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Abstract
This dissertation describes an experimental study on the patterning of thin films and spin
valve devices.

Initially the change in the magnetisation reversal of ferromagnetic

Ni80Fe15Mo5 thin films was investigated as the shape anisotropy was increased using optical
lithography to pattern wire arrays. These structures show a progressive increase in coercivity
and a transition between single and two-stage reversal with increasing milling depth. A
similar patterning technique was applied to unpinned (Ni80Fe20/Cu/Ni80Fe20) pseudo spin
valve (PSV) structures in order to enhance the coercivity of one of the ferromagnetic layers.
The increased coercivity induced by micropatterning changed the natural similarity of the
magnetic layers and the structure exhibited a small spin valve response. These initial
measurements were carried out with separate milling and electrical characterisation steps.
However, it was decided that it would be ideal to design a technique to do in-situ
magnetoresistance measurements during milling. This meant that the samples could be milled
and characterised in the same step, leading to a much cleaner and more efficient process.
In-situ magnetoresistance measurements were carried out during micropatterning of PSV
devices, and the measurements showed the evolution in the electrical response as wire
structures were gradually milled through the thickness. Contrary to what was expected, the
structures showed a maximum spin valve response when fully milled through. The effect of
further increasing the shape anisotropy by reducing the wire width, and changing the material
properties in the PSV structure has also been investigated. MR measurements were taken as
the temperature was increased from 291K to 493K, and the results show that the patterned
PSV structures have a better thermal stability than exchange biased spin valves with an IrMn
pinning layer.
The experiment was extended to the nanoscale, and the results show that a significant increase
in MR is not observed despite the fact that the magnetic configuration tends more towards
single domain. This is thought to be due to an increase in the initial resistance of the
structures. A small increase in MR was observed as the wire width was decreased from 730 to
470nm, although the spin valve response is heavily dependent on the gallium dosage density
during patterning in the Focused Ion Beam (FIB). Micromagnetic simulations were carried
out, which agree with the experimental results and showed the change in the magnetisation
reversal from rotation to switching as the dimensions were reduced on the nanoscale.
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Glossary of Acronyms
MR

Magnetoresistance

AMR

Anisotropic magnetoresistance

GMR

Giant magnetoresistance

TMR

Tunneling magnetoresistance

VSM

Vibrating sample magnetometer

AFM

Atomic force microscopy

PSV

Pseudo spin valve

SV

Spin valve

AFM

Antiferromagnetic

FM

Ferromagnetic

NM

Non-magnetic

MRAM

Magnetic random access memory

SDT

Spin dependent tunnelling

RF

Radio frequency

LMIS

Liquid metal ion source

SPM

Scanning probe microscopy

STM

Scanning tunnelling microscopy

PSD

Position sensitive detector

EPD

End-point detection
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1.1 Spintronics.
Recent years have seen rapid developments in the new field of spintronics, (also called
magnetoelectronics or spin electronics) [1]. This new research area combines two traditional
branches of physics: magnetism and electronics. The aim is to find ways to manipulate the
electron spin in transport processes. Until recently information processing technology has
been based on purely charge-based devices, ranging from the vacuum tube to today’s milliontransistor microchips. These devices rely on the movement of electric charges, and ignore the
extra degree of freedom which is inherent to every electron: the electron spin. Magnetism and
electron spin are interlinked and according to quantum theory two electrons are allowed to
have the same energy as long as they have different spin directions: spin-up (↑) electrons and
spin down (↓) electrons. In an ordinary electric circuit the spins are randomly oriented and
have no effect on current flow. In a magnetic field the spin-up and spin-down electrons have
different energies depending on their orientation with respect to the applied field. Spintronic
devices manipulate spin-polarised currents by using the electron spin to control current flow.
Ferromagnetic materials are particularly appropriate for these devices because they exhibit
spontaneous magnetisation in the absence of an applied field, which creates an imbalance of
spin populations near the Fermi level in the electronic structure. The imbalance of available
energy states for spin-up and spin-down electrons leads to a difference in the resistance of the
two types of electron, i.e. ferromagnetic materials can provide charge carriers that are spin
polarised. In fact, the modulation of spin-polarised currents in ferromagnetic materials has
received considerable attention partly due to the possible magnetoelectronic applications [2],
but also due to the interesting fundamental physics.
Magnetism (and hence electron spin) has always been important for information storage, and
magnetic recording is by far the largest economical application of magnetism [3]. Therefore,
it is not surprising that the information storage industry has provided the initial successes in
spintronics technology. Computers now come fitted with high-capacity hard drives that rely
on a spintronic effect, giant magnetoresistance (GMR) to read the densely packed data.
Magnetic Random Access Memory (MRAM) is a strong competitor for the next new type of
computer memory. MRAM will have the capability to retain the magnetic information even
when the power is switched off, but unlike present forms of non-volatile memory, it will have
switching rates and re-writability challenging those of conventional RAM.
Another interesting area of spintronics research is looking at the possibility of achieving spinpolarised currents in semiconductors instead of metals. This would allow a wealth of existing
microelectronics techniques to be co-opted and would open up the possibility of other types of
devices controlled by polarized light or electric fields [4,5]. This avenue of research may lead
to a new class of multifunctional electronics that combine logic, storage and communications
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on a single chip. Among the major achievements of spintronics to date is the understanding of
spin dependent transport properties in various physical systems. These include metallic
multilayers showing giant magnetoresistance, ferromagnetic tunnel junctions exhibiting spin
dependent tunnelling and certain ferromagnetic oxides showing colossal magnetoresistance
near the metal-insulator transitions. The transport of spin polarised currents in semiconductors
is barely understood to date, but interesting first results have been achieved [6]. In 1999, two
groups succeeded in injecting spin across the interface between two semiconductors – one
magnetic and one non-magnetic. Laurens Molenkamp and colleagues at the University of
Würzburg in Germany used the magnetic semiconductor zinc selenide as the spin-aligning
ferromagnetic layer [7]. Also Hideo Ohno of Tohoku University in Japan collaborated with
David Awschalom’s team at the University of California in Santa Barbara to produce
manganese-doped GaAs as the ferromagnetic layer [8]. On both cases, the researchers passed
their spin-polarised current into GaAs-based light-emitting diode with an efficiency of about
90 per cent. Their success was confirmed by the fact that the emitted light was circularly
polarised- a direct consequence of the spin polarization of the current.
There are various types of magnetoresistance (MR) depending upon the different materials
and construction designs. The recent research into new MR effects has lead to an
extraordinary range of solid-state structures, e.g. magnetic multilayers and tunnel junctions.
The next section will give a brief overview of the various types of MR effects.

