu rem ents o f  C oP t film s  

annealed  at 8 0 0  °C  for 2 hours are sh ow n  in Fig. 62 . T h e d om inant reversal m agnetization  

p rocess in th ese  film s is n ucleation  as can be id en tified  by the b eh aviour o f  the initial 

m agnetization  curve.
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Figure 62. Room-temperature magnetization measurements o f  CoPt film s annealed in 

H2 atmosphere at 800 X! fo r  2 hours. Films w ere electrodeposited from  the bath containing

(a) 0.1 M  o fC o C h  and (b) 0.25 M  CoCh-

The estimated saturation magnetizations o f  the films, based on thickness, are about 0.85 

- 0.95 T.
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3.3.2 Electrodeposition of CoPt from the ammino-complex bath

3.3.2.1 Film electrodeposition

E lectrodeposition o f  nearly equiatom ic CoPt was carried out from baths described in 

table 5. E lectrodeposition was carried out from stagnant solutions, at room -tem perature. 

Film s w ere galvanostatically electrodeposited with current densities ranging from 10-50 

mA cm ' . T he solution pH was adjusted to 5 by adding either small am ounts o f  HCl or 3 M 

solution N H 4 O H . Di-am m onium  hydrogen citrate is used as a supporting electrolyte and is 

not reduced during the electrodeposition. The reference electrode and counter electrodes 

were Ag/AgCI and a 50 mm long Pt wire, respectively. Film s were electrodeposited on Ag 

and Cu electrodes cut as described in section 3.3.1.1 for a chloride bath. I h e  effect o f 

agitation w as not studied for the am m ino-com plex baths. E lectrodeposited films are smooth 

and show cracks at the early stages o f  the electrodeposition.

Table 5. Bath composition fo r  the electrodeposition o f  CoPt from ammino-complex.

C h em ica l nam e C hem ical fo rm u la C o n cen tra tio n  (M )

Pt p-salt [P t(N 0 2 )2 (N H 3 )2 ] 0.01-0.35
C obalt sulfamate C o(N H 2 S 0 3 )2 0.10

Di-amm onium  
hydrogen citrate (N H 4)2C 6H 607 0.10

The addition o f  N H 4 O H  was found to have an additional effect besides the solution pH 

adjustm ent, thereby we added different am ounts o f  this chem ical and corrected the pH by 

adding HCl. The effect is related to stress changes in the films evident from the 

m icrographs show ed in Fig. 63. Small am ounts o f  N H 4 O H  result in a higher density o f 

cracks. For com parison, a com bination o f  NaOH and HCl did not result in any change in 

the density o f  cracks.

147



>9419 KO?&.nm 2Q OkV

Figure 63. Films electrodeposited from  baths containing (a) 0.03 M, (b) 0.06 M  and (c) 

0.180 M  o fN H 4 0 H. Side by side are micrographs o f  the same film  in different areas. Films

were electrodeposited at -5  mA fo r  25 min.
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3.3.2.1.1 Composition o f  the films

The com position o f  the films was found to be independent o f  the current density in a 

w ide range o f  values (30-50 mA cm'^). The film com position was m ore effectively changed 

by the bath com position than the current density which is illustrated in Fig. 64. Here 

com position was m easured using EDS and the films were electrodeposited on Ag substrates 

using a current density ] = 48 mA cm'^.
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Figure 64. Co content in film s  V5. the concentration o f  Pt(N O :)2 (NHs)2. Films were 

electrodeposited on A g substrate using a current density o f  48 niA cm '.

3.3.2.1.2 Structure o f  H 2 annealed film s

Sam ples were annealed in a H2 atm osphere and the effect o f  the annealing tem perature 

and annealing tim e on the structure o f  the films was investigated. The annealing
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temperature w as varied from 500 °C to 900 °C. And the annealing tim e w as varied from 20 

min to 2 hours.

The effect o f  the annealing temperature on the structure o f  film s electrodeposited on A g

2 ,
substrates is shown in Fig. 65. Films w ere eiectrodeposited with j = 48 mA cm' . Films 

annealed at 500 °C for 2 hours did not show  any significant change in structure as 

compared to as-deposited film s. A s-deposited film s show  a nanocrystailine structures 

sim ilar to that o f  film s eiectrodeposited from chloride baths as show n in Fig. 54.
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Figure 65. X -ray dijfraction patterns o f  Co4iPtss film s eiectrodeposited from  the 

ammino-complex baths and annealed at (a) 650 °C, (b) 800 °C and (c) 900 X! fo r  2 hours.

A s can be seen from the X-ray diffraction patterns the formation o f  the L l o  CoPt phase 

starts to happen at temperatures above 650 °C. At temperatures as low  as 650  °C only the 

cubic CoPt phase is formed. At 800 °C, the disordered cubic phase starts to be converted 

into the L 10 CoPt phase.
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A comparison o f  samples annealed for 20 min and 2 hours is shown in Fig. 66. As the 

annealing time increases the grain size increases. Samples annealed for long times show the 

formation o f Llo CoPt.
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Figure 66. X-ray diffraction patterns o f  Co4 sPts5  film s annealed at 800 ‘f  fo r  (a) 20 min

and (b) 2 hours.

The effect o f composition on the structure o f films is shown in Fig. 67. All the samples 

were annealed at 800 °C for 2 hours. Smaller amounts o f Co favour the formation o f cubic 

CoPt. There is a tetragonal distortion in these films as can be seen by the peak around 47 

When the content o f Co approaches the equiatomic value the Llo phase starts to form. On 

the other hand, when the concentration o f Co in the films is much greater than 50 % the 

tetragonal symmetry is lost.
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Figure 67. X-ray diffraction patterns o f samples annealed at 800 °C fo r  2 hours 

containing (a) 34, (b) 39 and (c) 70 at. % Co.

3.3.2.1.3 Magnetic measurements

Film com position, annealing tem perature and annealing tim e were varied and their effect 

on the coercivity o f  CoPt films was investigated. M easurem ents were carried out at room- 

tem perature in the SQUID m agnetom eter. Fig. 68 shows a com parison betw een the in plane 

m agnetizations o f  sam ples annealed at 800 °C for 20 min and 2 hours, the structure is 

shown in Fig. 66. M agnetization curves were corrected for the diam agnetic contribution 

com ing from the Ag substrate. As can be seen the two annealing tim es lead to the same 

coercivity which is about 1 T. The initial m agnetization shown for the sam ple annealed at 

800 °C for 2 hours is characteristic o f  a pinning type magnet.
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Figure 68. In plane room-temperature magnetization curves comparing samples 

annealed at 800 X' fo r  (a) 20 min and (b) 2 hours.
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A djusting the annealing tem perature can control the coercivity. Coercivity sharply 

increases between 600 °C and 800 °C, beyond this point the coercivity reaches a maximum 

o f  1.07 T as shown in Fig. 69. Also, there is a range o f  com positions in which sam ples 

show coercivity as shown in Fig. 70. M aximum coercivity is obtained for com positions 

with 40-47 at. %  Co. The saturation m agnetization o f  the films o f  0.85 - 0.95 T was 

estim ated using the volum e o f  the samples. All films are m agnetically isotropic and as- 

deposited film s are magnetically soft.
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Figure 69. Coercivity dependence on the annealing temperature fo r  samples annealed in

a H; atmosphere.
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Figure 70. Coercivity dependence on the Co content fo r  fd m s annealed in a H 2

atmosphere.
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3 3 .2.2 Electrodeposition in membrane templates

There are a few im portant aspects that have to be tatcen into consideration when 

electrodepositing into porous m em branes. If  the length o f  the porous m em brane is 

com parable to the diffusion layer thickness, which is typically 100 |im , the effect o f  stirring 

the bath is less effective than in the case o f  plating on flat surfaces. Therefore, due to 

inefficient stirring, the com position o f  the alloy electrodeposited into m em branes may 

differ from that o f  electrodeposited films. We have chosen a bath that does not require any 

stirring in order to carry out the deposition into the m em brane. A nother im portant feature 

about electrodeposition into m em branes is that the pH o f  the bath should be kept within the 

range 4-9. If  the pH is out o f  these limits the m em brane sim ply dissolves.

Electrodeposition in m em brane tem plates was carried out using com m ercial alum ina 

m em branes with 100 nm and 200 nm pore size from W hatman. The pores constitute about 

50 % o f  the m em brane volume. M em brane thickness is 66 |im . A back electrode o f  100- 

200 nm o f  Pt or Ag was produced by sputtering and evaporation, and the pores were filled 

with nearly equiatom ic CoPt from the bath shown in table 5. The pH o f  the solution was 

adjusted to 5 by adding NaOH and the electrodeposition was carried out at room- 

tem perature in an open atm osphere. N o stirring is used during the deposition and the 

potential was varied in the range -2.5 to -5.0 V with current densities ranging from 10-50 

mA cm'^. Sam ples were annealed in vacuum at 10'*’ bar or in hydrogen. First a furnace was 

heated up to the desired tem perature, and then the sam ple in a quartz tube under vacuum 

was pushed into the furnace and after annealing was quenched in water.
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Figure 71. Micrographs showing CoPt electrodeposited into 200 nm membranes. The 

deposition was carried out at -30 mA cm ' fo r  4 hours.
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W hen necessary, the m em brane was removed using 3 M NaOH solution. Fig. 71 

illustrates the electrodeposition o f  CoPt in m em brane tem plates and the partial removal o f  

the m em brane.

W hen thick deposits are required it is convenient to  look for a bath which leads to a 

reasonable deposition rate. Usually the least soluble salt present in the electrochem ical bath 

lim its the m aximum deposition rate, which in our case is the Pt p-salt. A bath containing a 

high concentration (35 mM) o f  dinitrodiam m ine platinum  [Pt(N02)2(NH3)3] provided a 

deposition rate which is about 6-8 fxm hr '. Fig. 72 show s a CoPt deposit which was carried 

out for 4 hours.

Own 2 0 .0 k V  r .A Q O  lOOujn

Figure 72. Micrograph oj CoPt electrodeposited from  a bath containing 35 mM o f Pt p- 

sait after the removal o f  the membrane template.

The use o f  the sam e current densities (10-50 mA cm ' ) as used for the electrodeposition 

o f  film s leads to the same com position when plating in the m em brane tem plates. The tuning 

in com position was m ade by using different bath com positions as earlier described. All the
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characterizations refer to samples prepared from the bath containing 20 mM Pt p-salt in 200 

nm porous membranes unless otherwise stated.

3.3.2.2.1 Structure o f  vacuum annealed deposits

The vacuum annealing was carried out as described in section 3.3.1.3. We investigated 

the effect o f  annealing time and temperature on the structure o f  electrodeposited CoPt in the 

membrane templates. Annealing time was varied from 5 min to 2 hours and the annealing 

temperature from 450 °C to 700 °C.

For the annealing times investigated the temperature was kept at 700 °C. Fig. 73 shows 

the changes in the structure with annealing time. The structure o f the deposits annealed for 

only 5 min is very similar to the as-deposited. The diffraction pattern shows a slight 

sharpening o f  the peaks. The main phase present is the CoPt disordered phase. When 

annealed for 30 min, the diffraction pattern shows a clear transformation from the 

disordered to the ordered phase, evident from the appearance o f the peak at 33 ° 

corresponding to the (110) peak o f the Llo phase and splitting o f  peaks around 47 and 70 °. 

On the other hand, when the annealing time is about 2 hours the splitting o f the tetragonal 

phase seems to be less pronounced.

The formation o f the Llo phase as the temperature is increased is only evident when 

samples are annealed at 700 °C as shown in Fig. 74. As the temperature is raised the peaks 

in the pattern become sharper. Temperatures as low as 450 °C are not sufficient to induce 

significant structural changes in the deposits.
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Figure 73. Evolution o f  the X-ray patterns o f  CoPt electrodeposited in membrane 

templates with annealing time. Samples are (a) as-deposited and annealed at 700 fo r  (b)

5 min, (c) 30 min and (d) 2 hours.

Tetragonal CoPt 
Cubic Aq

30 40 50 60 70 80 90
29 (degrees)

Figure 74. Evolution o f  the X-ray patterns o f  CoPt electrodeposited in membrane 

templates with annealing temperature. Samples are (a) as-deposited and annealed at (b) 

450 °C, (c) 550 T ,  (d) 650 °C and (e) 700 °Cfor 30 min.
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S.3.2.2.2 Magnetization measurements

All as-deposited sam ples are m agnetically soft, showing coercivities sm aller than 0.01 

T. T herefore sam ples were annealed with the m em brane tem plate to develop coercivity. A 

typical m agnetization curve, including the initial m agnetization, is shown in Fig. 75. The 

sam ple contains 53 at. %  Co and was vacuum annealed at 700 °C for 30 min. The initial 

m agnetization curve is characteristic o f  a pinning-controlled magnet. T he squareness o f  the 

loop, 0.93, suggests the existence o f  a strong exchange interaction am ong the grains.
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Figure 75. In- plane room-tempemture magnetization curve showing the initial 

magnetization o f  CoPt annealed at 700 X' fo r  30 min. The initial magnetization curve is 

characteristic o f  a pinning-controlled magnet.

The effect o f  the annealing time on the in plane and out o f  plane m agnetic properties o f  

the deposits is shown in Fig. 76 and 77, respectively. All values o f  m agnetization were 

estim ated taking into account the volum e o f  the sample, the filling factor o f  the mem brane 

(~ 0.5) and the density o f  equiatom ic tetragonal CoPt (15957 kg m'^). The shape o f  all
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m agnetization m easurem ents is characteristic o f  a single m agnetic phase, none o f  the 

sam ples showed a shoulder like shape. A direct com parison between Fig. 76 and Fig. 77 for 

the same annealing times show s that the films are all m agnetically isotropic. In isotropic 

m agnets the distribution o f  the c-axis is random, resulting in the same coercivity in plane 

and out o f  plane.

Fig. 78 shows the dependence o f  the coercivity on the annealing tim e for sam ples 

annealed at 700 °C. Annealing for shorter tim es, such as 10 min, results in m odest 

coercivity am ounting to 0.5 T. As the annealing tim e is increased, so is the coercivity, 

which reaches its maxim um  at 30 min and rem ains alm ost constant for longer annealing 

periods. The shape o f  the curve suggests that after 30 min o f  annealing the structure o f  the 

deposits does not change significantly.

The dependence o f  the coercivity on the annealing tem perature is shown in Fig. 79. The 

structural changes in the deposits only start to have an effect on the coercivity at 550 °C. 

C oercivity sharply increases between 600 °C (0.4 T) and 700 °C (1.1 T) and then starts to 

decrease above 750 °C. Som ew hat higher coercivity, up to 1.3 T, is obtained by annealing 

in hydrogen at 700 °C for 30 min.

in plane room -tem perature recoil curves were m easured for com parison in sam ples

annealed at 650 °C and 700 °C, as shown in Fig. 80. First the sam ple is brought to m agnetic

saturation followed by a m easurem ent o f  the rem anence at zero field. Then, a series o f

reverse fields in the opposite direction to the rem anence is applied. Once the minimum

value o f  field is reached on the recoil curve the field is increased to zero and the recoil

curve m easured. The process is repeated cyclically for different points in the second

quadrant. There is a larger contribution o f  reversible m agnetization in sam ples annealed at

650 °C (Fig. 80a) than in sam ples annealed at 700 °C (Fig. 80b). This suggests that the
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m agnetization is tiie result o f  the contribution o f  a hard and soft phase. Sam ples annealed at 

650 °C have a greater contribution from the soft phase to the m agnetization than the 

sam ples annealed at 700 °C, and the two m agnetic phases are exchange coupled. This 

behaviour is called the exchange spring.

