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Summary

The discovery o f giant magnetoresi stance (GMR) in the late 1980’s resulted in massive 

interest in the deposition and characterisation o f artificial layered magnetic structures. 

Spin valves were discovered in 1991 and have been the subject o f intense interest due to 

their suitability for application in magnetoresistive read heads in magnetic hard disk drives. 

The basic element o f a spin valve is two ferromagnetic layers separated by a non-magnetic 

spacer. The electrical resistance o f the structure is low when the magnetisation directions 

o f the ferromagnetic layers are aligned parallel and high when they are antiparallel. One of 

the ferromagnetic layers, the free layer, switches magnetisation direction close to zero 

field. The other layer, the pinned layer, is grown next to an antiferromagnet and its 

magnetisation direction is pinned at low fields. Switching o f the free layer at low fields, 

therefore, results in a transition from the parallel to antiparallel state and a linear change in 

resistance. Hence the spin valve is a highly sensitive magnetic field sensor and can be 

used in several applications. Spin valves can also be considered as one o f the fundamental 

building blocks necessary for developing more complicated spin electronic devices.

In this work, several aspects o f spin valves have been investigated. Chapter 1 is an 

introduction to spin valves and describes the fundamental physical principles involved as 

well as the main applications. Chapter 2 describes the experimental techniques used in this 

work to deposit, characterise and pattern spin valves.

In Chapter 3, the characterisation o f top-pinned IrMn spin valves using polarized neutron 

reflectometry is presented. This powerful technique allowed precise determination o f the 

spin valve layer thicknesses and magnetic moments to be determined. In addition, the 

stability o f the pinned layer as a function o f applied field and temperature has been 

assessed. This suitability o f these structures for sensor applications is discussed.



In general, spin valves require a post-deposition magnetic anneal to establish exchange 

bias. Chapter 4 presents a study o f the effect o f the strength o f the magnetic annealing 

field on parameters such as exchange bias and GM R in spin valve structures. A 

specifically designed furnace allowed magnetic annealing o f spin valves to be performed in 

a superconducting magnet at fields up to 5.5 T. A magnetic field effect was found in 

bottom pinned structures and is discussed in terms o f a re-alignment o f the IrMn pinned 

spin moment.

Interest in patterning magnetic nanostructures using the Focussed Ion Beam (FIB) has 

increased in recent years. However, implantation o f Ga^ ions from the beam can have 

adverse effects on the magnetic and electrical properties o f magnetic thin films and 

multilayers. In chapter 5, the effects o f Ga+ ion implantation in IrMn spin valves is 

presented and the feasibility o f using FIB milling as a tool for nano-pattering spin valves 

assessed.

Finally, an interesting application o f a spin valve is presented in Chapter 6. The mixed 

sensor consists o f a superconducting loop with a micron-sized constriction. A spin valve 

sensor is deposited above or below the constriction. In perpendicular applied fields, 

supercurrents in the loop create a locally enhanced in-plane magnetic field above the 

constriction. This field can be detected by the spin valve. The optimisation o f the spin 

valve structure for this specific application is discussed and results for a mixed sensor 

prototype presented. The sensitivity o f the prototype is comparable to that o f high Tc 

SQUIDs. Possible applications are discussed.
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Chapter 1 

Introduction

1.1 Spin Electronics

Over the last ten years, Spin Electronics has become an exciting area o f research and 

development combining the two traditional areas o f magnetism and electronics. 

Conventional electronics is based on manipulating and controlling a current flow by 

applying an electric field, which acts as a force on the charge o f electrons. Another 

interesting property o f the electron is its spin. This is an intrinsic property resulting from 

the fact that the electron behaves as if  it were spinning on its own axis thereby creating a 

magnetic moment. This spin angular momentum is quantized and can take only two 

values: +/z/2 (spin up) and - ^ / 2  (spin down), where /j is Plank’s constant. Non-magnetic 

materials have equal numbers o f spin up and spin down electrons. In contrast, in 

ferromagnetic materials the density o f states is different for each o f the two spin 

configurations resulting in a net spin polarization o f the electron current. Spin electronics 

uses the electron spin as the active element manipulated in transport processes with the aim 

o f developing new devices as well as magnetic versions o f conventional electronic devices 

[ 1, 2].
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1.2 Giant Magnetoresistance

In the last thirty years, huge technological advances have been made in the fields o f thin 

films deposition and materials preparation. This has allowed development o f a wealth o f 

artificially constructed multilayer systems combing magnetic, non-magnetic,

semiconducting and superconducting materials. In 1988 Fert and co-workers [3] and 

Grunberg and co-workers [4] independently discovered that the resistance o f a multilayer 

structure comprised o f alternating nanometer films o f Fe and Cr changed in a magnetic 

field (Figure 1.1). The change in resistance involved was orders o f magnitude bigger than 

conventional anisotropic magnetoresistance observed in single films o f magnetic material 

(typically 3% in permalloy). Hence the phenomenon was termed Giant Magnetoresistance 

or GMR.

jfj_2pA/Cr

Ot

Mognttic fi«ld U C I

Figure 1.1 The original GMR observation o f GM R in (Fe/Cr)n multilayers by 

Baiblich et al |3 | reporting GMR effects of up to 45% requiring saturating fields of



The magnetoresistance (MR) ratio is defined as:

AR R^p -  Rp (1.1)

R ~ Rp

where R ap  and R p are the resistances in states where the alternate ferromagnetic layers are 

aligned with their magnetisations antiparallel and parallel, respectively. Later, an MR ratio 

o f  110 % at room temperature was reported for sputter deposited [1 10]-oriented

antiferromagnetically coupled CogsFes/Cu superlattices [5] and an MR o f  220 % at 1.5K 

was reported for Fe/Cr multilayers [6].

In order to understand the GMR effect w e must first consider the band structure o f  a

ferromagnetic transition metal. The electrons participating in conduction can be

distinguished as two types depending on the direction o f  their spin along the local 

magnetisation axis. Spin up electrons conventionally have their spin aligned parallel to the 

local magnetisation and vice versa. Spin up and spin down electrons are often described as 

majority and minority. The two-current model introduced by Mott [7] considers that these 

two types o f  electrons carry independent electrical current in parallel, assuming that spin- 

flip scattering does not occur. Figure 1.2 shows the density o f  states (DO S) o f  Fe, Co Ni 

and Cu. The DOS can be viewed as a superposition o f  a narrow sp-band and a wide d- 

band. A normal metal such as Cu has equal density o f  spin up and spin down electrons at 

the Fermi level. A ferromagnet however, has a spin split density o f  states at the Fermi 

level. For Co and N i, the majority d-band is fully occupied and is situated below  the Fermi 

level, whereas the minority spin band is only partially occupied. This spin splitting results 

in very different scattering rates for spin up and down electrons at the Fermi level as there 

is a difference in the density o f  available states into which the electrons can be scattered. 

This leads to different resistivities for spin up and spin down electrons as described by the 

spin scattering asymmetry:

12



where and are the resistivites o f majority and minority electrons. For example, for

the ferromagnetic elements Co, Ni and Fe, a  >1. This means that spin down electrons are 

scattered more heavily than spin up electrons in these materials, on account o f the empty 

spin down d-states.

i
bcc-Fe

0

5 0 5

rcc Ni

3
hcp-Co

n

0 5&
3

0

3
-10 55 0

Eriergy (ftV)

Figure 1.2 Density of states of transition metals Fe, Co, Ni and Cu from |8|

The GM R effect can be understood by considering these spin dependent scattering effects.