1.2 Magnetoresistance.
Magnetoresistance (MR) is defined as a change in the electrical resistance of a substance in
the presence of a magnetic field. The signal response of a device is often characterised by the
percentage MR, as shown by Eqn. (1.1), where ∆R is the change in resistance in an applied
field and R is the resistance in the absence of an applied field

MR (% ) =

∆R
R

(1.1)

Many different forms of MR have been researched, using a variety of different materials and
multilayer designs. This section will give an overview of the different types of
magnetoresistance effect including ordinary MR, anisotropic MR, giant MR, tunnelling MR,
colossal MR, and ballistic MR.

Ordinary magnetoresistance (OMR).
Consider a metal or semiconductor sample as shown in Fig. 1.1. The resistance R, measured
by the voltage between A and B in the presence of a constant current Ix, is found to increase

3

CHAPTER 1
by ∆R when a magnetic field is applied. This is the transverse magnetoresistance effect, and
occurs because the conduction electrons are displaced from their trajectories by the Lorentz
force. In general, ∆R/R=aH2, where a is a different constant for each metal [9]. An increase in
resistance is also found when the applied field is parallel to the current, but ∆R is about half as
large and is known as the longitudinal MR. Ordinary MR is very small for moderate magnetic
fields <1%.
D
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Fig. 1.1 Schematic diagram to show the experimental arrangement for measuring transverse
magnetoresistance effect. The sample shown has a negative Hall coefficient. Hy is into the
page, and Im is the current in the coils producing Hy. (After Ref[ 8]).

Anisotropic magnetoresistance (AMR).
The variation in resistance of typical magnetic metals at room temperature depends upon the
orientation of the field with respect to the measuring current. When the applied field is
parallel to the current the resistance increases with increasing field, and when the applied field
and current are orthogonal the resistance decreases with increasing field. The difference in
resistance at high fields represents the anisotropic magnetoresistance effect (AMR) common
to all ferromagnetic metals. The physical origin of the magnetoresistance effect lies in the
spin-orbit coupling: as the magnetisation Ms rotates, the electron cloud about each nucleus
deforms slightly, and this deformation changes the amount of scattering undergone by the
conduction electrons in their passage through the lattice [10-12]. The amount of AMR varies
for different materials, for Fe AMR ∆R/R ≈0.4%, whilst for Ni70Co30 AMR ∆R/R ≈5%. Fig.
1.2 shows examples of the anisotropic magnetoresistance effect in sputtered polycrystalline
films of Fe, Co, Ni, Ni81Fe19, Ni70Co30, and Ni50Co50.
The change in resistance due to AMR can be described by Eqn. (1.2), where θ is the angle
between the current and the magnetisation.

Rtot = Rmin + ∆RAMR cos 2 θ

(1.2)
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The AMR effect has commonly been used in computer hard-disk drives and other sensors,
however they are now being replaced by spin valve and GMR multilayer sensors, which have
larger sensing signals.

Fig. 1.2 Examples of the anisotropic magnetoresistance effect in sputtered polycrystalline
films of Fe, Co, Ni, Ni81Fe19, Ni70Co30 and Ni50Co50. The full and dotted lines correspond to
magnetic field applied orthogonal and parallel to the current respectively in the plane of the
films. The films in each case are ≅1000Å thick (After Ref [13]).

Giant magnetoresistance (GMR).
In 1988 Baibich et al. observed magnetoresistance changes as large as 50% at low
temperatures in Fe/Cr multilayer structures [14]. The Fe layers were antiferromagnetically
coupled across the Cr spacer layers, and the large change in resistance was found to be due to
the change in the relative orientation of the ferromagnetic layers from antiparallel to parallel
alignment as the field was increased. In order to achieve a large resistance change it was
important for the Fe layers to be antiparallel in the absence of an applied field, and it was
found that the interlayer coupling oscillated between ferromagnetic and antiferrromagnetic
depending on the thickness of the Cr interlayer [15,16]. The effect has since been observed
for a variety of different transition metal/non-magnetic metal multilayers, including Co/Cu
which displayed GMR as large as 110% at room temperature for magnetic fields ∼20kOe.
Values of ∼20% or more can be obtained for a field of a few tens of Oersteds. The resistance
of the structure varies with the angle between the magnetisation of adjacent magnetic layers
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