Deposits were also made into a 100 nm m em brane tem plates. The m agnetic properties o f  

the deposits into the 100 nm pores are sim ilar to those deposited into the 200 nm pores 

m em branes suggesting that in both m agnetic structures are the same. Coercivities in 

annealed sam ples are about 1.0 T after annealing at 700 °C for 30 min.
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Figure 76. In plane room-temperature magnetic measurements showing the ejfect o f 

annealing time fo r  8-10 jum samples annealed at 700 Samples were annealed fo r  (a) 5 

min, (b) 10 min, (c) 20 min, (d) 30 min, (e) 50 min and (f) 120 min.
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Figure 77. Out o f plane room-temperature magnetic measurements showing the effect o f  

annealing time fo r  8-10 /um samples annealed at 700 °C. Samples were annealed fo r  (a) 5 

min, (b) 10 min, (c) 20 min, (d) 30 min, (e) 50 min and (/) 120 min.
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Figure 78. Coercivity dependence on the annealing time o f  deposits into 200 nm 

membranes. All samples were annealed at 700 X̂ .
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Figure 79. Coercivity dependence on the annealing temperature o f  deposits into 200 nm 

membranes. All samples were annealed fo r  30 min.
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3.3.3 Discussion

The electrodeposition from the chloride bath can be classified as normal co-deposition 

since the more noble elements (Pt) start to plate first as the potential becomes more 

negative. It is also clear that for potentials smaller than -0.7 V  vs. A g /A gC l both Co and Pt 

reduction are mass transport limited which can be seen in Fig. 52. In other words, changes 

in the potential in this range do not affect the composition o f  the film . The use o f  potentials 

more negative than -1.5 V  faces an obstacle: hydrogen evolution. As the potential becomes 

more negative the pH o f  the solution near the electrode increases, which favours the 

precipitation o f  metal hydroxides and disrupts the film  growth. Even at -0.7 V  vs. A g/A gC l 

there is already hydrogen evolution which is observed by the formation o f  bubbles on the 

surface o f  the electrode in stagnant solutions.

Another feature not shown in Fig. 52 appears in the X -ray  diffraction pattern in Fig. 55, 

56 and 57 corresponding to annealed deposits grown at potential o f  -0.725 V , -0.700 V  and 

-0.650 V , respectively. These show that the structure depends on the plating potential going 

from the disordered cubic CoPt to the cubic CoPt3 as the potential goes from -0.700 V  to - 

0.650 V , suggesting that the composition o f  the films at higher potentials (> -0 .650  V ) is Pt 

rich. Therefore, at -0.650 V  the deposition o f  Co is kinetically controlled. On the other 

hand, at about -0 .7  V  the deposition is already mass transport limited and the composition 

no longer depends on the plating potential. Samples electrodeposited at -0.725 V  and 

annealed in H 2 atmosphere support this observation.

The composition o f  CoPt films was also controlled through bath composition, Fig. 53. 

The control o f  the composition o f  the films was done by controlling the partial current
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density o f  Co. For depositions limited by m ass transport, the com position o f  the alloy 

depends on the partial current according to the following equation:

W here 1l, A and B are the limiting current and the species reduced at the electrode 

interface, respectively, h. can be written according to the Nernst equation:

W here n, F, D, Co, and 5 are the num ber o f  electrons per atom, the Faraday constant, the 

diffusion constant, the bulk concentration o f  the species and the diffusion layer thickness, 

respectively.

Fig. 81 shows the experim ental data than in the range o f  com position from 40 to 60 Pt 

at. %, the com position dependence on the C0CI2 concentration is alm ost linear, thereby the 

com position o f  the t'llms can be predicted once a calibration curve has been m easured.

A -  1l a / (  I l a + I l b ) ( 1 )

li, = nFDCo/8 (2)
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Figure 81. Pt composition dependence on the C0 CI2 concentration fo r  film s

electrodeposited from  chloride.
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W e noticed that the tem perature o f  the bath affects the deposition rate but not the 

com position w hich we confirm ed by plating a few films at different bath tem peratures. The 

reason to have an independent com position is that the rise in the tem perature increases the 

partial current by changing the diffusion constant according to equation (2), but the ratio o f  

partial currents is independent o f  the tem perature.

In the am m ino-com plex bath the effect o f  NH4OH on the stress in the film is related to 

the fact that this chemical com pound dissociates in w ater as NH3 and OH'. When 

Pt(N02)2(NH3)2 is dissolved in solution it is likely that som e o f  the NH3 will be lost which 

is then balanced by the extra NH3 com ing from NH4OH. Therefore a m inim al stress is 

obtained from solutions containing Pt(N02)2(NH3)2 with an excess o f  NH3.

The electrodeposition from an am m ino-com plex bath showed som e important 

advantages over the chloride bath. The reduced stress in deposits from the am m ino- 

com plex baths allow s the deposition o f  shiny and smooth films up to 20 jam thick com pared 

to only a few m icrons thick from a chloride bath. The fact that the deposition using an 

am m ino-com plex bath can be carried out from a stagnant solution permits the deposition 

into porous m em branes which only limits the thickness o f  the deposit by the thickness o f  

the m em brane.

For the chloride bath, the X-ray diffraction patterns shown in Fig. 54 reveal that all as- 

deposited film s are nanocrystalline. A nnealing is required to change the m icrostructure. 

Grain size was found to increase as sam ples were vacuum annealed and the films 

crystallised into cubic CoPt and CoPts. The lattice param eter o f  the cubic CoPt is expected

o o

to be sm aller than that o f  the tetragonal CoPt (a = 3.803 A and c = 3.701 A). Films vacuum 

annealed at tem peratures up to 660 °C only developed a crystalline structure rich in the
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d isordered  C o P t phase Fig. 55, 56 and 57. O n the o th e r hand  an n ea lin g  in a H2 a tm osphere  

favoured  the fo rm ation  o f  the te tragonal C oP t phase show n in Fig. 58 and  59.

W e observed  that the  coerc iv ity  o f  deposits is s trong ly  co rre la ted  to  the  crysta lline  

struc tu re  and does not depend  on the bath  chosen  for the  d ep o sitio n . A s-deposited  film s 

w ith  nearly  equ ia tom ic  com position  are all m agnetica lly  soft. C o m p arab le  co erc iv ities w ere 

found in film s deposited  from  ch lo ride  and am m in o -co m p lex  baths. T h e  only  requ irem ents 

seem  to be re lated  to  the  form ation  o f  the  te tragonal C oP t w h ich  req u ires  the com position  

to be in the range 46 - 66 at. %  Pt accord ing  to  Fig. 70. T h is  range  o f  com position  is in 

acco rdance  w ith  tha t in the C oP t phase d iagram  (F ig . 18) w h ich  leads to  te tragonal phase 

(41-75 a t .% P t ) .

A com m on  featu re  found in the X -ray  da ta  o f  ail a s-d ep o sited  film s, w hich after 

annealing  developed  the te tragonal phase, is the appearance  o f  a b road  peak  a round  41 .6  ° 

co rrespond ing  to  (111)  reflection  o f  cub ic  C oP t. T h is  can be co n sid e red  as a landm ark in 

the X -ray  pattern . T he coerc iv ity  d ependence  o f  film s on the  an nea ling  tim e and 

tem pera tu re  is re la ted  to  changes in the c rysta lline  s truc tu re  o f  the  film s. T he m axim um  

values ob tained  are associa ted  w ith the m axim ization  o f  the  am o u n t o f  L l o  C oP t in the 

deposits. A t shorter annealing  tim es c rysta lliza tion  is far from  co m p le te  and the crysta lline 

m icrostructu re  is m ain ly  com posed  o f  d iso rdered  C oP t re su ltin g  in low  coerc iv ity . A s 

tem pera tu re  and annea ling  tim e increase the am ount o f  the  L l o  ph ase  increases resu lting  in 

h igher coerciv ity . F inally , w hen  the m axim um  conversion  to  L l o  is ob ta ined  the  coerc iv ity  

reaches a m axim um  value.

T he e lec trodeposition  o f  C oP t into m em branes co m p ared  to  the  e lec trodeposition  o f  

film s allow s the p la ting  o f  th icker s truc tu res w ithou t the p rob lem  o f  peeling . O n the o ther 

hand, as the m em brane occup ies space itself, and the  final m o m en t per un it vo lum e is
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sm aller than that o f  films, resulting in a reduction o f  the total volum e m agnetization by the 

filling factor o f  the mem brane, which is at least 50 % for 200 nm pore size with 50 nm 

spacing.

The behaviour o f  the recoil curves shown in Fig. 80 also supports the idea o f  a strong 

dependence o f  the magnetic properties on the crystalline structure o f  deposits. Data on 

sam ples annealed at 650 °C, Fig. 80(a), show larger reversible m agnetization than those o f 

sam ples annealed at 700 °C, Fig. 80(b). This is due to the fact that at 650 °C the 

transform ation from the disordered to ordered Llo phase is far from com plete. The soft 

disordered phase is stiffened by exchange coupling to the hard ordered phase -  the 

exchange spring'^. The exchange coupling prevents the shoulder-like behaviour in the 

m agnetization curves. As the annealing tem perature is raised to 700 °C most o f  the 

disordered phase is converted to the Llo phase and the recoil curves show a sm aller 

reversible m agnetization.

The features o f  the initial m agnetization curves bring inform ation about the switching 

mechanism o f  the deposits. In the case o f  sam ples electrodeposited from the chloride bath 

we observed that the initial curve is characteristic o f  nucleation-controlled m agnet while for 

the deposits from the am m ino-com plex bath it is a pinning-controlled type. It is known that 

the switching mechanism  depends on the m icrostructure o f  the deposits, how ever the X-ray 

results were not sufficient to identify the differences. A further study including 

transm ission electron m icroscopy may bring more inform ation to explain this behaviour.

We obtained the coercivity o f  1.3 T which is the highest reported in the literature in the 

range o f  thicknesses studied (up to 60 |am). Typical values for sputtered CoPt films on 

silicon substrates are 0.7 T for a 10 nm thick^° and drops to 0.6 T  for 40 nm ^'. Bulk alloys 

as thick as 400 jam only have coercivities o f  0.5 T^^. Coercivity values com parable to the

171



values we obtained were only reported in diluted magnets where the exchange interaction 

between particles is reduced. In this case, 100 nm thick films composed o f  a mixture o f 

equiatomic CoPt and C (30 vol. %) prepared by sputtering^^ showed 1.2 T coercivity after 

annealing at 750 °C. The saturation magnetization measured o f  about 0.85-0.95 T  is in line 

with values reported for bulk raging from 0.8 T to 1 T.

In conclusion, the electrodeposition o f equiatomic CoPt results only in the presence o f 

the disordered CoPt phase, the ordered phase is only obtained after annealing. So far, there 

is not any available low temperature method or technique that allows the preparation o f 

ordered L lo  permanent magnets. I f  such a process should exist one may expect that this 

process should have a low energy state which corresponds to the ordered phase at low 

temperature (room-temperature). Only the disordered phase has been prepared at low 

deposition temperature, using vacuum techniques such as sputtering and vapour deposition.

3.4 Co rich Pt alloys

Co rich Pt alloys were electrodeposited from an electrochemical bath similar to that 

introduced by Bozzini et aP‘*. We electrodeposited CogoPt2o(P) on Cu, silver and alumina 

porous membranes and FeNi. We investigated the structure and the magnetic properties o f 

the deposits using SEM, X-ray diffraction, EDS and SQUID magnetometer. The parameters 

varied were film  composition, bath composition, bath temperature, current density and 

plating potential. We also investigated the correlation between coercivity and film  

structure.
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3.4.1 Electrochemical bath

We prepared Co8oPt2o(P) deposits by electrodeposition from a single bath and studied 

their structural and magnetic properties. The deposition was carried out on Cu, FeNi and 

membrane with 200 nm pore diameter. The electric contact o f Ag or Au was made in the 

back o f the membrane by vapour deposition. The bath composition is given in table 1. The 

pH o f the bath was adjusted to 8 by adding small amounts o f NaOH. The temperature o f the 

bath was varied from 20 °C to 60 °C. The use o f glycine (NH2CH2COOH) reduces the 

stress o f the deposits. Di-ammonium hydrogen citrate (NH4)2C6 H6 0 7  is used as a 

supporting electrolyte. Cobalt sulfamate, diammineplatinum (I!) nitrite ([Pt(N0 2 )2 (NH3)2 ]) 

also known as Pt p-salt, and sodium hypophosphite were used as sources o f Co, Pt and P 

respectively.

Films as thick as 50 )im, shown in Fig. 82a, were electrodeposited from a bath at 40 °C 

after passing a constant current density o f 20-30 mA cm'^ for 9-10 hours. The deposition 

rate was found to be 5-6 |am h '. This optimum temperature was found to result in deposits 

that stick very well to all substrates studied. Also at this temperature, the insulating coating 

(varnish) used on one side o f the electrodes is chemically stable. At temperatures above 45 

°C the varnish start to melt and react with the solution. Additionally, the effect o f 

increasing temperature was found to diminish H2 inclusions in the deposits and therefore 

reducing the stress in the films.
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Table I. Optim ised bath composition to electrodeposit CosoPt2o(P) film s.

Starting reactants
Concentration

( M )

[ P t (N 0 2 )2 (N H 3 )2 ] 0.01

C o (N H 2 S 0 3 ) 2 0.1

(N H 4 )2 C 6 H 6 0 7 0.1

N H 2 C H 2 C O O H 0.1-0.2

N a H 2 P 0 2 .H 2 0 0.1

37022 ND16,7nn 20.0)iy k800 50u »

Figure 82. (a) Cross section o f  CogoPtiofP) film s electrodeposited fo r  9-10 hours 

showing the thickness o f  the deposit, (b) Cross section o f  CoPtP film s showing that the 

thickness is uniform over large areas, the deposition was carried out fo r  210 min and the

substrates are FeNi.
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The electrodeposition into m em brane tem plates was carried out with current densities 

ranging from 20-30 mA cm '^,illustrated in Fig. 83. When higher current densities were used 

the m em brane w as found to break during the deposition. The m em brane tem plate was 

som etim es rem oved by using a solution containing 3 M N aOH at 60 °C. The back contact 

m ade o f  Au or A g helps to keep the wire structure in place.

Figure 83. CosoPt2o(P) electrodeposited at 20-30 mA ctn~ fo r  2 hours into alumina

membrane template.