Consider two ferromagnetic layers separated by a non-magnetic spacer layer as shown in

Figure 1.3. The magnetisation o f the two magnetic layers can either be aligned parallel or

antiparallel. Both spin up and spin down electrons flow though the stack and can be

considered as two independent channels. In the parallel configuration, spin up electrons

13



are not scattered in either magnetic layer and have low resistivity. Similarly, spin down 

electrons are scattered heavily in both magnetic layers and have high resistivity. The lower 

resisitivity o f the spin up channel effectively gives a short circuit and the overall resistance 

o f the stack is low. In the antiparallel configuration, spin up electrons have low resistivity 

in one magnetic layer and high resisitivity in the second layer. Spin down electrons 

experience the opposite effect so that both types o f electrons are scattered and the overall 

resistance o f  the stack is high. If  we assume that the mean free paths o f the electrons are 

larger than the layer thicknesses, then the resistor model in Figure 1.3 can be used to 

describe the situation.

FM NM FM spin FM NM FM

spin spin

Ri Rt Ri Ri

Figure 1.3 Resistor model of GMR

In the parallel configuration the resistivity is given by:

(1.3)

R̂  + R
4.
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w hile in the antiparallel configuration it is described by:

(1.4)

The G M R  ratio  is then given by:

A/? Ra f - R p i \ - a f  
R Rp 4or

(1.5)

This illustrates the im portance o f  the scattering asym m etry in the origin o f  GM R. 

Scattering at interfaces in m ultilayer structures also plays an im portant role and depends on 

the degree o f  m atching o f  the electronic band structures o f  the ferrom agnetic and non­

m agnetic m aterials in the bulk o f  the layers and near the interfaces. In order to  obtain a 

large G M R  effect, good electronic structure m atching is required for one spin direction and 

bad m atching for the other direction. G ood electronic structure m atching explains, in part, 

the large G M R ratios for Fe/Cr m ultilayers w here m atching is good for the m inority 

electrons and for Co/Cu w here good m atching occurs for the m ajority spin electrons [9]

There are two w ays in w hich the current can flow through a G M R  stack; parallel to the 

plane o f  the film  or perpendicular to the plane. These tw o configurations are know n as 

current in plane (C IP) and current perpendicular to plane (CPP) (Figure 1.4). The simple 

m odel discussed above assum es that the current densities are hom ogenous for both spin 

directions throughout the layers. This isn’t valid for the CIP geom etry and is generally 

m ore applicable to  CPP which is described in detail by the V alet Fert m odel [10]. There is 

a fundam ental difference betw een the im portant length scales in the tw o geom etries. In the 

case o f  CIP G M R, the electric field is uniform  along the in-plane direction. It is im portant 

then that the m ean free path o f  the spin up and spin dow n electrons is m uch larger than the 

thicknesses o f  the layers. The electrons will then, on average, traverse m any layers
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without being scattered as they drift along the in-plane direction and the resistance 

contributed by each spin channel will be proportional to the scattering rate for each 

channel. This is the case in Co/Cu multilayers for example where the anti ferromagnetic 

coupling is realized at a Cu layer thickness o f about 0.85 nm and the majority mean free 

path in Co is around 5nm and Cu is about 30nm [11], In CPP GMR, the electric field 

created by the current will ensure that electrons are pushed across the non magnetic spacer 

towards the next magnetic layer. The important length scale here then is the spin diffiision 

length. This describes the distance an electron can travel without flipping its spin. It is 

important that the spacer layer is thinner than this distance so that electrons retain their 

spin configurations between successive magnetic scattering events. In addition, because 

electrons are forced to traverse the interfaces there is an additional spin-dependent 

interfacial resistance in CPP GMR resulting from the difference in the positions o f the 

bottoms o f the conduction bands with respect to the Fermi energy in successive layers. 

CPP GM R is usually much higher than CIP GMR. However applications have generally 

avoided the CPP geometry thus far due to the technical challenges o f making CPP pillars 

o f small enough dimensions such that the resistance is appreciable.

FM
CONTACT NM

FM

CONTACT CONTACT FM NM FM CONTACT

 ►
CURRENT DIRECTION

Figure 1.4 Current in plane (left) and current perpendicular to plane (right) GMR

geometries.
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Semi-classical theories have been developed to model GMR in magnetic multilayers. The 

CIP transport properties o f magnetic multilayers are calculated using an adaptation o f the 

Boltzmann theory using spin-dependent resistivities o f the materials and the spin 

dependent interfacial resistances as input parameters. These theories have proven 

successful in explaining most o f the general transport trends in multilayers and spin valves 

such as the dependence o f GMR on the thicknesses o f the various layers and also the 

effects o f specular reflection. A detailed description o f these theories is beyond the scope 

o f  this introduction. A comprehensive review can be found in [12].

Multilayer systems can have high GMR ratios but are not well suited for applications. The 

coupling in these multilayers oscillates from ferromagnetic to antiferromagnetic as a 

function o f the spacer layer thickness. This thickness is engineered such that the layers are 

coupled antiferromagnetically at zero field. This coupling is so strong however, that it 

takes a rather large magnetic field (several hundred mT) to overcome it and get a change in 

resistance. This is unsuitable in applications such as read head sensors for example, which 

are exposed to fields o f the order lOmT. Another disadvantage is the non-linearity o f the 

resistance change, making the multilayer system less useful for sensor applications. These 

constraints led to the development o f the spin valve sensor in 1991 [13] as discussed in the 

next section.

1.3 Spin valve structures

The basic spin valve element consists o f two magnetic layers separated by a non-magnetic 

spacer. The device is engineered such that the ferromagnetic layers can be switched from 

parallel to antiparallel in a controlled and independent manner. Parallel alignment is 

achieved by the application o f a magnetic field. Antiparallel alignment can be realized by
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several different techniques. Perhaps the most obvious method is to use ferromagnetic 

layers with different coercive fields. This can be done be using a magnetically hard and 

magnetically soft layer as the ferromagnetic electrodes such as:

NiFe(3nm)/Cu(5nm)/Co(3nm)/Cu(5nm) [14]. These systems are often called pseudo spin 

valves and an example o f a magnetisation and magnetoresistance curve is shown in Figure 

1.5. The pseudo spin valve has a symmetric and irreversible response o f the resistance 

with field. Again, this is a disadvantage for applications in sensors and magnetoresistive 

heads. However pseudo spin valves have been studied for application in GMR MRAM 

(magnetic random access memory) architecture.

M
MRa

Figure 1.5 Schematic of magnetisation (left) and magnetoresistance (right) o f a

pseudo spin valve

A more useful configuration is the exchange biased spin valve. In its basic form it has the 

structure FM1/NM/FM2/AFM where FM l and FM2 are ferromagnetic layers, NM is a 

non-magnetic spacer and AFM is an antiferromagnetic layer that pins the magnetisation o f 

the adjacent FM layer using the so-called exchange anisotropy phenomenon (section 1.4). 