3.4.2 Deposit composition

The dependence o f  the deposit com position on Pt p-salt concentration ranging from 4 

mM to 20 mM was investigated and the results are shown in Fig. 84. Films were 

electrodeposited on Cu substrates and the deposition took place from a bath at 40 °C using 

a constant current density from 20-30 mA cm'^. At these current densities, the reaction rates 

o f  both C o and Pt are mass transport controlled. Therefore, changes in potential or current
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density do not change the rate o f reaction and do not affect the deposit composition. On the 

other hand, the cobalt content diminishes as the concentration o f  Pt p-salt increases. Current 

densities ranging from 20-50 mA cm'^ were found to have little effect on the composition. 

The composition o f the membrane deposits is the same as the films for the same range o f 

current densities. The content o f P in the films is about 3 at. % and was not affected by the 

changes in Pt concentration.

100n
90-
80-
70-

>5
bO-

OJ

o 50-
O

40-
30-
20-

— • Films
M em branes

5 10 15 20 25
Pt p-salt concentration (mM)

Figure 84. Co content (Co/(Pt+Co)) o f  the CoPt(P) deposits V5. Pt p-salt concentration.

3.4.3 Structure of the deposits

The structure o f  CogoPt2o(P) deposits was investigated using X-ray diffraction. The 

diffraction patterns o f samples deposited at different potentials into membranes with Au 

back contacts are shown in Fig. 85. The structure does not depend on the potential or 

current density ranging from 18-30 mA cm'^. The diffraction pattern is close to that o f 

hexagonal Co. The shift o f  the peaks to the left suggests a change in the lattice parameter 

compared to the standard values (a = 0.2503 nm, c = 0.406 nm ).
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Figure 85. X-ray diffraction patterns o f  CosoPt2o(P) deposited into membrane templates 

at (a) -4 V (18 mA cm'^), (b) -5 V (24 mA a n ‘) and (c) -6.5 V (  30 mA cm'').

The effect o f  Pt p-salt concentration on the structure o f  CoPt(P) is shown in Fig. 86. At 

low Pt concentrations (5 and 8 mM ) the main peak present is around 40.5 ° which matches 

C 0 2 P. As the concentration o f  Pt p-salt increases this peak shifts tow ards higher angles. 

Additionally, for the 10 mM bath, two other peaks appear at 44 ° and 47 °. For higher 

concentrations o f  Pt only a very broad peak at around 41.8 ° can be seen. For sam ples 

electrodeposited from the bath containing 10 mM Pt p-salt, there is a peak near 44 ° which 

is very close to standard hexagonal Co and does not m atch the C oPt phase. It is likely that 

the alloy is formed by a com bination o f  hexagonal Co and Co-Pt solid solutions rather than 

tetragonal CoPt. The formation o f  a solid solution o f  Co-Pt is supported by the phase 

diagram o f  CoPt (see section 1.4).
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Figure 86. X-ray diffraction patterns o f  samples electrodeposited from CoPt(P) baths 

containing (a) 5, (b) 8, (c)10, (d) 12, (e) 16 and (f) 20 m M o f P t  p-salt. The phases that 

have the closest reflections to the experimental data are in the lower part o f  the picture. 

The composition o f  the deposits is shown in Fig. 84.

3.4.4 Magnetic properties of electrodeposited Co8oPt2o(P)

T h e m agn etic  properties o f  thick  film s w ere studied  u sin g  a 5 T  S Q U ID  m agnetom eter. 

R oom -tem perature m agnetization  m easu rem ents w ere carried out on  50  jam thick as- 

d ep osited  C o 8oPt2o(P) film s on Cu as sh ow n  in Fig. 87 . T h e film s w ere e lectrod ep osited  

from the bath con ta in in g  10 m M  o f  Pt p -salt at 4 0  °C . T h e initial m agn etization  curve is
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characteristic o f a pinning type magnet. Coercivity was found to be 0.35 T when measured 

out o f plane o f  the films and 0.26 T in plane o f the film. Saturation magnetization in the 

range o f  1.1 -1.3 T was measured out o f plane o f the films with squareness 0.9-0.95.

The coercivity dependence on the Pt concentration is shown in Fig. 88. Films were 

electrodeposited with a current density o f 22 mA cm'^ and the maximum coercivity was 

obtained from baths containing 10 mM o f  Pt p-salt.

1.5

0.0

-0.5

- 1.0

-1.5

(a) 17̂
..i 1

- 2.0 - 1.0  0.0 

MoH (T)

1.0 2.0

0 .6 -

p  0.0

- 0 . 6 -

■6 -4 2 0 2 4 6
(T)

Figure 87. (a) Out o f  plane and (b) in plane room-temperature magnetization 

measurements o f  CosoPt:o(P) thick film s electrodeposited at 40 °C.
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Figure 88. Room-temperature out o f  plane and in plane coercivity dependence on the Pt 

p-salt bath concentration. Films were electrodeposited at 22 mA a n '.

In plane recoil curves were m easured for the sam ple show ing the highest coercivity and 

is shown in Fig. 89. The recoil curve shows that there is a big reversible contribution to the 

m agnetization at fields around the coercivity.
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Figure 89. In plane room-temperature hysteresis loop measurement showing the recoil 

curve o f  CosoPt2o(P) on Cu substrate.

Room -tem perature magnetic m easurem ents o f  the deposits into m em brane tem plates 

from the bath containing 10 mM o f  Pt p-salt at room -tem perature were also carried out. Fig. 

90 show s a typical room -tem perature in plane and out o f  plane m agnetization m easurem ent 

o f  such a deposit. The corresponding SEM picture is shown in Fig. 83.

» Out of plan(} 
□ In plane m

“ t i n  ■ K> • — f i

0 . 8 -

0.4-

D
D

-0.4-

- 2.0 1.0 0.0 1.0 2.0

Figure 90. Room-temperature in plane and out o f  plane magnetization measurements o f  

Co8oPt2o(P) deposited into a membrane template. The in plane and out o f  plane coercivities

are 0.18 T and 0.25 T respectively.
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The dependence o f  the coercivity on the plating potential for the membrane deposits is 

shown in Fig. 91. The coercivity changes very little in the range o f  potential/current density 

studied which may be related to the fact that the composition does not change in this range.

0.30- 

0.25-

p  0.20-

3:“ 0.15-
O

0 . 1 0 - 

0.05- 

0 .00 -

Figure 91. Dependence o f  coercivity on poten tia l fo r  CosoPt2o(P) deposits into porous

alumina membranes.

3.4.5 Discussion

Cracks and peeling o ff  from the substrate are some o f  the characteristics that can be 

directly related to film stress. The stress is associated with the incorporation o f  H2, N 2 gases 

and metal hydroxide during the deposition process. The effect o f  increasing temperature on 

the electrochemical bath is to reduce the concentration o f  H2 near the electrode, higher bath 

temperatures diminish the solubility o f  the gases in solution and enhance diffusion.
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C onsequen tly  the con tribu tion  o f  the incorporation  o f  these  gases is reduced  and therefore  

the stress in the film s. T h e  optim um  deposition  tem pera tu re  w as found  to  be 40 °C . T his 

takes into acco u n t the chem ical s tab ility  o f  the coating  polym ers used on the electrodes.

T he coerc iv ity  d ependence  on the com position  o f  the  deposit show s a m axim um  at 

a round  10 m M  o f  Pt p -sa lt in the bath (F ig. 88). A dd itionally , the X -ray  d iffrac tion  patterns 

show  tha t a round  th is  com position  the m ain phase p resen t in the deposits  is hexagonal C o 

m etal. W hen put together, these  facts suggest that the  coerc iv ity  o bserved  in the deposits is 

linked to  the  p resence  o f  the  hexagonal cobalt. T he add ition  o f  p h o sp h o ru s to  CogoPt2o 

helps to  iso late the  g ra ins and  to  d eve lop  coerc iv ity  w ithou t annealing . T h ese  resu lts are in 

line w ith  the find ing  by C avallo tti e t al.^^. T hen , using  the fact tha t coerc iv ity  is due to  the 

hexagonal C o  phase, and assum ing  the case lim it w here  the exchange in teraction  betw een 

gra ins is neg lig ib le , one can ca lcu la te  the  m axim um  coerc iv ity  expected  for C o  deposits: 

^ o H c < 2  K , / M s

T aking  Ms = 163 J T  k g '' and K | = 0.53 x 10^ J m'^ for Co, w e ob ta in  fo.oHc <  0 .74 T, 

w hich  sets the m ax im um  coerc iv ity  expected  for hexagonal C o m etal. T he cond ition  o f  

neg lig ib le  exchange in teraction  can be m et in film s w ith  isolated  g rains. Z ana et al.^* 

reported  values as high as 0.6  T  for such a system  prepared  by e lec trodeposition . For 

com pact bulk  sam ples w ith strong  exchange coup lin g  a sm aller co erc iv ity  is expected . The 

values o f  coerc iv ity  w e ob tained  fo r 50 ^m  th ick  film s are in the range o f  coerc iv ity  values 

expected . In com parison  to  values in the literature  they  rep resen t a rem arkable  

im provem ent. A com parison  betw een  the in p lane and ou t o f  p lane m agnetiza tion  curve 

[Fig. 87(a) and (b)] show s that the c-ax is d istribu tion  is m ain ly  p e rp en d icu la r to  the  p lane 

o f  the film . T he ex istence  o f  in p lane coerc iv ity  ind icates that a sm all fraction  o f  the  c-axis 

is a lso  d istribu ted  in p lane o f  the film s, w hich  acco u n ts  for the sm alle r ou t o f  plane
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coercivity. Also, in the recoil curve shown in Fig. 89 there is a broad distribution o f  

sw itching fields which is related to the fact that the return curves to zero are not com pletely 

reversible.

A dditionally, a further im provem ent in the coercivity is expected for films showing 

stronger texture. The out o f  plane texture is more likely to be obtained than in plane. In 

term s o f  energy, one should expect the existence o f  tw o energetic states, in plane and out o f  

plane. If the out o f  plane energy is the sm allest the c-axis will be preferentially distributed 

around this direction, otherw ise the c-axis will be in plane and in this situation any 

orientation o f  the c-axis in plane is as good as any other, resulting in a distribution o f  the c- 

axis in plane o f  the film. Consequently, one can expect the coercivity in plane to be sm aller 

than the m aximum value that can be obtained for out o f  plane coercivity. This is in line 

with our findings for coercivity shown in Fig. 88. We attem pted to create a lower energy 

state by applying 1.5 T  m agnetic field parallel to the plane and perpendicular to the plane o f  

the film during the deposition. However, no im provem ents in the texture o f  the film were 

observed.

The saturation m agnetization o f  1.1-1.3 T is consistent with the fact that the main phase 

in the deposits is hexagonal Co. Using a sim ple dilution law for 20 at. % Pt in Co and 

M s(C o ) = 1.81 T, one can obtain m agnetization o f  1.42 T, showing a good agreem ent with 

the measured values. The rem aining difference between the expected values and the 

dilution model can be explained in term s o f  the formation o f  a Co-P nanocrystalline phase 

in the grain boundary which is not ferrom agnetic and therefore dim inishes the total 

magnetization.

A com parison between our results and the current literature is shown in Fig. 92. Our 

results set a record for thick electrodeposited CoPt(P) alloys w ithout the need for annealing.
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Figure 92. Values o f  coercivity V5. thickness found in the literature and including this 

thesis. The complete list o f  references used to construct this graph is shown in the 

introduction (section 1.4.1.2.]). The open and closed triangles represent our data.

3.4.6 Conclusion

We have successfully electrodeposited thick, coercive, CoPt(P) film s w ithout the need 

for annealing. Coercivities o f  up to 0.35 T were obtained with squareness 0.9-0.95. The 

saturation m agnetization o f  the films ranges from 1.1-1.3 T which is in good agreem ent 

with the simple dilution model. The coercivity in the film s can be explained in terms o f  

rotation o f  dom ains in a nanocrystalline structure with weak exchange coupling.

We have dem onstrated low tem perature processing o f  perm anent m agnets. The films 

obtained have properties suitable for M EM S application and our m ethods and results are
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currently being used in the preparation o f MEMS devices by a partner company Swatch 

based in Switzerland.

3.5 Electrodeposited films from the application perspective

This work represents a systematic study o f the electrodeposition o f L lo  and Co-rich 

[CoPt(P)] magnets where magnetic properties and thickness were pushed to their limits. As 

we learned through this work the magnetic properties o f L l o  FePt, FePd, CoPt and Co rich 

are strongly correlated to the microstructure o f the deposits. The coercivity increases as the 

L l o  phase content in the deposit increases. The range o f  composition to obtain the 

tetragonal phase is in accordance with the respective phase diagrams. The results are 

summarized in table 6.

The use o f membranes for the electrodeposition leads to thick structures which are 

essential from the application perspective. While films are only a few microns thick, 

deposition into membranes is only limited by the template thickness.

The electrodeposition o f CogoPt2o(P) meets the requirement o f low temperature 

processing and thickness o f MEMS applications. The applications that w ill be directly 

affected by this are the micro-switch and the magnetic bias as well the micro/m illimotor. 

The constraint in the motors application is the thickness rather than the processing 

temperature. In this view, the thick L lo  electrodeposited CoPt may serve as an input. The 

magnetic properties o f FePt are expected to be superior to those o f  CoPt, however further 

studies are necessary to obtain thick films. One area that may eventually incorporate our 

findings is the media recording industry since the required thickness is on the sub-micron
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scale and annealing is not an issue. Also, FePd requires further studies to address its 

applications.

Table 6. Summary o f  results obtained fo r  electrodeposited magnets.

Alloy Composition

Saturation
Magnetization

(T)
Coercivity

(T)
Thickness

(nm)

Annealing
temperature

(°C)

FePt 50 at. % Pt 0.7-0.9 1.5 0.45 >500

FePd 50 at. % Pd 1.2-1.4 0.15 12 >500

CoPt 50 at. % Pt 0.85-0.95 1.2 60 > 500
CoPt(P) 20 at. % Pt 1.1-1.3 0.35 50 As-deposited
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Chapter 4

4 Application of permanent magnets in MEMS

There are few reports in the literature covering the construction and characterization o f 

planar motors and their parts. The rotors reported were usually prepared by assembling 

magnetic parts cut out from sintered bulk or sputtered Nd-Fe-B^ magnets. The 

development o f deformable magnetic mirrors for adaptive optics'*’  ̂used in astronomy has 

been demonstrated using Nd-Fe-B permanent magnet pieces. Alternative techniques for 

the preparation o f Nd-Fe-B are currently being tested including screen printing (M r= 0.5 

T)* ^  high deposition rate sputtering (M r=  1.2 -1.4 T)*, tape casting (Mr = 0.4 T)  ̂ and 

arc-plasma spraying (Mr = 0 6 T)'°.

The motion o f a motor is based on the magnetic force resulting from the interaction 

between a magnetic field gradient and a magnetic dipole. The component in a motor 

responsible for producing a magnetic field gradient is the rotor. Consequently for 

maximum energy density it is desirable to have the biggest value o f the field gradient and 

the maximum force which depends on the geometry o f the rotor (number o f poles) and on 

the intrinsic properties o f the material used. As the number o f poles per unit area 

increases, the poles become smaller and the interaction between them becomes important, 

moreover, it becomes difficult to magnetically pattern the poles using the normal method 

o f pulse magnetization. To address the patterning and characterization issue a few 

important tools and techniques can be exploited: the simple magnetizing tool based in an 

electromagnet, magnetic pulse magnetization and a magnetic profiler. Magnetic pulse 

magnetization was carried out by Swatch'. We have developed a magnetizing tool and a 

magnetic profiler (see section 2.7) and demonstrated their use on the preparation o f rotors

' M^EMS is an EU project in the ICT Program.