In this configuration, FM l is termed the free or soft layer and FM2 the pinned or hard 

layer. Figure 1.6 shows the room temperature magnetisation and magnetoresistance o f  a 

spin valve o f structure:
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Ta5nm/NiFe3.5nm/CoFel.5nm/Cu2.9nm/CoFe2.5nm/IrM nl0nm/Ta5nm.

The magnetisation curve o f this sample consists o f two hysteresis loops. At high negative 

fields both free and pinned layers are aligned parallel with the field. At close to zero field, 

the free layer (NiFe3.5/CoFel.5nm) switches antiparallel to the pinned layer. The pinned 

layer (CoFe2.5nm) does not switch until the exchange anisotropy is overcome at 35mT, the 

so-called exchange bias field. In the magnetoresistance curve, at high negative fields both 

layers are parallel and the resistance is low. At close to zero field the free layer switches 

sharply to the antiparallel configuration and the resistance reaches a maximum. As the 

field is further increased, the pinned layer gradually switches and the resistance decreases 

to the minimum value.

0 .5 -

0 .0 -

- 0 .5 -

- 1 .0 -

-200 -100 0 100 200

wH(mT)

Figure 1.6 M agnetoresistance (top) and magnetisation (bottom) of an exchange

biased spin vaive.
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1.3.1 Interlayer coupling in spin valves

The change in the relative orientation between the magnetisation in the free and pinned 

layers in an exchange biased spin valve does not rely on the existence o f antiferromagnetic 

coupling through the spacer. The unidirectional exchange anisotropy o f the pinned layer 

means that the two FM layers switch independently. Figure 1.7 shows the reversal o f the 

free layer. This illustrates the advantage o f the exchange-biased spin valve, with high 

magnetoresistance and sensitivity at low fields it is ideal for sensor applications. The loop 

shift in the free layer indicates the presence o f a slight ferromagnetic coupling through the 

Cu spacer layer. The three main contributions to this coupling are direct coupling through 

pinholes, Neel or orange-peel coupling and oscillatory RKKY (Ruderman-Kittle-Kasuya- 

Yosida) coupling.

10

8

6 -

2 -

-10 -5 0 5 10

Figure 1.7 Free layer reversal of a spin valve.

Direct coupling through pinholes in the non-magnetic spacer layer can occur at low spacer 

layer thickness. This ferromagnetic coupling can result in loss o f  independent switching of
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the free and pinned layers. The critical thickness below which this coupling occurs 

depends on the roughness o f the layers and the degree o f interdiffusion between the 

magnetic and non-magnetic spacer. Buffer layers such as Ta or NiFeCr are used in spin 

valve stacks to reduce this effect.

Neel or orange peel coupling [15] occurs because the roughness o f the interfaces in 

multilayers is correlated from one interface to another. There is no dipolar coupling 

between perfectly smooth, uniformly magnetized ferromagnetic layers because they create 

no stray field. However, rough surfaces do couple via dipolar fields. The resultant 

ferromagnetic dipolar coupling between the two magnetic layers separated by a non­

magnetic spacer where the interfacial roughness, J, is described a sinusoidal function o f 

amplitude h and wavelength L (Figure 1.8) is given by [16,17]:

1 ^  * ^ 2  

V8
( 1.6 )

where Ms is the saturation magnetisation o f the magnetic layers and tNM is the non­

magnetic spacer layer thickness.

hi

Figure 1.8 Schematic showing ferromagnetic magnetostatic Neel coupling between 

two ferromagnetic layers separated by a non-magnetic spacer.
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As mentioned in section 1.2, the exchange coupling in multilayer systems such as (Co/Cu)n 

oscillates from ferromagnetic to antiferromagnetic with the spacer layer thickness. This is 

the same as the RKKY coupling mechanism which describes the interaction between 

ferromagnetic impurities in a non-magnetic matrix [18]. This effect is pronounced in high 

quality multilayers. It has been shown that the GM R ratio also oscillates as a function o f 

spacer thickness in these systems and the thickness o f the NM  layer can be chosen to 

coincide with antiferromagnetic coupling at zero field and high GMR [19]. In spin valves 

with only two magnetic layers separated by a non-magnetic spacer, an oscillation o f the 

coupling as a function o f the spacer thickness can be seen in high quality samples with low 

roughness. As the roughness increases the coupling becomes ferromagnetic as Neel 

coupling dominates [20], Optimisation o f the spin valve coupling mechanisms through 

optimisation o f roughness and spacer layer thickness can therefore be used to adjust the 

offset o f  the free layer switching or the bias point. This is important from an applications 

point o f view.

1.4 Exchange bias

In 1956 Meiklejohn and Bean discovered the phenomenon o f exchange anisotropy when 

studying ferromagnetic Co particles embedded in their native antiferromagnetic oxide CoO 

[21,22]. When the particles were cooled in a magnetic field from room temperature, where 

the CoO is paramagnetic, to 77K where it is antiferromagnetic, a unidirectional anisotropy 

appeared. The same treatment carried out on non-oxidised Co particles resulted in uniaxial 

anisotropy (Figure 1.9). This unidirectional anisotropy was attributed to exchange 

interaction between the AFM CoO particles and the FM Co core and was termed exchange 

anisotropy. The most notable manifestation o f this phenomenon was the shift from zero 

field o f the magnetisation loop o f the sample.
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Since then, exchange anisotropy has been observed in a wide variety o f systems containing 

FM-AFM interfaces. A review o f the experimental findings is given in [23], The common 

features are the shift from zero field o f the magnetisation curve by an amount known as the 

exchange bias field Hex, an enhanced coercivity, and the disappearance o f these features at 

temperatures above Tb, the blocking temperature o f the AFM where Tb < Tn, the Neel 

temperature of the AFM.

35
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25^
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Figure 1.9 Hysteresis of Co/CoO particles measured at 77 K after cooling under a 

magnetic field of 1 T (1) and zero field (2) |22).

Meiklejohn and Bean explained the unidirectional anisotropy and exchange bias by

considering a simple picture o f the FM/AFM interface (Figure 1.10). In this case there is a

ferromagnetic interaction at the interface and the magnetisations are aligned. The interface

is non-compensated, i.e. only one type o f antiferromagnetic spin is present at the interface

and the magnetisation at the interface is non-zero. The interaction between at the

FM/AFM interface tries to keep the magnetisations at the interface aligned and can be

thought o f as an effective field acting on the FM film. It is more energetically favourable
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for the FM to be aligned along the direction o f this effective field. During the hysteresis 

cycle, when the applied field is as shown in Figure 1.10, the FM spins remain aligned with 

the AFM until the applied field is greater than the sum o f the effective field and the 

coercive field o f the FM. In the second half o f the hysteresis cycle, the applied field is now 

in the direction o f the effective field and the FM will switch at a lower applied field value 

given by the difference between coercive field o f the FM and the effective field. So the 

FM has only one stable configuration, as shown by unidirectional anisotropy and a shift 

from zero o f the hysteresis cycle by a value corresponding to the exchange bias field, Hex.

Figure 1.10 Phenomenological description of exchange bias

The situation can be described analytically by minimizing the energy o f the system. 

Consider a single domain FM film o f thickness tpM, saturation magnetisation, Mfm and 

uniaxial anisotropy Kfm in contact with a single domain AFM film of thickness tAPM, and 

uniaxial anisotropy K a f m - We assume the anisotropy axes are collinear and in the 

direction o f the applied field and the coupling at the interface is ferromagnetic. The energy 

o f the system is given by:
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E =  - H M c o s e  +  K ^ ^  AFM^AFM s in^ 6>-JCOS6> (1 - 7 )

The angle 9 is made between the magnetisations o f the FM and AFM layers and their 

respective anisotropy axes, which are collinear. The first term is the Zeeman energy, 

describing the interaction between the applied field and the magnetisation o f the FM. The 

second and third terms represent the anisotropy energies o f the FM and AFM films. The 

final term represents the interaction between the two films where J is the interface 

exchange coupling constant. I f  we assume that the antiferromagnet is rigid the energy 

simplifies to:

E = - H M  p^tpf^cos,9+ K ,,^ e - J  COS0 ( 1 • 8)

Minimising the energy w.r.t 9 gives two extrema for the direction o f the magnetisation o f 

the FM film when 9 = 0 and 9 = 7t. Stability o f the 0 = 0 configuration is possible if 

J I  + HM + 2 K y ^  >Q&nd stability o f the 0 = ti configuration is possible

> 0 .

This corresponds to the coercive fields:

2K,^tp^+J  ( 1.9)
^ C \  ~

^  FM^FM

M  tFM^FM

( 1. 10)

As the two coercive fields are not equal in magnitude, the hysteresis cycle is shifted by the 

bias field given by:

J  (1.11)
= ■

^  FM^FM
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The dependence o f the exchange field on 1/tpM underlines the interfacial nature o f the 

phenomenon and has been verified experimentally on several systems. However, the 

exchange fields estimated from equation (1.11) are orders o f magnitude larger than those 

reported experimentally, if  J  is supposed to be similar to the bulk exchange constant [24]. 

Several other models summarized in [23] and [25] have been formulated to account for 

different important parameters in exchange biased systems, which are not taken into 

account in the basic Meiklejohn and Bean approach. The main limitation o f this model is 

in considering that both the AFM and FM are perfectly uniform and single domain as it is 

unlikely that this effectively describes the lowest energy magnetic configuration near the 

interface. It is also assumed that the spin structure in the AFM layer remains fixed as the 

FM layer switches. An alternative model taking these limitations into account was 

proposed by Mauri in 1987 in allowing a domain wall to develop parallel to the interface in 

the AFM film during the FM reversal [26]. He assumed that the coupling at the interface 

between FM and AFM moments is ferromagnetic and the moments o f the FM and AFM 

films are parallel at the surface in the absence o f an applied field, the thickness o f the FM 

film is smaller than the domain wall width and the FM is therefore considered single 

domain. The AFM is considered infinite and a domain wall is allowed to develop in the 

AFM during reversal o f the FM. In order for the domain wall to form, its energy 

must be less than the interfacial coupling energy J. Minimization o f the 

system energy in this case gives an exchange field of:

„  ( 1-12)

This means the exchange field is reduced by a factor J I  and gives values for

Hex o f the same order o f magnitude as measured experimentally. There are still limitations 

to this model however. It is only valid for an ideally flat interface with a single domain
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ferromagnetic film and an antiferromagnetic film o f infinite thickness. It assumes the 

interface plane is homogenous and that the AFM moments at the interfaces are non­

compensated. A compensated interface is one with an equal distribution o f  the two AFM 

sublattices at the interface. The ferromagnet is then exchange coupled equally to both 

sublattices and there is no net moment for the ferromagnetic to interact with. The previous 

models predict zero exchange field for this scenario but experimental studies show that this 

is not the case. A model by Koon [27] predicts the formation o f domains in the AFM 

parallel to the interface in a similar manner to Mauri except that the interface can be 

compensated or non-compensated. The drawback is that the model assumes uniform 

properties at the interface. The M alozemoff model [28, 29, 30] has addressed this situation 

by considering that an ideal interface is unrealistic and that roughness leading to magnetic 

defects gives rise to local random fields. The total energy o f the antiferromagnet, 

including the contribution from the random fields, is then minimized by the formation of 

domain walls perpendicular to the interface. The contribution o f energy difference 

between the different random domains produces the exchange bias.

More recent experimental findings [31,32] support an extension o f  the M eiklejohn and 

Bean model by the discovery using x-ray magnetic circular dichroism (XMCD) that only a 

small fraction o f AFM spins are pinned at the interface. These pinned spins do not rotate 

in an external magnetic field and the coupling between them and the spins in the FM layer 

results in the exchange bias and the shift o f  the hysteresis loop. The majority o f the 

uncompensated interfacial spins, however, are not pinned. These spins are dragged along 

with the magnetisation reversal process in the FM layer and although they do contribute to 

an enhanced coercivity, they are not responsible for the exchange bias effect. Taking into 

account that only a small pinned fraction p o f the uncompensated interfacial moments 

contributes to the bias, the Meiklejohn and Bean model (1.11) can be written as [31]:
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ex
^  fmK

where J ^  = p j

This eliminates the discrepancy between the values of J predicted by the Meiklejohn and 

Bean model and those measured experimentally.

All of these models and many more have found different degrees of agreement with the 

vast range of existing experimental results on exchange anisotropy. A fiilly comprehensive 

model o f exchange bias is still lacking and there remain several unsolved issues. It seems 

the detailed mechanism of exchange bias may be quite different for each specific FM/AFM 

system. Nevertheless it is a phenomenon which has been implemented very successfully in 

several devices. The technological considerations in tailoring exchange bias for 

applications are well studied and will be discussed briefly in the next section.

1.4.1 Exchange bias materials and properties

The choice and study of antiferromagnets for spin valves has been largely driven by the 

requirements of read head applications. The main requirements are as follows:

■ Large exchange bias field

■ High resistivity in order to reduce parasitic shunting of resistance in CIP geometry

■ Low processing temperature so that the structural integrity of the rest of the stack is not

affected during deposition or post deposition anneal

■ Corrosion resistance

■ Thermal stability - high blocking temperature Tb, the temperature below the

antiferromagnetic ordering Neel temperature at which the exchange bias goes to zero.
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■ Low critical thickness - the minimum thickness o f antiferromagnetic material for which 

exchange bias can be established.

The most commonly studied antiferromagnetic layers are manganese-based alloys such as 

FeMn, IrMn, NiMn, PdMn and PtMn. FeMn was for a long time the most intensively 

studied alloy. Films o f composition Fei.xMnx with x ~ 0.5 were implemented in some o f 

the first spin valves [13]. Further studies indicated a low blocking temperature in the range 

140 to 190 °C rendering the material unsuitable for disk-drive applications [33]. Other 

disadvantages include low stability with respect to Mn diffusion and poor corrosion 

resistance [34], Iri.xMnx with x ~ 0.8 has been intensively studied since its introduction as 

an exchange bias material in 1996 [35] and is the material used in spin valves discussed in 

this work. One o f its advantages is ease o f processing. For spin valves in which the IrMn 

is grown on top o f the FM layer (top spin valves), room temperature deposition in a small 

magnetic field is enough to establish reasonable exchange bias. For spin valves in which 

the IrMn is grown beneath the FM layer (bottom spin valves), a magnetic anneal is 

normally required although a small exchange bias at room temperature can be obtained. A 

detailed discussion o f the effects o f magnetic annealing on top and bottom IrMn spin 

valves is presented in Chapter 4. The advantages o f IrMn over FeMn include higher 

blocking temperature, larger exchange field, lower critical thickness, higher resistivity and 

better stability against Mn diffusion [34, 38].