190



from commercial hard magnets. We characterized pulsed field magnetized rotors based 

on CoPt supplied by Swatch. Additionally, we have also developed a process which we 

term the dual coercivity technique based on the intrinsic properties o f  the permanent 

magnet.

We have studied the planar rotor which is magnetically patterned as shown in Fig. 93. 

An electromagnet based magnetizing tool can be built in such way that each sector [“A” 

or “B” directions (Fig. 93)] is magnetized individually, as we shall see in section 4.1. The 

magnetic pulse magnetization was done in a single step operation by building a magnetic 

flux guide combined with coils which delivers the appropriated flux to each pole.

The dual coercivity method consists o f preparing the poles o f  the rotor from material 

with different intrinsic coercivities (see Fig. 94). For instance let us say that the sector 

“A” has a smaller coercivity (Hca) than sector “B”, if an external magnetic field larger 

than H cb is applied perpendicular to the rotor both sectors “A” and “B” will be 

magnetized in the same direction. Now if the field is reversed to a value between H ca and 

Hcb then only the sector “A” will have the magnetization reversed. This leads to a 

magnetic pattern with neighbouring sectors having opposite magnetization.

Rotor
diameter

B

A

Direction o f  the magnetic
f ie ld

Figure 93. Typical magnetic configuration o f  a multipole planar rotor.
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Figure 94. Hypothetical hysteresis loops fo r  a feasible material that can be used in the

rotor showed in Fig. 93.

Am ong the three devices described in the introduction, the bias m agnet, the m agnetic 

switch and the rotor, we concentrated on the rotors due to the close collaboration with 

Swatch, an industrial partner in the EU -funded M“EM S project. The m aterial we 

incorporated in m agnetic sw itch and the m agnetic bias is C oPt(P) prepared by 

eiectrodeposition. On the o ther hand the thickness o f  the deposits for rotors is really a 

challenging issue. Com m ercial N d-Fe-B  and CoPt w ere used to solve the problem .

The dual coercivity m ethod was tested by preparing a stripe structure using CoPt 

electrodeposited into m em brane tem plates to dem onstrate this technique. The 

eiectrodeposition o f  highly coercive CoPt was developed in our group as described in 

details in chapter 3.
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4.1 Construction of the magnetizing tool

Here we describe the construction o f the magnetizing tool which consists o f specially 

shaped polar pieces mounted in an electromagnet. The design o f the shaped polar piece, 

produced from soft iron, is shown Fig. 95. Before implementing this final design, we 

developed a 6 poles magnetizing tool which allows 3 poles to be magnetized at a time. 

However, due to the reduced dimension (< 5 mm) o f the pole pieces we could not pursue 

this design. The final design o f the pole-pieces was implemented in Physics Department 

workshop. Trinity College Dublin. The maximum magnetic stray field measured in a 3 

mm air gap is 2 T. Usually, applying a magnetic field three times the coercivity is 

sufficient to magnetically saturate a sample, therefore our setup can be used for samples 

with coercivity o f up to pieces about 0.7 T.

\
I

Figure 95. Polar piece design. Units are in mm unless otherwise stated.
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Fig. 96 shows the fully assembled electromagnet tool. The magnetized tool can be 

operated continuously with the maximum applied field o f 2 T.

Figure 96. A single set o f  polar pieces utilized to magnetically pattern rotors.

4.2 Magnetizing and profiling rotors 

4.2.1 Rotors magnetized using pulsed field

Swatch Company supplied several CoPt rotors cut into 12 poles and magnetized by a 

pulsed field in 6 (with and without a magnetic shunt) and 12 magnetic poles (without 

shunt). The magnetic shunt, made from the soft material FeNi, has the same shape as the 

rotor. The bulk magnetic properties o f CoPt rotors were characterized using a 5 T SQUID 

magnetometer at room-temperature. Coercivity is 0.6 T and a remanence is 0.82 T. Fig. 

97 shows the magnetic profile recorded using the magnetic profiler and Fig. 98 shows a
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eld
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photograph o f  the rotor. The effect o f  the shunt is to enhance the stray field as show n in 

Fig. 97(b). A sum m ary o f  stray field m easured for these rotors and field gradient is shown 

in table 1.

y (mm)

Figure 97. Magnetic profile o f  magnetized (a) 6 poles, (b) 6 poles with shunt and (c)

12 poles rotors.
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Figure 98. CoPt rotor 200 /m  thick and 5 mm in diameter (0 )  supplied by the Swatch

Company.

Table 1. Maximum stray field  measured out ofplane o f  the rotor.

Type Rotor
number

Maximum  
(minimum) stray 

field (mT)

Maximum fleld 
gradient (T m"')

6 poles w ithout shunt 1 3.6(-4.7) 3.7
2 4.8(-5) 4.4
3 5.3(-5.1) 4.6

6 poles w ith shunt 4 10(-10.6) 9.1
12 poles no shunt 5 0.9(-0.81) 2.0
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4.2.2 Rotors magnetized using the magnetizing tool

We have successfully m agnetized N d-Fe-B  rings, m ade o f  bonded N d-Fe-B  powder, 

into 12 poles as illustrated in Fig. 99. The rings w ere m anufactured by the Sanhuan 

M agsound Com pany in China. Tw o sets o f  rings w ere characterized, with dim ension 

(outer diam eter, inner diam eter, thickness) = (10, 7.5, 0.7) m m  and (O, 1, T) = (7, 5, 0.5) 

mm. The intrinsic m agnetic properties were m easured using the SQ U ID  m agnetom eter. 

R oom -tem perature coercivity and rem anence are 1.32 T and 1.2 T. Each pole was 

m agnetized one at a tim e w ith a m agnetic field o f  2.0 T. Fig. 99(a) show s a N d-Fe-B 

bonded ring and Fig. 99(b) the m agnetic contrast seen through m agnetic paper based on 

ferro-fluid.

(a)0
Figure 99. (a) A bonded Nd-Fe-B ring and (b) its magnetic contrast seen through a 

magnetic paper after magnetizing into pole pattern.
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The m agnetic profile o f  the N d-Fe-B  bonded ring is show n in Fig. 100. A stray field o f  

84 m T peak to peak was m easured for the ring w ith 10 mm diam eter and 56 mT for ring 

w ith 7 mm diam eter, table 2.

. .

Figure 100. Magnetic profile o f  a 12 poles Nd-Fe-B based ring rotor o f  (a) 10 mm 

diameter and (b) 7 mm diameter.

Table 2. Stray field  and fie ld  gradient o f  Nd-Fe-B ring magnetized using the

magnetizing tool.

Dimensions 
(outer diameter, inner 

diameter, thickness) (mm)

Rotor
number

Maximum/minimum  
stray field (mT)

Maximum field 
gradient (Tm ‘)

(10, 7.5, 0.7) 1 427-43 37.5
(7, 5, 0,5) 2 267-25 22.6
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4.2.3 Dual coercivity method

4.2.3.1 Electrodeposited CoPt

Two magnetic structures were investigated: a single set o f stripes and double set o f 

stripes with dual coercivity. We have used stripes here because it is easy to pattern them 

magnetically and the findings can directly be compared and extended to rotors.

Dual coercivity is a technique we have developed to prepare magnetic structures. The 

idea is to prepare magnetic stripes with material having two different coercivities so that 

the magnetization o f a stripe can be inverted without affecting the neighbouring stripe. 

We have investigated two methods to obtain the dual coercivity in CoPt. First one is 

based on the fact that the coercivity o f CoPt depends critically on the composition o f the 

alloy and the second one based on the effect o f annealing temperature on the room- 

temperature coercivity.

Unfortunately, we were not able to obtain a set o f double stripes with different 

intrinsic coercivities by tuning the annealing time, since the membrane is very fragile. 

The preparation process requires the sample to be annealed twice. Residual stress is 

introduced in the membrane after the first annealing treatment preventing plating o f the 

second set o f stripes, in all our attempts, the sample breaks during second deposition 

process into the membranes.

4.2.3.2 Sample preparation

CoPt was electrodeposited from the ammino-complex bath and the details o f the bath 

and annealing conditions were described in the chapter 3. The stripe pattern was obtained 

by using a shadow masking technique and the Ag film  was used as a working electrode.
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The tw o nearly equiatom ic C oPt deposits were electrodeposited into each set o f  stripes 

from tw o different baths to obtain different coercivities (0.6 and 0.9 T) and w ere annealed 

under vacuum  at 700 °C for 30 min. The stripe pattern consists o f  60 |im  long CoPt 

electrodeposited into a m em brane tem plate w ith 200 nm diam eter pores. Fig. 101 shows 

the back contacts m ade for the electrodeposition o f  CoPt, each stripe was individually 

connected and selected during the deposition. Each wire connecting to  the stripe in the 

m em brane is also m ade o f  Ag. We have also deposited w ell-separated stripes from a 

single bath as show n in Fig. 102.

1.5 mm

(b)

bjmi

Figure 101. (a) Contact side o f  a membrane template and (b) cross section o f  CoPt 

deposited fo r  a short period o f  time after the removal o f  the membrane template.

Figure 102. Top view o f  the set o f  stripes electroplated in a membrane template.
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4.2.3.3 Magnetic profile

Sam ples having dual coercivity were m agnetized w ith field o f  5 and 0.75 T  using the 

process described in section 4 and then characterized using the m agnetic profiler as 

illustrated in Fig. 103. Through this technique we obtained an alternating m agnetic 

pattern.

0.87

0.65-

0.43-

I -  0.22-
E

^  0 . 0 0 -  

.55 -0.22-
LL

-0.43-

-0.65-

-0.87-

8 0 8 12■4 4
Position (mm)

Figure JOS. The magnetic profile o f  four stripes with alternating magnetization. “A ” 

and "B ” denote two groups o f  stripes with different coercivities.

We also used a single set o f  stripes w ith spacing com parable to the w idth. Here we 

m agnetized all the stripes in the same direction with a 5 T  field. Due to the dipolar 

characteristic o f  the stripes we have observed a negative stray field in the region between 

stripes as illustrated in Fig. 104.
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Figure 104. Stray fie ld  measured on a set offour stripes with spacing in between.

The use o f  a m agnetic structure w ith tw o different com positions (dual coercivity) does 

not require the concentration o f  flux as required in the techniques involving the 

electrom agnet tool and the pulsed field technique to produce m agnetic patterns. The 

m ajor advantage o f  this technique is that it can easily be extended to the m icro and sub­

m icro scale since reversing the m agnetization for one set o f  stripes is independent o f  the 

other.

4.3 Discussion

T opfer et a i"  reported on the characterization o f  m ultipoles m ade o f  N d-Fe-B  (|OoM = 

1.16 T) plate w ith dim ensions 50 x 50 x 1 mm^. They prepared a m agnetic pattern with 

alternating m agnetization using a 2 mm pitch size by pulsed m agnetic field. The 

m axim um  stray field obtained was 0.35 T and m axim um  field gradient was 175 T  m '. 

The stray field and field gradient w ere found to dim inish with pitch pole size, for 1 mm
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pitch  p o le  s iz e  they  m easured  a m axim u m  stray fie ld  o f  0 .1 4  T  and m axim u m  fie ld  

grad ien t 140  T  m ''.

R otors m ade o f  C oP t are le s s  e f fe c t iv e  to  prod u ce h igh er fie ld  grad ien ts than N d -F e -B  

based  rotors. H o w ev er  w ith  the use o f  the F eN i shunt in C oP t rotors, th e  m agn etic  flu x  is 

con cen trated  and the stray fie ld  b e c o m e s  com p arab le  to  our v a lu es  for b on d ed  N d -F e -B  

p ow d ers. In ad d ition , the v a lu es  w e  h ave ob ta in ed  are sm a ller  than th o se  reported in the 

literature by T op fer  et a l. T h is  is probably du e to  the fact that our sa m p le s  are not fu lly  

saturated. T h ey  used  a m a g n etiz in g  too l m ad e o f  parallel co p p er  w ires and pulsed  

currents o f  3 9 .3  kA  for 120 fjs, g iv in g  an estim ated  fie ld  o f  7 .5  T  at a d ista n ce  o f  1 m m  

from  the w ires. T h e N d -F e -B  sa m p les in our stu d ies  h ave  a co erc iv ity  o f  1.3 T . T he  

m axim u m  a p p lied  m agn etic  fie ld  is o n ly  2 T  in our ca se  w h ich  is c lear ly  in su ffic ien t to  

fu lly  saturate our sa m p les. T he C oP t sa m p les  su p p lied  by S w atch  w ere  m a g n etized  by a 

2 .2  T  m agn etic  pu lse .

A n a ltern ative p ro cess , w h ich  w o u ld  a llo w  the u se o f  a re la tive ly  sm all m a g n etic  fie ld  

to  fu lly  saturate the m aterial, is to ex p lo re  the d ep en d en ce  o f  co erc iv ity  on the 

tem perature or the C urie tem perature o f  the m aterial (T c). B y h ea tin g  and c o o lin g  a 

m agn etic  m aterial a b o v e  th e T c under a m a g n etic  fie ld  it is p o ss ib le  to  saturate the sam p le  

w ith  a re la tively  sm all fie ld , ty p ica lly  few  m T. For ex a m p le , N d 2F eu B '^  has T c  =  3 1 2  °C  

and the tetragonal C oP t has T c =  5 6 7  °C . T o illustrate the use  o f  th e  coerc iv ity  

d ep en d en ce  on  tem perature, N d -F e -B  has a tem perature c o e ff ic ie n t  o f  coerc iv ity * ’’ o f  

about -0 .3 7  % (K .)'', therefore o n e  can  e x p e c t to  h ave the co erc iv ity  reduced  by h a lf  o f  its 

orig inal v a lu e  at room -tem perature w h en  m a g n e tiz in g  at 155 °C . T h is w o u ld  fa c ilita te  our 

m a g n etiz in g  too l to c o m p le te ly  saturate the sam p les. A n oth er  a ltern ative  is to  use  

m agn ets w ith  a n u clea tion  typ e initial m agn etiza tion  cu rve as illustrated  in F ig . 6 2 . T hen  

a fie ld  o f  le ss  than 3 tim es co erc iv ity  w o u ld  be required.
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The m agnetic field can be calculated using the pole d istribution according to the 

follow ing equation’’̂

B(r) =  -(l/4 7 t){ |V .M (r-r’)/|r-r’p d V  - lM * n ( r - r ’)/|r-r’| V r ’ } (1)

For a uniform ly m agnetized m aterial V«M = 0 and only the surface contribution 

counts. Even then, there are only a few system s w here the surface integral can be 

analytically solved. An exam ple is the rod show n in Fig. 105 w here the m agnetic field 

can be calculated as;

Bx = Br/2{(L+X)[R^+(L+X)^]'°  ̂- X(R^+XV^} (2)

Figure 105. Magnetic fie ld  Bx due to a rod uniformly magnetized along its length.