NiMn, PtMn and PdMn are ordered AFM compounds with very high Neel temperatures 

ranging from 540°C for PdMn to 800°C for NiMn. This makes them good candidates for 

application as exchange bias materials. Unfortunately in the as-deposited state these 

materials are random alloys with low exchange bias and a long annealing process is 

required to induce a phase transformation to the ordered state. In the case o f NiMn, for
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exam ple, annealing processes from 10-40 hours at tem peratures around 280 °C have been 

reported  [36], N evertheless, these m aterials have very high blocking tem peratures and 

excellent therm al stability [37,38], w hich m akes them  very suitable for use in spin valves 

for read head applications.

Oxide antiferrom agnets, such as N iO  and a -F e 203  have also been im plem ented in spin 

valves [39,40]. The obvious advantage o f  an oxide antiferrom agnet is the elim ination o f 

current shunting though the layer due to its intrinsically high resistivity. An added 

advantage o f  increased G M R  ratio due to specular reflection at the oxide interface was 

discovered when studying N iO  spin valves. This has resulted in high G M R ratios o f  up to 

28 % [41]. Unfortunately both N iO  and a -F c 203  suffer from low exchange bias fields and 

large critical thicknesses. An overview  o f  the m ain properties o f  the antiferrom agnets used 

in spin valves from [42, 44] is given in Table 1.1.

AFM  Film s FeM n IrMn N iM n PtM n N iO a -F c 203

C ritical thickness, tc 
(nm ) 7 - 1 0 5 - 8 25 1 0 -1 5 50 50

N eel Tem p, Tn (°C) 230 420 800 702 250 680

Blocking tem p, T b 
(°C)

140-190 240-290 360-400 350-400 180-230 250

Exchange energy, J  
(mJ/m^)

0.10-
0.15

0.12-
0.40

0.30-
0.40

0.20-
0.30

0.02-
0.12

0.03-
0.12

Table 1.1 Characteristics of different types of antiferromagnets. Values of 

J(mJ/m^) are given for systems with CoFe as the ferromagnetic layer.

30



1.5 Spin valve designs

Im provem ents in spin valve perform ance (G M R, exchange field, sensitivity) are 

continually pursued both through the developm ent o f  new  m aterials and the design o f  new  

spin valve geom etries. The basic FM /N M /FM /A F spin valve has evo lved  into m any 

variants [43, 44].

The standard spin valve is com posed o f  at least six  layers; buffer layer, free layer, spacer 

layer, pinned layer, antiferromagnetic layer and capping layer. The buffer layer is usually  

2-5 nm o f  Ta and is used to increase the quality o f  the subsequent layers and reduce 

roughness. The relatively high resistivity (p  =  160 x 10'* Q m ) o f  tantalum m akes it a 

suitable choice as shunting effects through it are neglig ib le. The capping layer is also  

usually Ta and protects the structure from oxidation and corrosion. The free layer in 

exchange biased spin valves generally consists o f  tw o  ferrom agnetically coupled layers 

with different com positions. The m ost frequently used com bination is NigoFe2o/Co9oFeio. 

The perm alloy layer is used to reduce the coercivity  whereas the C oFe g iv es  a higher M R  

ratio due to the larger scattering potential for m inority electrons at the C oFe/Cu interface. 

U sually the antiferrom agnetic layer is at the top o f  the spin valve structure, hence the nam e 

top spin valve. The antiferromagnet can also be grow n at the bottom  o f  the stack -  a 

bottom  spin valve. The bottom  spin valve is more difficult to realize experim entally as the 

structure generally needs to be annealed in a m agnetic field  to establish reasonable 

exchange bias. Typical M R values for top and bottom  spin valves w ith IrMn range from 5 

-  10% .

The dual (or sym m etric) spin valve takes advantage o f  the fact that spin dependent

scattering o f  the conduction electrons takes place at the m agnetic/non-m agnetic interfaces.

Therefore it is possib le to increase the M R ratio by increasing the number o f  interfaces.
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Dual spin valves consist o f essentially three FM layers separated by two non-magnetic 

spacers. The magnetisation o f the outer two FM layers are pinned by an AFM layer, 

whereas the inner FM layer is free. An example o f a dual spin valve structure is 

NiO/Co/Cu/Co/Cu/CoNiO. GMR ratios as large as 24.8% [45,46] have been reported for 

these spin valves but the increased thickness o f the structure can make it unsuitable for 

read head applications.

A further advance in spin valve design was the development o f the synthetic 

antiferromagnet (SAF). The SAF is a three-layer stack consisting o f two ferromagnetic 

layers (usually Co or CoFe) separated by a thin layer o f non-magnetic spacer (usually Ru). 

The coupling between the ferromagnetic layers oscillates between ferromagnetic and 

antiferromagnetic as a function o f the Ru thickness and is strongly antiferromagnetic in the 

range 0.5-1.0 nm [47]. One o f the ferromagnetic layers in the SAF is coupled to an 

antiferromagnet to give a spin valve o f the form shown in Figure 1.11. The antiparallel 

coupling across the Ru layer is much stronger than the interfacial coupling between the 

FM/AFM layer and the two FM layers in the SAF remain antiparallel up to quite large 

fields. The magnetoresistance curve in Figure 1.11 shows that the pinning fields in the 

SAF spin valve can be twice as large as that o f the standard spin valve and the GMR value 

is the same. Another advantage o f using the SAF is that, in a patterned device, stray field 

created by the pinned layer on the sensing layer is reduced because o f the antiparallel 

alignment o f the two FM layers in the pinned layer. An analytical calculation o f the 

magnetic response o f the SAF spin valve has been carried out [48].

32



5 nmTa

10 nm IrMn

2 nm C Q Fe~ 
0 .7  nm R ~

2 .5  nm CoFe  
2 .9  nm Cu

1.5 nm CoFe
3.5  nm MiPe

5 nmTa

8

6

4

2

0
-1.0 -0.5 0.0 0.5 1.0

M-oH(T)

Figure 1.11 Magnetotransport curve of SAF spin valve with stack composition

shown.

Spin valves with nano-oxide layers (NOL) were introduced in 1999 [49]. Very thin 

specularly reflecting oxide layers were introduced inside the pinned layer and near the free 

layer o f the spin valve resulting in enhanced MR ratios o f up to 18 %. This was attributed 

to specular reflection at the NOL interface. A specularly reflected electron at an interface 

in a CIP spin valve conserves its momentum parallel to the interface and its perpendicular 

component changes sign. The result is that the electrons move repeatedly though the 

active region in a manner that is equivalent to increasing the number o f repeats in the 

structure. This affords an increase in the GMR o f  the structure without dramatically 

increasing the thickness. Nano-oxide layers are formed by the oxidation o f an already 

deposited layer, or by the deposition o f a magnetic oxide layer. NOLs inserted in the 

pinned layer should be thin enough such that a large effective exchange bias field is 

retained. Deposition is normally followed by an anneal step [50]. Specular reflection has



also been reported in spin valves with oxide antiferrom agnets such as N iO  [46] and a -  

Fe203  [51], N O L  insertion into a spin valve with a m etallic antiferrom agnet such as IrMn 

can be more useful due to the higher thermal stability and low er critical thickness o f  the 

antiferromagnet.

Spin filter spin valves have the structure A FM /F M /N M /F M /B  w here B is a conductive  

non-m agnetic back layer. The result is an increased m ean free path and reduced resistance  

for majority spin electrons in parallel alignm ent and hence an increased G M R ratio [52], 

O ptim isation is a trade o f f  betw een the increased m ean free path and increased current 

shunting through the back layer. The advantage o f  the spin filter spin valve is that the 

thickness o f  the free layer can be reduced to levels that w ould  be sub-optim al w ithout a 

back layer. A thinner free layer is advantageous for read head applications as the 

continued reduction in the bit size  o f  m agnetic recording heads m eans sm aller m agnetic  

flux com ing from each bit. This m eans that the m om ent o f  the free layer m ust be 

decreased in order to maintain the sam e amplitude o f  rotation.

1.6 Spin valves devices

Spin valves are currently used in a w ide variety o f  com m ercial sensor products. The main  

applications at present are in read heads o f  hard disk drives in the m agnetic storage 

industry and as m agnetic field  sensors. The precise requirements o f  a spin valve sensor 

and its advantages over other types o f  sensor depend on the specific  application. The 

general requirements for a spin valve sensor are as fo llo w s [53]:

■ Large m agnetoresistance ratio

■ Large exchange bias field

■ Large sensitivity
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■ Small hysteresis

■ Low noise

■ Thermal stability

■ Good repeatability and reliability

Considerable advances in the areas o f hysteresis and sensitivity were made by the 

discovery o f the role o f crossed anisotropy o f the free and pinned layers [54], The 

coercivity o f the free layer o f the spin valve is much smaller when the free layer has an in­

plane uniaxial anisotropy with the easy axis perpendicular to the unidirectional easy axis o f 

the pinned layer.
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Figure 1.12 Spin valve deposited with crossed anisotropy (a) and parallel

anisotropy (b)

In such systems with crossed-anisotropies when the external field is applied parallel to the 

biasing direction, the magnetisation o f the free layer switches by coherent rotation
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resulting in a near linear variation o f the resistance with field. In contrast, in the case o f 

parallel anisotropies, magnetisation reversal is the result o f  domain wall movement leading 

to hysteresis in the MR curve. As a result, strong Barkhausen noise is superimposed on the 

sensor output signal due to pinning and depinning o f domain walls. In Figure 1.12, a spin 

valve with free layer NiFe(3.5nm)/CoFe(I.2nm) and pinned layer CoFe (2.5nm)/IrMn 

(lOnm) is shown with crossed (a) and parallel (b) anisotropy. The crossed configuration 

was obtained by growth o f the spin valve in a magnetic field and rotation o f the sample by 

90 degrees for growth o f the pinned layer.

The crossed anisotropy configuration is used in applications where a linear, reversible, 

hysteresis-free output is required. These applications include read-heads for magnetic 

recording and magnetic field sensors. The hysteretic, irreversible switching o f the parallel 

anisotropy configuration is useful when the spin valve is to be applied as a memory 

element in GMR MRAM for example where two zero field states o f the free layer are 

required to represent a digital “0” and “ 1” .

1.6.1 Spin valves as magnetic-field sensors

Magnetic field sensors are in widespread commercial use in applications such as linear and 

rotary encoders, proximity detectors, speed and position sensors and Earth’s field 

magnetometers. Hall Effect devices are commonly used to sense magnetic fields in the 

range 10 - 1000 mT. Inductive coils or flux gates are also used but although inexpensive, 

they are relatively bulky and have poor low frequency response. AMR materials are used 

to sense below approximately 5 mT. Spin valves have surpassed many o f these devices 

due to their higher output signal and sensitivity. Spin valves exhibit a change in resistance 

that is proportional to the cosine o f the angle between the free and pinned layers. This can 

be exploited to create devices with an inherently linear relationship between the applied

36



m agnetic field  and the output voltage. M inim ization o f  the noise and particularly the 

m agnetic noise is essential for spin valve sensors. This can be achieved by appropriate 

design  o f  the sensor geom etry. The optim isation o f  spin valves for m agnetic field  sensors 

is described in detail in chapter 6.

1.6.2 Spin valves in read heads

An overw helm ing amount o f  spin valve research has been driven by the interests o f  the 

m agnetic storage industry. The first m agnetic disk drive, introduced by IBM  in the early  

1950’s, w as termed R A M A C  and had an areal density o f  2 kb/in^ [55]. The areal density  

o f  this drive, based on inductive technology, experienced a growth rate o f  30 % /year until 

1992 when m agnetoresistive heads based on the anisotropic m agnetoresistance o f  

perm alloy film s w ere introduced. From this point on the areal density increased at a rate o f  

60 % /year boosted  by the discovery o f  GM R and the im plem entation o f  spin valves in read 

heads in 1998. Today, areal densities o f  up to 100 Gb/in^ have been demonstrated.

The principle o f  m agnetic recorded is illustrated schem atically  in Figure 1.13.  The basic  

com ponents are the recording m edia and a read-write head. The recording m edium  is a 

disk o f  m agnetic material on w hich inform ation is stored as abrupt changes in 

m agnetisation, or m agnetic bits in tracks along the disk. The areal density is then the 

product o f  the density at w hich transitions can be packed along a track (the linear bit 

density) and the density at w hich tracks can be packed together (the track density). The 

read-write head is positioned on an air bearing slider (A B S ) at a fixed  position  above the 

disk. The writer is essentially  a submicron electrom agnet, the stray field  from w hich  is 

used to sw itch the m agnetisation o f  bits on the recording m edia. The higher the saturation 

m agnetisation o f  the pole p ieces o f  the writer, the higher the write field. M aterials 

currently used in write heads are NigoFe2o, N i4 5 Fes5 and FeTaN. The reader currently

37



consists o f a spin valve stack electrically insulated from two thick shields o f magnetic 

material such as NiFe. The free layer o f the spin valve senses the stray field from adjacent 

bits in the magnetic media below it resulting in a voltage output. The purpose o f the 

shields is to increase the resolution o f the head along the track by absorbing all the 

magnetic flux coming out o f the media except for just underneath the gap between the 

shields where the spin valve is located - the read gap.

Figure 1.13 Schematic cross section of a vertical read -head above a storage

recording medium

This is an example o f a CIP vertical read head. The magnetisations o f the free and pinned 

layers are set perpendicular to one another in order to have a linear response o f  the spin 

valve. Permanent magnets on either side bias the free layer in a direction perpendicular to 

the pinned layer and keep it in a domain-free state to reduce noise. The stray field from the 

recording medium is then in a direction perpendicular to the free layer and causes it to 

rotate coherently resulting in a linear response. This linear response can be compromised 

and offset from zero in a similar manner to blank spin valves as discussed in section 1.3.1. 