Taking Br = 1 T, X = 0, R/L = 5 we obtain B , = 0.1 T  at the centre o f  the circular 

surface o f  the rod. This show s that the stray field strongly depends on the geom etry o f  the 

m agnet. For a rod w ith small length the stray field is quite small com pared to the 

rem anence. Here, we use a program  called “m agnetic so lver” by Jam es Hilton to 

calculate the expected profile for the stripe geom etry. The program  is based on equation 

(1). Fig. 106 show s a (a) single stripe and the m agnetic field (b) B^ calculated along o f

 ̂ Mr J a m e s  Hilton is c u r re n t ly  p u r su in g  h is  PhD in t h e  P h y s i c s  D e p a r t m e n t ,  Tr inity  

C o l leg e  Dublin.
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the Mne A -B . It can  be no ticed  th a t a  sing le  stripe  show s a m ag n etic  field  w h ich  has 

m ax im u m  in th e  cen te r o f  the  stripe  and  inverted  sign  n ea r th e  ed g es o f  the  stripe . T he Bz 

p ro file  o f  a sing le  stripe  can  be used to  d e term ine  the shape and in tensity  o f  a  series o f  

para lle l and an ti-para lle l stripes. I f  the m ag n etiza tio n  is p o in tin g  in the  o p p o site  d irec tion , 

the  in tensity  shou ld  be m u ltip lied  by - I .  T he p ro file  is a lin ea r function  o f  the 

m a g n etiza tio n , th e re fo re  the m ag n etiza tio n  and the  stray  field  inc rease  in the  sam e 

m anner.

B
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Figure 106. (a) A single stripe with dimensions L = (20, 2, 0.012) mm and its (b) 

fie ld  along the line A-B fo r  a magnetization M  = (0, 0, 0.45) T.
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P o sitio n  (m m )

Figure 107. (a) A set o f  four stripes with alternation magnetization and each stripe 

having dimensions L = (20, 2, 0.012) mm and the (h) profile along o f  the line A-B fo r  a

magnetization M  =  (0, 0, ±0.45) T.

The Bz profile o f  a set o f  4 stripes is show n in Fig. 107. There are four main peaks 

w hich correspond to the center o f  the stripes and tw o small ones corresponding to the tail 

o f  the single stripe show n in Fig. 106. The profile was calculate using the “m agnetic 

so lver” program . The sam e profile can be obtained by using the superposition principle 

and the profile o f  one stripe.
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Figure 108. (a) A set o f  fo u r  stripes with spacing as large as the stripe width and  

magnetization M  = (0, 0, +0.45) T and the (b) profile along o f  the line A-B. Each 

stripe has the dimensions L =  (20, 0.45, 0.012) mm.

Fig. 108 shows the magnetic Bz profile for a set o f 4 stripes magnetized in the same 

direction with spacing as large as the stripe. An asymmetric alternating stray field is 

obtained in this configuration.

A direct comparison between the measured stray field o f samples prepared from 

electrodeposited CoPt in the two structures, double set o f  stripes (Fig. 103), single set
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(Fig. 104), and the calculated profiles show s a good agreem ent. The shape o f  the profiles 

m easured is sim ilar to the calculated ones. Also, the intensity o f  the stray field in the 

sim ulation is verj' close to those m easured experim entally. The d ifferences could be 

associated with the deviation in thickness, the estim ated filling factor o f  the m em brane 

(0.5) and the level o f  saturation o f  the stripes.

The structure consisting o f  a single set o f  stripes is quite easy to  prepare com pared to 

the structured using the double set. The structure w ith single set o f  stripes does not 

require tw o electrodeposition steps, w hich need different electrochem ical baths and the 

m agnetization can be done in one step. On the o ther hand, deposits carried out from the 

dual bath allow  the preparation o f  structures, tw ice as dense as the single set o f  stripe 

structure, w hich allow s to build more com pact devices.

The use o f  a single pair o f  shaped polar pieces seem s to be useful to m agnetically 

pattern structures on a small scale. It is quite difficulty to position the rotor disc relative 

to the m agnet in reduced dim ensions and the accuracy o f  the pattern dim inishes. More 

precise m agnetization may be obtained with a sophisticated m echanical positioning 

system . For interm ediate dim ensions, the pulse field m agnetization technique seem s to 

produce excellent results, but there is a lim itation on the construction o f  the coils required 

to produce the pulse current. Finally, the technique o f  the dual coercivity is a novel idea 

and can easily be extended to micron and sub-m icron scale. This is likely to lead to new 

ways o f  preparing m icro-m otors in a near future or another application, w hich makes use 

o f  field gradient.

208



4.4 Bibliography

'P.-A. Gilles, J. Delamare, O. Cugat, J.-L. Schanen, IEEE Trans. Magn., 1, 223 (2000). 

^V. Fernandez, G. Reyne, O. Cugat, P.-A. Gilles and J. Delamare, IEEE Trans. Magn., 

34(5), 3596(1998).

 ̂ S. Yamashita, J. Yamasaki, M. Ikeda, N. Iwabuchi, J. Appl. Phys.,70 (10), 6627 

(1991).

O. Cugat, S. Basrour, C. Divoux, P. Mounaix, G. Reyne, Sensors and Actuators A, 89, 

I (2001).

 ̂ O. Cugat, P. Mounaix, S. Basrour, C. Divoux, G. Reyne, M icro Electro Mechanical 

Systems, 2000. The Thirteenth .Annual Conference on 23-27 Jan. 2000, IEEE Trans. 

Magn., 485 (2000).

 ̂S. Schwarzer, B. Pawlowski, A. Rahmig, J. Topfer, J. Mater. Sci., 15, 165 (2004).

 ̂B. Pawlowski, J. Topfer, J. Mater. Sci., 39, 1321 (2004).

* Ya. L. Linetsky, N .V. Kornilov, J. Mater. Eng. Perfom. 4, 188 (1995).

’  B. Pawlowski, S. Schwarzer, A. Rahmig, J. Topfer, J. Magn. Magn. Mater., 265, 337 

(2003).

J.J. Wyslocki, J. Mater. Sci. 27, 3777 (1992).

"  J. Topfer, B. Pawlowski, H. Beer, K. Plotner, P. Hofmann and J. Herrfurth, J. Magn. 

Magn. Mater., 270, 124 (2004).

R. Skomski, J.M.D Coey, Permanent Magnetism, Institute o f Physics Publishing, 

Bristol and Philadelphia, (1999), 269pp 

Lecture notes o f the magnetism course by J.M.D. Coey, T rin ity College, Dublin 2003.

209



Chapter 5

5 The influence of a magnetic field on the electrochemical rest

potential

It has been known for well over 100 years that the electrochemical rest potential, o f 

an iron electrode may be modified by a magnetic field Only lately has the phenomenon 

been re-examined with a view to explaining how the shift in rest potential A£'o {B) can 

come about '̂ '̂"*’ ’̂̂ ’̂ '*. The direct effect o f a magnetic field on the reduction potential o f 

ferromagnetic iron is very small, amounting to only about 0.1 mV per tesla, whereas the 

observed shifts can be as high as 50 mV per tesla. Different investigators have proposed 

quite different origins o f the effect.

Smaller effects are reported for electrodes o f the other ferromagnetic elements cobalt 

and nickel, although there is disagreement whether the shift for these elements is cathodic, 

anodic or zero. Various ideas have been advanced to explain the effect. The problem can be 

framed in terms o f the question ‘Which force o f magnetic origin acting in the electrolyte^ is 

responsible for the shift?’ . Waskaas and Kharkats^'^'* reported anodic shifts for iron in a 

variety o f different electrolytes. The largest shift in 0.8 T was 45 mV in 1 M FeCb. No 

such effect appeared for diamagnetic electrolytes such as MgCb or ZnCh, or for non­

ferromagnetic electrodes such as copper and zinc. Cathodic shifts were reported for the 

other ferromagnetic elements cobalt and nickel. These authors concluded that the effect was 

limited to ferromagnetic electrodes immersed in paramagnetic solutions. Their explanation 

was based on the concentration gradient force Fvc = XmB^Vc/2)ao, which arises when a 

uniform magnetic field acts on a non-uniform concentration o f magnetic ions o f molar
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su scep tib ility  Xm such  as th ose  that ex ist near the elec trod e in a d iffu sio n  layer. Here |ao is 

the perm eability  o f  free sp ace 4 ti xlO'^ A  m^ T ' .

Shinohara et al. used  an A ogak i ce ll to study the sh ift in rest potential o f  iron. T hey  

found an an od ic  sh ift o f  6 m V  in a field  o f  6 T  for 0 .5  M N aC l. T h eir exp lan ation  w as  

based on an increase in the cath od ic corrosion  current, v ia  the L orentz force F t  =  j x B  

w h ich  in du ces m agn etoh ydrodyn am ic co n v ec tio n  on  a m icron sca le  near the e lectrod e , their  

‘m icro -M H D  e f fe c t ’ .

Perov et al used  a d ifferentia l ce ll w ith  tw o  iron e lec tro d es con n ected  by a salt bridge. 

T h e m agn etic  fie ld  w a s applied  to o n ly  on e o f  them , and an e ffec t  w a s ob served  for iron (35  

m V  at 0 .4  T  in 0 .1 6  M F eC b ), but no e ffec t  w as detected  for cob a lt or n ick el. T heir  

exp lan ation  in vo lved  stray fie ld s  created by d om ain  w a lls  in the iron, and th ey  su ggested  

that the e ffec t  m ight be ex p lo ited  as a p o ssib le  m agn etic  field  sen sor .

H inds et al determ ined  the f ie ld -d ep en d en ce  o f  the e ffec t  in a variety  o f  elec tro ly tes, 

find in g an odic sh ifts  o f  up to 35 m V  in 1.4 7' for 1 M F e(N 0 3 )3. T h ey  a lso  used  an A C -  

m ethod o f  d etection , w h ich  a llo w ed  them  to m easure sm all an od ic  sh ifts  o f  the order o f  1 

m V  for cob a lt and n ick el, thereby ov erco m in g  the problem  o f  a tim e-d ep en d en t drift in the  

rest potentia l as the e lectrod e surface e v o lv e s  w hen  it is im m ersed  in an a ggressive  

elec tro ly te . T h ey  proposed  an exp lan ation  in term s o f  the m agn etic  fie ld  gradient force Fvb  

=  XmcVB^/|ao, w h ich  cou ld  act either to en h ance the ca th od ic  corrosion  current or to  

increase the con centration  o f  param agnetic ion s in the v ic in ity  o f  the e lec trod e . T h e field  

grad ients arise from  the shape or surface rou gh n ess o f  the ferrom agnetic e lec trod e , and in 

the latter ca se  the rest potential sh ift m ay be related to the local ion  con centration  v ia  the  

N ernst equation
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AEo =  (R T /nF)ln [C o(O y C o(B )] (3 )

In view o f  these disagreem ents regarding the origin o f  the effect, we have undertaicen a 

system atic investigation, varying the electrolyte, the pH, the ionic strength, the dissolved 

oxygen concentration, the electrode roughness, rotation speed, and the direction and 

m agnitude o f  the applied field from 0 to 5.5 T. M oreover, we also have investigated non­

m agnetic electrodes in order to clarify whether the m agnetically-induced shift o f  rest 

potential really is restricted to iron and the other ferrom agnetic elem ents. Previous studies 

on ferrom agnetic electrodes suggest that the phenom enon is linked to the corrosion current 

at the electrode, with the largest shifts appearing for the m ost corrosion-susceptible

2 3 5 6 8system s ’ ’ ’ ’ . We have therefore investigated several non-ferrom agnetic m etals which are 

susceptible to corrosion, and we chosen zinc = - 0.76 V SHE), which is less noble than 

iron (E*  ̂= -0.43 V SHE) and corrodes easily in an acidic environm ent. Electrolytes for zinc 

were chosen to contain either param agnetic (Cu^”̂) or diam agnetic (K^) cations. Effects o f  a 

m agnetic field on the corrosion pattern o f  a zinc crystal have been reported by Shinohara et 

al.

The main experim ental results for iron beg a series o f  questions:

does the electrode have to be ferrom agnetic?

does it have to be corroding, and if  so must the corrosion be under mass transport

control?

what m agnetic force(s) influence(s) the m ass transport, and how do they act?

The results for Zn com pared to Fe help to explain the origin o f  the field-induced rest 

potential shift.
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5.1 Experimental Methods

Most o f the measurements were carried out in a standard three-electrode electrochemical 

cell using a Solartron Si 1280B potentiostat, but in some cases the potential difference 

between the working and reference electrode was measured with a Keithley 195 digital 

voltmeter. The working electrode was normally iron, the reference electrode was Ag/AgCl 

or Hg/HgS0 4 , and the counter-electrode, when one was required for polarisation 

experiments, was Pt. The cell, o f volume 50 mL, could be placed between the poles o f a 

300 mm electromagnet with a 60 mm gap, which produced a uniform field (< 1 part in lO"* 

inhomogeneity over the cell) o f  up to 1.5 T, or in the 105 mm room-temperature bore o f a 

superconducting magnet, which produced a uniform field (< 1 part in 10^) o f  up to 5.5 T. 

The leads to the cell were twisted pairs arranged to minimize induced potentials due to 

time-varying magnetic fields. The field orientation was horizontal in the electromagnet and 

vertical in the superconducting magnet. The working electrode, typically 5 x 5  mm^, could 

be mounted in either orientation. Some experiments used a rotating disc electrode o f 

diameter 6 mm, or an electrode o f  diameter 1 mm which could be retracted by 8 mm within 

a teflon shield in order to lim it convection. For precise measurements o f small shifts the 

applied field was modulated at a frequency o f  0.2 Hz and the voltage determined using 

lock-in detection.

In the follow ing sections, all shifts o f the rest potential are for a field o f 1.5 T, unless 

stated otherwise. Also, all the potentials are quoted relative to the standard hydrogen 

electrode (SHE).

2 1 3



5.2 Rest potential shift of ferromagnetic electrodes

5.2.1 Rest potential shift of Fe electrodes

Fig. 109 shows a typical result for iron, where the rest potential is measured as the field 

is switched on and o f f  Apart from the anodic shift, AEo, it should be noted that

i) There is an underlying cathodic drift o f order 0.02 mV s"'

ii) The magnitude o f AEo does not depend on the orientation o f the 1.5 T field 

relative to the electrode; when this is changed from parallel to perpendicular to the 

electrode surface for the vertical electrode in the electromagnet, there is no change o f AEo 

which is about 35 mV, Fig. 109(a) and 109(b).

iii) While the response when switching the field on is practically instantaneous, a 

relaxation process with a characteristic time o f order 20 s is evident when the field is 

switched off, especially in the parallel configuration. The time required to bring the field up 

to 1.5 T or to reduce it to zero is 10 s.

Table 7 summarises the shifts measured in different conditions with the field applied 

parallel to the surface o f the iron electrode (By configuration). AEo ranges from zero up to 

120 mV. In view o f the uncertainties in the on/off measurement, values are quoted to the 

nearest m illivolt. A ll shifts are anodic. The shifts in aerated and de-aerated electrolytes are 

compared.
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Figure 109. Shift o f  the rest potential o f  an iron electrode in 1 M  Fe(NOj) 3 as a 1.5 T 

f ie ld  is switched on and o ff. (a) F ield para lle l to the electrode and (b) f ie ld  perpendicular to

the electrode surface
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Table 7. Rest poten tial shift AEq m easured fo r  iron in 1.5 T in various solutions.

Solution Concentration
(M ) pH AEo

(m V)
AEo (m V) (Ar 

saturated)
C om m ents

Fe(N03)3 1.0 1.0 35 32

FeS0 4 1.0 1.0 10 7

0.1 1.0 2 2

FeCb 1.0 0.1 12 -

H2SO4 0.1 1.0 2 0

KNO3 1.0 1.0 25 21 smooth electrodes

3.0 1.0 32 19

3.0 0.0 126 120
smooth and rough 

electrodes

1.0/3.0 7.0 0 0
smooth and rough 

electrodes

5.2.1.1 Chemical reactions associated with the rest potential shift of Fe

We have carried out a few experiments in order to identify the chemical reactions 

involved in Fe corrosion. More specifically, we have studied the reactions for Fe in KNO3 

where the largest rest potential shift is observed. We have carried out the corrosion o f  Fe 

electrodes in a 1 M KNO3, pH 0.5 solution, inside a small closed chamber and used the 

following equation P = N(RT/V), where (RT/V) is a set-up constant, N is the number o f  

moles and P is the pressure. The reservoir was kept at room-temperature and the pressure 

measured. We did not observe any change in the pressure which indicates that there is no 

hydrogen evolution during the corrosion meaning that the reaction +2 e' = H2 is 

negligible. Changes in pressure were observed when using Fe in a HCl (pH 0.5) solution. In 

addition, the colour o f  the solution after Fe corrosion is reddish-brown which is 

characteristic o f  N2O4 and known as an oxidizer with MP = -10.2 °C and BP = 22.4 °C. On
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to p  o f  that, w e a lso  carried  ou t m ass spec trom eter ex perim en ts w hich  show  peaks at 46 and 

92 g /m ol co rrespond ing  to  NO2 and  N2O4, respective ly . T herefo re , the  likely  h a lf  reaction 

in acid  N O a' so lu tion  is the fo llow ing:

2 N 0 3 ‘ +  4H^ +  2 e ‘ ^  N 2O 4 +  2 H 2O

Fig. 110 illustra tes the e ffec t o f  pH changes o f  a d eoxygenated  KNO3 elec tro ly te  on the 

rest po ten tia l sh ift. T he pH w as ad justed  by add ing  HNO3. T he da ta  show  th a t large effects 

occu r only  w hen  the pH is low . T hey  suggest tha t param agnetic  (Fe^"^) ions in the 

e lec tro ly te  are no t necessary  for the observation  o f  the  rest po ten tia l shift. T he  iron 

e lec tro d e  is s trong ly  co rrod ing  w hen  the pH is less than  3 in acco rd an ce  w ith  the fo llow ing  

reactions:

Fe ^  Fe^^ +  2e‘ (4a)

2 N 0 3 ‘ + 4H^ + 2e N 2O 4 +  2 H 2O  (4b)

C om parison  o f  AEo fo r aerated  and de-aerated  e lec tro ly tes show s a sy stem atica lly  low er 

sh ift w hen  the e lec tro ly te  is de-aerated  by satu ration  w ith  argon. For exam ple , no shift at all 

is observed  in d e-aerated  0.1 M H 2SO 4 (pH  1), w hereas the  sh ift in the aera ted  acid  is 2 

m V.

In som e cases, the rest poten tia l sh ift w as found to  decay  w ith  tim e w ith  the build up o f  

co rrosion  products on the e lec trode  surface. In the exam ple  show n in Fig. 1 1 1, the effect o f  

the field  had alm ost d isappeared  a fte r 1 0 0 0  s.
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F igure  110. Variation as a function  o fp H  o f  the rest po ten tia l sh ift in 1.5 T applied  

p a ra lle l to the surface o f  an iron electrode immersed in 1 M  KNO 3 .
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F igure  111. Time dependence o f  the rest po ten tia l sh ift AEq o f  an iron electrode in 1 M  

KNO 3 (pH  1). The shift decreases as the electrode is coated with corrosion products.
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5.2.1.2 Corrosion rate of Fe in KNO3 solution

We have prepared electrodes from 8.8 |am thick Fe films electrodeposited on one side o f  

5 mm X 5 mm smooth and rough Cu foils. The electrodeposited Fe films were found to 

follow the roughness o f  the Cu substrate. The corrosion rates were calculated based on 

w eight losses and the experim ents were carried out in 50 mL solutions containing 1 M 

KNO3 with pH I. The electrodes were left in the solution and the rest potential recorded as 

a function o f  time. The electrodes were identified as com pletely corroded when the rest 

potential increased sharply with time. A dditionally, the com plete corrosion was observed as 

the Cu foil was exposed. Fig. 112 shows the rest potential o f  four electrodes: tw o rough and 

tw o sm ooth, with and w ithout a 1.5 T field applied in the plane o f  the electrode.

0.00 0.00

- 0 . 0 2 -

c '  -0.04-^  -0.05-
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'  -0.08-0-O.IO-
- 0.10

- 0 . 1 2 -

-0.15
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Time (s) Time (s)

Figure 112. Dependence o f  the corrosion time on the applied fie ld  fo r  (a) smooth and 

(h) rough electrodes with and without a 1.5 T fie ld  applied parallel to the electrode surface.

It is noticeable that smooth electrodes [Fig. 112(a)] take a longer time to corrode than 

rough electrodes and the overall effect o f  the m agnetic field is to enhance the corrosion
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rate. Also, the rest potential with applied field is always greater than without applied field 

as long as the electrode is not completely corroded. After complete corrosion, the rest 

potential goes to that o f the copper substrate which is about -15 mV vs. SHE.

We also carried out potentiostatic corrosion experiments where the counter electrode 

was a Pt wire. In these experiments the cathode potential was kept fixed and the time 

needed to completely corrode the electrode was measured. Fig. 113 shows a typical result 

where the corrosion time is determined with and without a 1.5 T applied field in plane. As 

observed in the rest potential experiments the field acts in such a way as to increase the 

corrosion rate.

0.032

0 .024 -

0 .016 -

'E
^  0 .008 -

^oH = 1 - 5 T

0.000

- 0 .008 -
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Time (s)

Figure 113. Dependence o f  the corrosion time on the applied fie ld  when a smooth electrode 

is set to -0.08 V vs. SHE. The 1.5 T fie ld  is applied in plane o f  the electrode.

In both situations, at constant potential (potentiostat) and open circuit (rest potential), the 

effect o f  an applied magnetic field is to increase the corrosion rate. Based on the weight 

losses the corrosion rate was determined and the results are shown in Fig. 114. For
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potentials smaller then -0.4 V without an applied field rust forms on the electrode which 

blocks the corrosion. The values o f  rest potential were taken as the average over time since 

the rest potential drifts constantly.
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Figure 114. Corrosion rate measurements based on weight loss fo r  smooth samples 

corroded at constant potential and at open circuit (rest potential). The 1.5 Tfield was

applied in plane o f  the electrode.

5.2.1.3 The Corrosion rate dependence of Fe in KNO3 solution on pH

Fig. 115 shows the corrosion rate as a function o f the 1 M KNO 3 solution pH. A t low pH 

the corrosion rate is large, about 0.2 A cm'^. The effect o f  the magnetic field is to enhance 

the corrosion rate in the range o f pH studied. The corrosion rate decreases as the pH goes 

towards neutral. This confirms that H^ is one o f  the active ions involved in the corrosion 

process.

------------

____

___ »

— potentiostatic with 1.5 T  applied field 
■ rest potential with 1.5 T  applied field 

— potentiostatic with 0 T  applied field 
□  rest potential with 0 T  applied field

■

□
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Figure 115. Corrosion rate dependence o f  Fe in I M  KNO3 solution on pH, with and

without a 1.5 T applied field.

5.2.1.4 Morphology and composition of Fe electrodes after corrosion

The m orphology o f  electrodes was studied on 0.5 mm thick Fe foils before and after 

exposure to a 1 M KNO3 solution o f  pH 1. The electrodes were washed with deionised 

water after being removed from the solution to clean any residual salts. Fig. 116 shows the 

foil before and after corrosion. The tracks shown in Fig. 116(a) are the result o f  polishing 

with sand paper, grade 800, in a rotating polisher machine. The initial features o f  the foils 

are com pletely removed by the corrosion, as shown in the Fig. 116(b). O ne can see that the 

corrosion produces bumps and depressions which are characteristic o f  the formation o f  

anodic and cathodic sites. During corrosion, there is an electronic corrosion current flowing 

through the electrode and an ionic current through the solution.

m„h  =  o t

n„H = 1 .5 T
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Figure 116. M icrograph o fF e  electrode (a) before and (b) after corrosion in I M  KN Oj

p H  I solution.

EDS analysis o f  the corroded Fe surface reveal the presence o f  the elem ents N, O and K 

suggesting the presence o f  KNO3 as shown in Fig. 117. It is also likely that the com position 

o f  the corrosion products is a com bination o f  Fe(N 03)x (x = 2 ,3 ), KNO3 and metal 

hydroxides (Fe(OH)x).

H  * Analysis48
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OFe
Ktn
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Figure 117. EDS o f  an Fe electrode after corrosion in a 1 M  KN O 3 p H  I solution.
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5.2.1.5 Dependence of the rest potential on the roughness

T h e e ffec t o f  roughness on the rest po ten tia l o f  Fe e lec trodes w as investigated  as 

illustra ted  in Fig. 118. T he rough and sm ooth  e lec trodes w ere  inserted  in a 1 M  K N O 3 

so lu tion  and the rest potential w as m easured  as the m agnetic  field w as sw itched  on and  o f f  

W hen the iron e lec trode  w as deposited  on a C u substra te  po lished  using  0.25 ^im diam ond 

paste, o r roughened  by a chem ical process, the  roo t m ean  square (rm s) su rface  roughnesses 

de te rm ined  by atom ic  force m icroscopy  w ere 8 nm  and  170 nm respective ly . A com parison  

betw een  the sh ift for the rough and  sm ooth  e lec trodes show s little d iffe rence, indicating  

that in th is scale roughness does not play a sign ifican t role in the rest p o ten tia l shift.
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Figure 118. Rest potential shift o f  a smooth (8 nm rms) and a rough (170 nm rms) 

electrode in 1 M  KNO  3 (pH  1) as the f ie ld  para llel to the electrode surface is sw itched on

and o ff

□ Smooth electrode 
o Rough electrode
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5.2.1.6 Equivalence between the magnetic field effect and stirring

An anodic shift AEo comparable in magnitude to that obtained in the magnetic field can 

be obtained by rotating the electrode (RDE) or stirring the electrolyte. Fig. 119 shows AEo 

as a function o f the rotation rate for a 6 mm diameter iron rotating disc electrode in the 

absence o f any applied magnetic field. The rotating disc electrode is a well-known 

technique and one o f the few systems where the limiting current due to mass transport can 

be analytically calculated (section 1.2.4). In 1 M KNO3 at pH 1, the shift approaches a 

saturation o f 90 mV above 1000 revolutions per minute (rpm). It is noteworthy that the 

field and rotation effects are not additive. For example, applying a field o f 1.5 T when the 

electrode is rotating at 1000 rpm contributes an additional shift o f less than a millivolt. The 

shift in 1.5 T is equal to that produced by rotation at 52 rpm. The rotation establishes 

conditions o f forced convection which enhance mass transport to the electrode surface. The 

magnetic field acts similarly.

Another experiment using radial and axial convection was also carried out, where the 

electrode is shielded from large-scale convection using an insulating polymer sheath. In one 

case, the surface o f a 1 mm diameter iron wire was flush with the polymer surface, thereby 

allowing radial convection to take place. To impose axial convection the wire was retracted 

8 mm below the surface o f the polymer creating a channel o f I mm diameter. Observed 

anodic shifts in 1 M KNO3 at pH 0.5 were about the same for both experiments (95 mV).
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Figure 119. Variation o f  AEo with rotation rate fo r  an iron rotating disc electrode in 1

M KN O s a t p H  1.

Fig. 120 illustrates the field dependence o f  the rest potential shift for the KNO3 solution 

in fields o f  up to 5.5 T applied parallel to the electrode surface. The effect approaches 

saturation at high field, varying approxim ately as I-exp(-0.75B). This is quite different to 

the saturation m agnetization itself. Fig. 121 shows the effect o f  the m agnetic field on 

polarisation curves for the electrode in KNO3 (pH 1). There is a clear difference between 

the effect o f  the field in the active regions o f  the cathodic and anodic curves. W hile there is 

no effect on the anodic current in the active region, the cathodic current is enhanced by 

more than a factor o f  two in the field which is also even more visible in the Tafel plot o f  an 

iron electrode in 3 M KNO3 solution at pFI I as shown in Fig. 122. As can be seen the field 

shifts the rest potential towards more positive values (anodic shift). In addition, in Fig. 

121(a) the anodic polarization curve, in the absence o f  m agnetic field, indicates a sharp
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drop in the current at 0.7  V w hich is associated with the formation o f  a passive layer. This 

threshold is shifted anodically by 0.8 V in a field o f  1.5 T.
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Figure 120. Variation o f  the rest potential shift o f  an iron electrode in I M  KNO3 at p H  

1 as a function o f  applied magnetic field. The solid line shows the approach to magnetic 

saturation o f  the electrode in these conditions. The dashed line is guide to the eyes.
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Figure 121. (a) Anodic polarization curves showing the passivation o f  iron in 1 M  KNO} 

at pH  I and (b) cathodic polarization curves with and without a 1.5 T applied magnetic

field.
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Figure 122. Tafel plot o f  a rough iron electrode in 3 M  KNO3 solution pH  I with and 

without a 1.5 T applied magnetic field.

5.2.2 Other ferromagnetic electrodes

The field-induced shifts o f  rest potential were also studied for other ferrom agnetic 

electrodes: cobalt and nickel. In order to m easure small shifts we em ployed the use o f  an ac 

m ethod. The m agnetic field is modulated by a sinusoidal current with small frequency (0.2 

Hz). The ac com ponent o f  the rest potential is then decoupled and processed using a lock-in 

am plifier which gives the am plitude o f  the signal in the sam e frequency o f  the m agnetic 

field. This m ethod is applicable where the response o f  the electrochem ical cell is linear, 

which is the case for small shifts. If  the electrochem ical cell has a non-linear response to 

the field harm onics are generated which m ake the use o f  a lock-in am plifier inappropriate. 

Anodic shifts in 1 M nitrate solutions for cobalt and nickel were observed, o f  0.8 mV and
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0.7 mV respectively. A large shift o f  10 mV was found for cobalt in C0 SO4 solution. Data 

on cobalt and nickel are summarised in table 8 .

Table 8. Rest potential shifts AEq measured fo r  cobalt and nickel in 1.5 T in various

solutions.