The interlayer coupling tries to align the free and pinned layers ferromagnetically. Other

GMR Read 
Sensor

Inductive 
Write Element

Recording Medium
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forces include antiferromagnetic coupling with the dipolar field created by the pinned layer 

magnetisation which becomes important at smaller dimensions. The Oersted field created 

by the sense current in the spin valve also has an affect on the free layer. These fields can 

be adjusted in order to reduce the offset by optimisation o f process and measurement 

parameters. The coupling between the layers can be reduced by appropriate choice of 

spacer layer thickness. The effect o f the dipolar field o f the pinned layer can be almost 

eliminated by use o f a synthetic antiferromagnet as discussed in section 1.5 and the sense 

current can be changed to adjust the Oersted field. In practice a combination o f these 

techniques is used.

An important parameter in the performance o f read heads is the readout resolution parallel 

and perpendicular to the trackwidth o f the recording medium. The resolution parallel to 

the trackwidth is determined by the effective length o f  the spin valve and is determined by 

the spacing between the leads, the position o f the permanent magnets and is generally 

limited by the resolution o f lithographic techniques. The resolution perpendicular to the 

trackwidth is determined by the read-gap which is determined by the combined thickness 

o f the insulating layers and the spin valve stack. Reduction o f the insulation thickness 

risks shortage and increased vulnerability to electrostatic discharge. Methods o f reduction 

o f the spin valve thickness through specular reflection and highly conductive layers have 

been investigated as discussed in section 1.5 but only small improvements can be foreseen. 

For this reason and several other advantages, more efforts are now focussed on CPP MR 

heads based on spin valves or tunnel junctions. In the CPP configuration the shields can 

double as current leads to the MR element and the need for the insulation layers is 

eliminated resulting in an immediate reduction o f the read-gap and increased lateral 

resolution.
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1.6.3 Spin valves in M RAM

Existing semiconductor random access memories such as SRAM (static random access 

memory) and DRAM (dynamic random access memory) are disadvantaged by their 

volatility [56], Magnetic random access memory (MRAM) has the potential advantages of 

non-volatility, speed, unlimited write endurance and low cost. MRAM has been the 

subject o f intense research over the last ten to fifteen years. Initial MRAM architecture 

was based on the AMR o f NiFe elements but soon moved on to GM R multilayers and then 

spin valve structures. MRAM based on exchange bias spin valves have been demonstrated 

[57] but most work on GMR MRAM has been based on pseudo spin valve cells [56], In 

the GMR-MRAM architecture, the spin valve elements are organised in a square array. 

Each spin valve element is located at a cross point between two sets o f perpendicular lines, 

word lines and sense lines. Information is stored as the orientation o f the magnetisation of 

the hard layer o f the spin valve. In order to write information in a cell, pulses o f current 

are simultaneously sent in the sense and word lines that cross at the selected cell. These 

currents generate two perpendicular magnetic fields on the hard layer (one along its easy 

axis and one along its hard axis) and can switch its magnetisation direction. The other spin 

valve cells experience either no field or one o f the fields, i.e. are “half selected” . Only the 

cell which experiences both fields switches. The read process is performed by passing a 

current through the sense line to orient the magnetisation o f the free layer and then reading 

the resistance. Since the cells are connected in series, a differential two-step read out 

process must be performed. This slows down the read time. Other limitations include low 

output signals and the unsuitability for scaling to high densities. The discovery o f 

magnetic tunnel junctions (MTJs) offered the possibility o f much higher signals and read 

times. Present research on MRAM focuses entirely on architectures based on magnefic 

tunnel junctions.
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Chapter 2 

Experimental Techniques

2.1 Magnetron sputtering in the Shamrock Deposition Tool

In this section the basics o f magnetron sputtering are described followed by a description 

o f the Shamrock Deposition tool, which was used to deposit all o f  the samples discussed in 

this thesis.

2.1.1 Magnetron Sputtering

Sputtering is a physical process whereby atoms in a solid target are ejected into the gas

phase due to bombardment o f the surface o f the target material by energetic ions. The ions

for the process are supplied by a plasma which is created by applying a voltage across a

gas, usually Argon, at low pressure (lO'" mbar). Ar ions then strike the target with

sufficient energy to cause the ejection o f surface atoms which are deposited on the

substrate, and secondary electrons, which cause further ionization o f the gas. Magnetron

sputtering is a technique where a magnetic field is incorporated into the target gun in order

to trap electrons and increase the plasma ionization [1]. Figure 2.1 shows a cross section of

the Series III magnetron guns used in the Shamrock. An array o f permanent magnets
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surrounding the cathode target creates a magnetic field parallel to the cylindrical cathode 

surface. Combined with an electric field, this causes a drift o f  the secondary electrons in 

closed orbits in front o f the target surface. This restricts the electron motion to the vicinity 

o f the cathode, thereby increasing the ionization efficiency. At the same time, a substantial 

fraction o f the ions produced in the trap volume are attracted to the target (cathode), 

leading to sputter erosion o f it.

Upper pole
Plasma ring m 
electron trap

Magnetic field lines

MagnetLowerAnode
(cathode) pole piece

Figure 2.1 Cross section schematic of the S-Gun magnetron 

2.1.2 The Shamrock

The Shamrock is a fully automated commercial magnetron sputter system, which is housed 

in a class 1000 cleanroom (Figure 2.2). The system consists o f four high vacuum 

chambers; two process chambers A and B, a transfer module and a cassette module or 

load-lock (Figure 2.3). The central transfer module is separated from the other chambers 

via VAT gate valves. Chamber A is the original process chamber and is used for room- 

temperature deposition. Chamber B was custom designed for high temperature deposition 

o f oxides and was added to the original system.

46



Chamber A is a sputter-up deposition system. The base o f the chamber contains six water- 

cooled Series III magnetron S-guns. All six magnetrons work in DC mode. Six 2.5 kW 

Advanced Energy power supplies control the cathode bias and two HP power supplies 

control the anode bias on guns 1-3, 4-6 respectively. It is not essential to apply anode bias 

but it can be used to increase the deposition rate. Guns 5 and 6 can also work in RF mode 

(2x Dresslar CESAR 300W RF supply & matching network) by connecting the RF directly 

to the gun or by connecting to an RF plasma ring directly above the guns. A pulsed DC 

power supply can be connected to gun 2 and there is also an ion mill for substrate cleaning.

Figure 2.2 The shamrock sputtering tool in the CIN SE class 1000 cleanroom

3 inch cup shaped targets are used in the system. Target change is a simple process and the 

system can be turned around in approximately fifteen minutes. One disadvantage o f the 

magnetron configuration evidenced by the Shamrock is inefficient target usage. Targets 

bum through around a central ring and then need to be replaced.
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Figure 2.3 Schematic of the shamrock

Chamber A is currently configured for 4-inch wafers but can handle up to 6 inch. 4 inch 

wafers are fitted into 4.5 inch square metal adapters and placed in a cassette that holds up 

to 16 wafers in the cassette module. Metal shadow masks can be placed in contact with the 

wafers in the adapter. A robot arm housed in the transfer module picks the wafers and 

transfers them to chamber A where they are placed, facing down, in one o f four substrate 

positions, or planets, on the turntable. During process the turntable rotates around its 

central axis while at the same time each planet rotates about its own axis resulting in the 

so-called planetary motion o f the substrates (Figure 2.4 left). This allows uniform 

deposition on 4-inch or 6-inch wafers from only 3-inch targets. Each substrate planet 

contains an integrated array o f permanent magnets with in-plane field strength o f 5 mT for 

growth-induced easy-axis (Figure 2.4 right). The chamber is equipped with a loader,
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which loads wafers from the robot arm to the planet and an aligner, which aligns planets 

correctly to receive the wafers. The loader and aligner can be used for in-situ 90-degree 

reorientation o f the samples in order to deposit magnetic multilayers with different 

magnetisation directions.