Electrode Solution Concentration
(M )

pH AEo
(mV)

Comments

Cobalt C0 SO4 1.0 4.0 10

Co(N03)2 1.0 5.4 0.8 ac method

Nickel NiS04 1.0 4.0 0.0

Ni(N03)2 1.0 4.2 0.7 ac method
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5.3 Rest potential of non-magnetic electrodes

5.3.1 Magnetic field effect on the rest potential of Zn

Experiments were carried out in a standard three-electrode cell with a 6  mm x 6  mm zinc 

working electrode, an Ag/AgCI reference electrode and a Pt counter electrode. A ll the 

potentials measured are quoted relative to SHE and are calculated by adding 0.22 V to 

values measured vs. Ag/AgCI. We also have carried out rotating disc electrode experiments 

to have controlled mass transport o f oxidizing species towards the electrode. In this case a 6  

mm diameter zinc disc was used. The counter electrode is only needed for the potential 

sweeps. The cell, o f volume 50 mL, was placed between the poles o f a large 1.5 T 

electromagnet, or in the 105 mm diameter room-temperature bore o f a 5.5 T 

superconducting magnet.

Typical data for a vertical zinc electrode in a 1.5 T horizontal, in plane field are shown 

in Fig. 123. Here the zinc electrode is actively corroding and an anodic shift o f 5 mV is 

observed in I M KNO 3 adjusted to pH 1 with HNO3 , but there is no field effect in I M 

ZnS0 4  or in 0.1 M H2 SO4 . A large anodic shift o f 42 mV is observed in a 16 mM solution 

o f CUSO4 . Further measurements on the acidified KNO 3 solution with the applied field 

parallel to the surface o f the vertical electrode show that the rest potential varies as:

Eo(B) - Eo(0) oc B" (5)

where n = 0.8 (Fig. 124). As the electrode corrodes there is a slight change in colour 

near the electrode surface. Consequently, we noticed that the electrolyte was visibly 

agitated near the electrode surface when the magnetic field was > 1 T, especially when the
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pH was < 1. The electrode showed signs o f  corrosion after treatm ent in acidified KNO3 

(Fig. 124, inset b). The spots shown in the inset are characteristic o f  the form ation o f  anodic 

and cathodic corrosion sites which drive corrosion.

The effect o f  stirring the solution in the absence o f  a m agnetic field was investigated 

using a Zn rotating disc electrode in acidified KNO3. An anodic shift in rest potential is 

observed, which increases with rotation rate (Fig. 125). The m agnitude o f  the shift achieved 

by rotating a disc electrode was significantly greater than that induced by the m agnetic field 

over m ost o f  the range o f  rotation rates (up to 9000 rpm). Rotating the downward facing 

electrode at 100 rpm produces a sim ilar shift to that induced by the 1.5 T  field. At a rotation 

rate o f  1000 rpm, the additional shift caused by the applied m agnetic field was m uch less 

than 1 mV. A direct com parison between the effect o f  the field on the rest potential and 

RDE experim ents reveals an important similarity. The shape o f  the rest potential shift 

dependence on the m agnetic field (Fig. 124) is sim ilar to that o f  the rest potential shift 

dependence on the rate o f  rotation (Fig. 125). Both rotation and m agnetic field act in such a 

way as to increase the mass transport o f  oxidizing species.
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Figure 123. Shift o f the rest potential o f a zinc electrode in 1 M  KNOj (pH I) as a 1.5 T 

f ie ld  is switched on and o ff. The fie ld  is in plane o f the electrode, which is mounted

vertically.
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Figure 124. Magnetic fie ld  dependence o f the rest potential shift fo r  a zinc electrode in 1 

M  KNOi (pH I). The f i t  is AEq 5^ * The inset shows the electrode surface (a) before and

(b) after exposure to the electrolyte in a 1.5 Tfield.
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F igure 125. Variation o f  the rest p o ten tia l o f  a Zn ro ta tin g  d isc  e lec tro d e  in 1 M  K N O 3 

(pH  I) w ith rota tion  rate. The shift ob ta in ed  in 1.5 T is show n by  the arrow .

T h e e ffec t  o f  an applied  m agnetic  fie ld  on the voltam m ogram  o f  a z in c  e lectrod e in an 

a cid ified  I M K N O 3 so lu tion  is sh ow n  in Fig. 126. T h e ca th od ic current arising from  the  

reduction  o f  N O s' is en h anced  by the fie ld , but the an odic d isso lu tio n  current o f  z in c is 

u n affected , in contrast, no e ffec t  o f  m agn etic  field  on either the ca th od ic  or the anodic  

branch is found in 0.1 M H2SO4. T h e corrosion  current d en sity , jcorr , w a s  m easured  d irectly  

by eith er extrapolatin g  the linear portion o f  the T afel cu rve to  the rest potential or 

m easu rin g the m ass lo ss  due to corrosion . T h e resu lts are su m m arized  in tab le 9.
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Figure 126. (a) Anodic and (b) cathodic voltammograms o f  a Zn electrode in 1 M  KNO3 p H

1 with an applied fie ld  o f  1.4 T.
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Table 9. Rest potential and related data fo r  a zinc electrode. The solution concentrations

are I M.

S olu tion pH Eo
(m V  vs. A g/A gCI)

Jcorr
(A  m ')

AEo a t 1.5 T  
(m V )

AEo a t 1000 rp m  
(m V )

K N O 3 1.0 -695 22 0 5 25

Z n S 0 4 7.0 -730 0.042 0 0

CUSO 4 7.0 -680 0.053 42 165

H 2S O 4 1.0 -680 230 0 0

5.3.2 Rest potential shift of non-magnetic electrodes other than Zn

The field-induced shifts o f  rest potential were also studied for a series o f  non-m agnetic 

electrodes other than Zn. These were chrom ium , m anganese, copper and stainless steel. The 

field induced shift in the rest potential for magnetic and non-m agnetic stainless steel, alloys 

largely com posed o f  iron but with significantly higher corrosion resistance, were less than I 

mV in conditions where pure iron gave a 35 mV shift. Data are sum m arised in table 10 

showing that ferrom agnetic electrodes are not needed to observe a shift in rest potential, 

which is in line with the findings for Zn. W ith the exception o f  Mn all o f  the other 

electrodes failed to show a significant shift. A lum inium  and chrom ium  are known to easily 

passivate in acidified solution, thereby blocking the corrosion.
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Table 10. Rest potential shifts measured fo r  electrodes other than iron.

Electrode Solution Concentration
(M) pH A E o ( m V ) jcorr (A  m )

Chrom ium KNO3 1.0 1.0 0 <0.001

M anganese KNO3 1.0 0.6 9 36

Alum inium HCl 1.0 0.0 0 1.9

3 16L stainless steel 
(non-m agnetic) Fe(N03)3 1.0 1.0 0 <0.001

430L stainless steel 
(ferrom agnetic) Fe(N03)3 1.0 1.0 0 <0.001

5.4 Discussion

M uch o f  the data presented for Fe points to a close link between the rest potential shift 

and corrosion. Iron is known to be particularly unstable in concentrated Fe(N03)3 solutions 

where the largest effects are observed at pH = 1, corroding at rates o f  order a micron a 

m inute. The sensitivity to pH, electrode roughness and dissolved oxygen concentration and 

the absence o f  an effect for stainless steel, w hether ferrom agnetic or not, all point in the 

sam e direction.

A nother feature that em erges from the data is the equivalence between the field effect 

and enhanced convection (Fig. 119). The trend o f  the dependence (Fig. 120) resem bles that 

found for the enhancem ent o f  electrodeposition currents in the m ass transport limited 

reg im e '® "-".

In order to better establish the link with corrosion, we have determ ined the corrosion 

current at the rest potential as a function o f  pH in KNO3. This was m easured by 

electroplating a thin layer o f  Fe onto a Cu electrode, and then m easuring the tim e taken for
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it to d isso lv e  com pletely. A lternatively, the slope (Rp, the polarization resistance) o f  the E:j 

curve w a s measured at Eo, and the corrosion current w as derived from the Stern-Geary 

expression

jcorr =  (1 /  R p)(P aP c)/[ 2.303(Pa+Pe)] (6 )

where Pa and Pc are the anodic and cathodic Tafel slopes respectively. The Stem -G eary  

coeffic ien t [(paPc) /  2.303(Pa+Pc)] w as estim ated by w eight loss m easurem ents at low  pH.

Fig. 127 show s a plot ofjcorr vs. AEo for iron, measured for a 1.5 T applied field parallel 

to the surface o f  the electrode in I M K NO 3 solution at different pH values w hich are the 

sam e pH s as shown in Fig. 110. The highest corrosion rate corresponds to pH I. The trend 

o f  the data establishes the primary conditional link between the field shift and the corrosion  

current. The link is conditional because the corrosion rate needs to be m ass transport 

limited.

A ctive corrosion occurs in electrodes where there is no passive layer. At low  pH the 

anodic d issolution o f  iron

Fe ^  Fe^^ + 2e' (7)

is balanced by a cathodic reaction such as:

2H^ +  2e' ^  H2 (8a)

or

2 N 0 3 '+ 4 H ^  +  2 e ' ^ N 2 0 4  + 2H 20  (8b)

We have observed that all measured rest potentials for Fe are within the range from 0 to 

-0 .4  V vs. SHE. It can be seen from the Pourbaix diagram o f  iron in water (Fig. 128) that 

these potentials are in the corrosion region in acidic solutions. The direction o f  the shift AEo
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depends on w hether the cathodic or anodic reaction is m ore easily enhanced by the field. If 

both were equally sensitive there would probably be no shift. However, if  one o f  the 

reactions is m ass transport limited, and the other activation controlled, the m ass transport 

limited current will be sensitive to field-induced convection, and the corrosion (rest) 

potential will have to shift in the sense required to increase the activation controlled 

reaction rate to m atch it. In corroding systems, anodic dissolution reactions are usually 

kinetically controlled while cathodic reactions may be either kinetically or m ass transport 

controlled. In the case o f  iron. Fig. 122 shows that the cathodic current arising from nitrate 

reduction (Eqn. 8b) is m ass transport controlled, while the anodic dissolution reaction is 

activation controlled. This results in an anodic shift in rest potential in the presence o f  a 

magnetic field, as illustrated by the Evans diagram  in Fig. 129.
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Figure 127. Relationship between AEo and the corrosion current jeon fa r  electrodes 

corroding under cathodic mass transport control.
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F igure  129. Evans diagram showing the e ffe c t o f an applied magnetic f ie ld  on the rest 

potentia l. An anodic shift is observed because only the cathodic reaction is sensitive to the 

applied magnetic fie ld . H e r e j i ,  B and E q stand fo r  lim iting  current density, magnetic f ie ld

and rest potentia l.
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S in ce  the hydrogen  ion reduction  (E qn. 8 a) is not m ass transport lim ited , the applied  

fie ld  can n ot in crease its rate. T h is is con sisten t w ith  the ob servation  that there is no sh ift at 

all for a de-aerated  H 2 SO 4  so lu tion  at pH I. T he sm all sh ift in aerated acid  so lu tion s is 

ex p la in ed  by en h an cem en t o f  the reduction o f  O 2 in acid  m ed ia  (O 2  +  4H^ +  4 e ‘ ^ 2 H 2 0 ), 

w h ich  is m ass transport con trolled . It is in teresting to  note that h ydrogen  or nitrate ion s do  

not p rovok e a sh ift by th em se lves; there is no e ffec t  for H2SO4 (pH  1, argon saturated), or 

for K N O 3  at pH 7, but w hen  the nitrate so lu tion  is a c id ified  to pH 1 there is a large fie ld -  

in du ced  sh ift (tab le 7). H ere, the nitrate ion s p rovid e the m ass transport lim itation , w h ile  

the h ydrogen  ion s are required for the nitrate ion reduction  (Eqn. 8 b).

A n oth er im portant e ffec t o f  the field  is a lso  ob served  in the vo ltam m ogram s. W hen the 

potentia l is increased  an od ica lly  the corrosion  rate in creases and therefore the concentration  

o f  Fe a lso  in creases near the surface o f  the e lectrod e . T h e con centration  bu ilds up to the  

point w h ere the so lu tion  b eco m es supersaturated and the precip itation  o f  corrosion  products 

m ay occu r on the surface o f  the electrod e , form ing a p a ssiv e  layer. T h e ap p lication  o f  a 

m agn etic  field  in du ces co n v ec tio n  near the electrod e , redu cing  the local concentration  o f  

Fe^^, and p ush in g  the p assivation  potential o f  the supersaturated so lu tion  tow ards m ore  

p o sit iv e  va lu es, as ob served  in Fig. 121(a).

A d d itio n a lly , the eq u iva len t circu it o f  the ga lvan ic  ce ll can be represented  by the 

electr ica l d iagram  in Fig. 130 w here Rf, Rb, Cdi, A  and B are the Faraday resistan ce, the  

bulk resistan ce (oh m ic  drop), the d ou b le  layer cap acitan ce and the external leads to the 

ga lv a n ic  c e ll, re sp ectiv e ly . T h e dashed  b ox  represents the e lec tro d e /so lu tio n  interface.
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Figure 130. Electrical diagram o f  a low frequency galvanic cell.

The Faraday resistance (Rf) represents the charge transfer in the electrode/solution 

interface. In the case o f  corrosion shown in Fig. 121(a), for small overpotentials Rf is much 

sm aller than Rb in the activation region, resulting in a linear dependence in the plot j  vs. E. 

Therefore the only resistance seen between the points A and B is Rb. The passivation occurs 

as follows: as the potential is swept towards more positive values the concentration o f  

corrosion products builds up near the electrode surface to the point w here it reaches the 

supersaturated limit and then salts precipitate on the surface o f  the electrode blocking the 

charge transfer. The precipitation is followed by a sharp drop in current which is associated 

with the transition in the resistivity o f  the interface electrode/solution, thereby Rf becomes 

much bigger than Rb ( R f »  Rb). The application o f  the field enhanced convection which 

requires higher corrosion rates in order to reach the same supersaturated solubility limit 

near the electrode. Therefore the passivation potential is pushed to more positive values. 

The m agnetic field does not change the bulk solution resistance as can be observed from 

the slope o f  the plot j vs. E, Fig. 121 (a).
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T h e decay  o f  the  effect over tim e, show n in Fig. I l l ,  is re la ted  to  the  build  up o f  

co rro sio n  p roducts  on the e lec trode  surface. T h is g radually  m od ifies the  m ass transpo rt 

reg im e from  co nvective  d iffusion  in a flu id  to  d iffusion  th rough a  po rous barrier, w hich  

beco m es increasing ly  unaffected  by the fie ld -induced  flow . A dd itio n a lly , the  d ensity  o f  

an o d ic  and ca thod ic  sites d im in ishes. T hese  are consisten t w ith  the  slow  underly ing  

ca th o d ic  d rift in rest po ten tia l, w hich  reflects the reduced  e ffic iency  o f  the ca thod ic  m ass 

tran sp o rt p rocess w ith tim e.

T h e  fact tha t observed  anod ic  sh ifts in 1 M K N O 3 a t pH  0.5 w ere  abo u t the sam e (95 

m V ) fo r both 8  m m  retracted  and non-re trac ted  w ire experim en ts using  the  PT FE  sheath  

su g g ests  tha t the  m agnetic  field induced  stirring  occu rs near the e lec tro d e  su rface  on a scale 

m uch  less than 1 m m .

T urn ing  to the observation  in Zn. T he  dom inan t  corrosion  reac tions o f  Zn in acidified 

KNO3 and CUSO4, are:

A nod ic  Zn ^  Zn^”̂ + 2 e ' (9a)

C athod ic

2NO3' + 4 H^ + 2e ' ->  N 2O 4 +  2H2O (KNO3 so lu tion) (9b)

Cu^^ + 2e‘ — > C u (CUSO4 so lu tion) (9c)

+ 2e‘ —> H 2 (ac id ic  so lu tion) (9d)

S ince  the  ano d ic  d isso lu tion  reaction  (9a) is ac tiva tion  con tro lled , w hile  the ca thod ic  

reac tio n s (9b) and (9c) are  m ass transpo rt lim ited (F ig. 126), any en h an cem en t o f  the 

ca th o d ic  co rrosion  cu rren t by the field w ill necessarily  p roduce  an anod ic  sh ift in the  rest 

po ten tia l. N o sh ift w as observed  in Z n S 0 4  because it is not su ffic ien tly  co rrod ing , no r in
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H2SO4 because the cathodic reaction (9d) is not m ass transport lim ited. N o m agnetic field  

effect on the electrode kinetics w as observed, in line with investigations by D evos et al'^. 

The equivalence o f  a 1.5 T field to a rotation rate o f  100 rpm confirm s that the effect o f  the 

field is equivalent to gentle stirring, as observed in m agnetohydrodynam ic effects on 

electrodeposition'''.

At this point in the discussion w e turn to the first o f  the questions posed at the beginning  

o f  this chapter. If  the origin o f  the effect is related to corrosion then the association with 

iron may be sim ply coincidental. It so happens that iron corrodes rapidly in Fe(N 03)3  and 

KNO3, and at low  pH, but there may be no requirement for the electrode to be 

ferrom agnetic. To settle the question ‘D oes the electrode have to be ferrom agnetic?’ w e  

have seen that there is a field-induced shift in the rest potential o f  the non ferromagnetic 

corroding electrodes Zn and Mn. N o effect is observed in open circuit experim ents for 

elem ents such as copper, which is more noble than iron, despite the fact that Tafel plots 

with and without field suggest a sm all anodic shift for Cu in nitrate solutions in 

experim ents carried out by Shinohara at al.'^, indicating that the nobility o f  Cu suppresses 

the rest potential shift. W e have chosen zinc and m anganese, which are less noble than iron 

and corrode easily  in an acid environment. The standard reduction potential for the reaction 

M + 2e' is - 0 .76 V for Zn, -1.03 V for Mn and -0.43 V for Fe. W e find no shift for

Zn in Z nS0 4  nor in H2SO4, but there is a shift o f  4 to 5 mV for Zn in KNO3 acidified to pH 

1. Corrosion o f  zinc both in Z nS0 4  and in H2SO4 which is associated with reaction (8a) is 

not m ass transport limited. However, the corrosion in acidified KNO3 is m ass transport 

limited (8b), hence the observed field effects for both Zn and Mn. The field-dependence, 

show n in Fig. 124, can be fitted to up to the highest fields, as the shift is m onotonically
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increasing in 5 T. Rotating disc electrode m easurem ents indicate that the shift can be as 

large as 100 mV for a rotation rate o f  10000 rpm (Fig. 125). Furthermore, as w e have seen  

a large shift A^o =  42 mV for Zn in 16 mM CUSO4 at 1.5 T. In copper sulphate, there is a 

m ass transport limited cathodic corrosion current as Cu displaces Zn according to the 

reaction: Cû "̂  + Zn -^C u +  Zn̂ "̂ .

The rest potential shift can be analysed as fo llow s (appendix A): the cathodic current 

density, which is m ass transport limited, varies as jc = nFDco/5 where D is the diffusion  

coefficien t and co the concentration o f  oxid izing species in the bulk solution and 5 is the 

diffusion layer thickness. The anodic current density varies with potential E as ja =  jo 

exp[anF(E-Ea)/R T], where a  is the anodic electron transfer coefficien t, jo is the exchange  

current density and Ea is the equilibrium potential for the anodic reaction. Equating these, 

and taking the ratio for the equations in zero field and in field B g ives exp[anFAEo/RT] = 

jc(B)/jc(0) =  5(0 )/5 (B ). Taking logarithms, jL(B) = jL(0)+ PB" and setting ln (l+ x ) «  x yields 

the expression for the rest potential shift, to first order

AEo =  (RT/anF)yB" (10)

The power law describing the field enhancem ent o f  the cathodic current and the rest 

potential shift are identical, at least for small changes.

The results establish that a ferromagnetic electrode is not essential for the observation o f  

the rest potential shift effect. What is important is that the electrode should be actively  

corroding and the corrosion should be mass transport limited. This conclusion is reinforced  

by the observation o f  a shift for non-m agnetic electrodes, summarised in table 10. A shift is 

observed for m anganese and zinc electrodes, but not for Al and Cr which are protected by a

245



passive layer. No shift is observed in the rest potential o f copper because the rest potential 

o f  copper lies in the region in which the cathodic reaction is not mass transport limited.

We now consider how the field acts to increase the cathodic corrosion current. It is 

convenient to discuss this in terms o f the forces acting on the electrolyte in the presence o f 

a magnetic field, mentioned in the beginning o f this chapter. The concentration gradient 

force Fvc is discounted for the following reasons: diffusion in a concentration gradient is 

driven by an entropic force Fa = -(RT/c)Vc which is in the opposite direction to Fvc, but is 

over five orders o f  magnitude greater at room-temperature; the ratio Fj/Fvc = 2noRT/xmB^ 

is = 2.7 X 10  ̂ for a field o f  1.5 T and a typical molar susceptibility o f 10'* m  ̂ mol '. The 

concentration gradient force cannot therefore be expected to exercise any appreciable 

influence on the convection. Furthermore, the results for zinc in KNO3 demonstrate that it 

is possible to observe a shift in a system that contains no magnetic cations. The field 

gradient force is also ruled out as a primary factor by the observations on zinc, which show 

that a field-induced shift o f  rest potential can be observed for non-magnetic electrodes 

provided they corrode under mass transport control. The applied field was deliberately 

arranged to be uniform over the cell, so that any field gradients will only appear in the 

vicinity o f  the edges or rough surfaces o f ferromagnetic electrodes.

That leaves the Lorentz force, F l, which is known to induce magnetohydrodynamic 

flow, thereby enhancing the currents during electroplating'^ '^, or more generally in a mass 

transport limited regime. Much o f  the phenomenology at the rest potential is similar to that 

found for electroplating in a field. Although apparently no net current flows at the rest 

potential and hence the net force F l = j x B should be zero, the effects on the balancing 

cathodic and anodic currents are different as shown in Fig. 129. Some sites on the electrode
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(Fig. 1 16(b) for Fe and Fig. 124(b) for Zn) act as cathodes and others as anodes allow ing a 

flux o f  current between them. An electronic current goes through the electrode and an ionic 

current flow s from different anodic and cathodic sites on the electrode surface on a 

m icroscopic scale, therefore it is possib le to enhance vortex flow  on a sm all scale near the 

electrode surface. This is the idea behind A ogak i’s ‘micro M HD effec t’ . We consider that 

sm all-scale m agnetohydrodynam ic flow  is the principal factor accelerating the mass 

transport limited cathodic reaction, which in turn produces the field-induced rest potential 

shift. The time for these flow s to decay and the concentration o f  the corrosion products to 

reach a zero field state, according to Fig. 109, is o f  order 20 s. The surface potential 

differences may also contribute to drive near-surface flow  via electrokinetic effects, and the 

flow  associated with these currents w ill also be m odified by the m agnetic field'*, but this 

force is also associated with the existence o f  Lorentz force.

This is not to say that the field gradient force cannot play som e role in the case o f  iron, 

and other ferromagnetic electrodes. Roughening the electrode w ill increase the 

concentration o f  paramagnetic species Fe^  ̂ and O2 in its vicinity, because o f  the large field  

gradients present. There w ill also be field gradients near the edges and corners. In the first 

case, assum ing sinusoidal roughness on a scale o f  20 ^m for exam ple, the field gradients 

V B are o f  the order 10“' T m ‘' and the forces F v b  are o f  order 10  ̂N  m'^. The forces near the 

edges, where V B  =  10 T m'', are three orders o f  magnitude smaller. The field gradients due 

to surface roughness are likely to m odify the concentrations o f  paramagnetic species near 

the electrode, and hence the electrode potential, but this effect is difficult to disentangle  

from the straightforward increase in corrosion rate due to roughening.
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The increase in potential shift on changing from de-aerated to aerated solutions raises 

the possibility o f a modest effect o f the field gradient on paramagnetic O2. Unlike NO3', 

oxygen is uncharged and therefore unaffected by the Lorentz force, which would suggest 

that the field gradient force could be responsible for the additional shift in aerated solutions.

5.5 Conclusions

Our primary conclusion is that the field-induced shift o f rest potential is associated with 

corrosion currents in the mass transport limited regime, and does not depend in any 

essential way on the electrode being ferromagnetic or the electrolyte being paramagnetic. It 

is a coincidence that iron and the other ferromagnetic metals corrode easily. A consequence 

is that the effect is unlikely to provide a stable electrochemical method o f sensing magnetic 

fields.

The corrosion must be active, and one o f the corrosion currents should be mass transport 

limited in order to observe the anodic shift. The field-induced shift can be taken as a 

signature o f mass transport limitation in corroding systems.

The primary mechanism o f the shift is the magnetohydrodynamic stirring provided by 

the Lorentz force. It is not clear on what scale this stirring takes place, but it acts to enhance 

the mass transport limited cathodic current, and the rest potential shifts in an anodic sense 

thereby increasing the activation controlled anodic dissolution current to match.

A modest effect o f the field gradient force on paramagnetic O2 is suggested by the 

reduction o f the rest potential shift upon de-aeration. However, it remains a challenge to 

distinguish field gradient and Lorentz force effects in such complex dynamic systems.
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Chapter 6 

6 Further work

Throughout this thesis, the fact that electrodeposited Llo magnets have magnetic 

comparable to Llo sputtered magnets was demonstrated. Furthermore, electrochemistry 

allows the preparation o f thick films and occupies, as a technique, a unique position 

between vapour deposition and bulk preparation techniques.

Electrodeposited FePt, in the current state, can fit well into high density media 

applications. These applications require corrosion-resistant thin film s with high room- 

temperature coercivity. There are some studies covering the preparation o f  L lo  FePt by 

sputtering (see Chapter I). For possible MEMS applications, enhancement in the thickness 

films and the reduction o f the required annealing temperature o f  FePt still need to be 

addressed. Future work should focus on searching for possible new electrochemical baths 

for the electrodeposition o f  ordered FePt and the development o f  methods for the 

preparation o f thick as-deposited tllms with enhanced magnetic properties. Thick FePt 

films may be obtained by plating into membrane templates as demonstrated for CoPt in the 

present work. Metallic additives such as Cu, Pb, Zn may be required to reduce the 

annealing temperature enhance coercivity in FePt films.

There is a window o f coercivities between as-deposited Co8oPtgo(P) (0.35 T) and 

annealed L lo  CoPt (1.3 T). A breakthrough is needed to access intermediate values o f 

coercivity without high temperature annealing. Meanwhile, one can exploit the use o f 

localized annealing to obtain high coercivity. In this case only the region containing the 

electrodeposited material or the device needs to be annealed, keeping the other integrated 

parts w ithin the admissible temperatures (< 300 °C), using lasers or on-board local heaters
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to produce local heating. The design and study o f this alternative annealing process should 

be device-driven since the success will depend on the position o f the device on the 

integrated system. Research should be focussed to identify the minimum distances required 

for a particular annealing temperature.

The microswitch can already be prepared by using Co8oPt2o(P). The steps for the 

implementation o f  this device may include the preparation o f masks for lithography, the 

design o f  the coils to deliver the switching magnetic field and the incorporation o f 

electrical functionality which requires electrical contacts. Low resistance electrical contacts 

can be obtained by using Ag or Au.

The main driving force on the rest potential shift is the Lorentz force as discussed in 

chapter 6 . However, it is possible that there is an additional contribution to the effect 

associated with the presence o f O2 in solution and the field gradient for ferromagnetic 

electrodes. Oxygen is paramagnetic and uncharged, therefore it cannot be affected by the 

Lorentz force. Consequently, a study involving a magnetic field gradient and O2 would 

help to quantify their contribution to the rest potential shift o f  ferromagnetic electrodes. 

Also, fuel cells appeared as an alternative source for the always demanding need for clean 

sources o f energy. A fuel cell is a device which extracts energy from the reaction between 

O2 and H2 according to the equation 2 H2 + O2 2 H2O. Efficiency is always an issue 

whatever the source o f energy. A study targeting the effect o f the field gradient on the 

kinetics o f O2 reduction may help to improve fuel cell performance, enhancing the 

efficiency.
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Appendix A 

The rest potential analysis

The rest potential (Eo) corresponds to the point where the anodic current density is balanced by 

the cathodic current density Oc = ja)- This is illustrated by the Evan’s diagram in fig. 131.

Anodic

Cathodic

Cathodic

Eo(0)

Figure 131. Evans diagram showing the e ffe c t o f an applied magnetic f ie ld  on the rest potential. 

An anodic shift is observed because only the cathodic reaction is sensitive to the applied  

magnetic fie ld . Here, j i ,  B and E q stand fo r  lim iting  current density, magnetic f ie ld  and rest

potential.

Assuming that the anodic current is activation controlled, according to Butler-Volmer' equation 

the anodic current density is given by:

ja = jo exp [(anF/RT) (Eo-Ea)] (1)

Here a is the anodic charge transfer coefficient, jo is the exchange current density, Eo is 

the rest (corrosion) potential and Ea is the formal potential o f the electrode.

For cathodic current limited by mass-transport jc ~ jt -  Then, for zero field and a 8 field
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exp [anF  (Eo(0)-Ea)/RT] = je(0 ) = j t  (0) 

exp [anF  (Eo(B)-Ea)/RT] = je(B) =  J l  (B)

(2 )

(3)

Dividing (3) by (2) and defining the rest potential shift as AEo = Eo(B) - Eo(0) 

exp [anF  (AEo)/RT] = jc (B ) /jc (0 )  (4)

Taking the logarithms and rearranging 

AEo = (R T/anF) In Gc ( B ) / jc ( 0 ) ]

Now, using the current dependence on the field in the form jL(B) = jUO) + P B"

AEo = (nF /a)  In { 1 + [p /j(0)] B"}

We can expand ln(l+x) ~ x for small values o f  x yielding the expression for the rest 

potential shift to the first order

AEo = (RT/anF)yB" (5)

where y = [P/j(0)]

' Eliezer Gileadi, Electrode Kinetics for Chemists, Chemical Engineers, and Materials 

Scientists, VCH Publishers, Inc, printed USA, (1993).
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