Figure 2.4 Schematic o f turntable showing planetary motion (left) and substrate 

planet with integrated magnetic array (right)

Typical base pressure in chamber A is 1 x 10'^ mbar. Process pressure (through 

introduction o f high purity Ar) is 3 x 10’̂  mbar. The chamber is reactive sputtering 

capable. Oxygen can be introduced through a special reactive gas ring above gun 5. This 

is typically used for the deposition o f tunnel barriers.

Film thickness is controlled by deposition time, and deposition rate is calibrated by 

measuring the thickness o f  calibration samples using X-Ray reflectometry (section 2.6). 

Typical deposition parameters are shown in Table 2.1.

49



Target
Deposition

pressure
(mbar)

Ar flow 
(seem) Gun number Power (watts) Deposition 

rate (A/s)

Ta 3 X 10'" 25 4 150 0.18
NigiFei9 3 X 10'" 25 6 150 0.24
CogoFeio 3 X 10'^ 25 3 150 0.19
Cu 3 x  lO'" 25 2 100 0.30
lr2oMngo 3 X 10'" 25 1 150 0.28
Ru 3 X 10-" 25 5 100 0.07

Table 2.1 Typical deposition parameters for the Shamrock

There are no shutters in chamber A. A bum-in with four dummy wafers is done 

immediately before deposition and then usually one o f the four dummies is replaced with a 

clean substrate for process. Up to four wafers can be processed at a time. The Shamrock 

tool was previously owned by Agere Systems Ltd. It was rebuilt and installed in TCD in 

2002 .

Chamber B was added to the Shamrock in 2005. It was designed specifically for the high 

temperature deposition o f oxide materials. It is also a sputter-up chamber. It has two DC 

cluster guns which each contain three 3-inch targets with shutters, two target-facing-target 

(TFT) guns for RF sputtering o f insulating materials and a Copra ion source for substrate 

cleaning and implantation. The chamber is capable o f reactive sputtering and substrates 

can be heated up to 800 °C during deposition. The base pressure o f the chamber is 10'* 

mbar. Wafers are loaded via the robot arm in the same way as chamber A. Separate 

computers control the processes in the two chambers. The spin valves discussed in this 

thesis were deposited in chamber A.
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2.2 Magnetoresistance measurements

For blank samples, resistance is measured using the standard four-point probe, in-line 

geometry (Figure 2.5). Contacts are pressure contacts with a fixed position on the sample 

surface. Contacts to samples deposited through shadow masks were made with silver 

paint. Resistance is measured in 4-point configuration using a computer-controlled set-up 

with a Keithley 2400 source meter. The field is generated by an electromagnet driven by a 

Kepco 10 amp bi-polar power supply. The maximum field attainable using this power 

supply is 170 mT. The field is applied parallel to the current direction and is measured by 

reading out the voltage from a Hall sensor attached to one o f the pole pieces o f the magnet. 

Samples requiring higher fields were measured in the superconducting magnet described in 

section 2.5.

♦ >

B

Figure 2.5 Four point magnetoresistance measurement

2.3 Noise Measurements

Noise measurements on patterned spin valve sensors and on the mixed sensor discussed in

Chapter 6 were carried out at the CEA, Saclay by M. Pannetier and C. Fermon. The

measurements were obtained in a simple four point DC configuration using a low noise
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battery to supply current to the sample and then reading the voltage fluctuations through a 

preamplifer as a function o f time. The specific details o f the noise measurements for the 

mixed sensor can be found in [2],

2.4 Superconducting Quantum Interference Device (SQUID)

A Quantum Design Magnetic Property Measurement System (MPMS) sample 

m agnetometer was used to characterise the magnetic properties o f thin films. A 

superconducting quantum interference device (SQUID) detection system is integrated with 

a temperature control unit, a high field superconducting magnet and the computer 

operating system. Liquid helium is necessary for refrigeration o f the superconducting 

components as well as for low temperature measurements. The exceptional sensitivity o f 

the magnetometer makes it ideal for thin film measurements where the signals are too 

weak for detection in a VSM. Measurements can be made between 1.7 and 800 K in a field 

o f up to 5 T, with a sensitivity o f 10 " Am^

2.5 Magnetic annealing

Magnetic annealing is a post-deposition technique used to establish or improve exchange

bias o f spin valves and FM/AFM bilayers. Spin valves are often annealed in relatively

small magnetic fields o f several hundred millitesla. For this work, an annealing furnace

was specifically designed and constructed to fit into a superconducting magnet in order to

anneal spin valves at fields up to 5.5 T. A schematic o f a cross-section o f the fiimace

inside the superconducting magnet is shown in Figure 2.6. The superconducting magnet is

a cryogen free Cryogenic Ltd. Magnet with a 100 mm room temperature bore. The magnet

is cooled to an operating temperature o f 7.5 K using a closed circuit Leybold helium

compressor. The magnet can be ramped remotely via a PC at various ramp rates up to a

maximum field o f 5.5 T. The field is parallel to the bore axis and the maximum field

inside the bore is positioned 280 mm from the top o f the magnet casing. The furnace was
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designed in collaboration with Magnetic Solutions Ltd. The furnace is essentially a quartz 

tube with a resistive heater wrapped around the outside. The tube is pumped by a Pfeiffer 

turbomolecular pumping station to a pressure o f 10'^ mbar. A sample rod was designed to 

fit into the quartz tube such that samples are placed at the central field point o f the magnet. 

Samples are inserted with their easy axis aligned with the field, parallel to the bore axis. 

Temperature is monitored and controlled using a Eurotherm 2416 temperature controller 

and a thermocouple fixed on the sample rod. Power to the heater from a 1 kW power 

supply is controlled by the temperature controller. The quartz tube is fixed inside a large 

metallic cylindrical water jacket designed to fit into the 100 mm bore o f the magnet. 

W ater is circulated continuously during process to avoid heating and quenching o f the 

magnet. The set-up was built from non-magnetic material and screwed rigidly to the 

magnet. This was done to avoid potentially damaging movement o f the furnace within the 

magnet at high field.

fiyoroolex

water
out

1
£
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Figure 2.6 Cross-section schematic of magnetic furnace inside superconducting 5.5

T Cryogenics magnet
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2.6 X-ray Diffraction

X-ray diffraction (XRD) is a widely used technique for materials characterisation due to 

the variety of structural infonnation, which can be obtained from it in a non-destructive 

manner. The wavelength of X-ray radiation is of the order of interatomic distances in 

typical crystal lattices. Thus a variety of X-ray scattering techniques exist for the 

characterisation of lattices by interference phenomena.

At large incident angles, X-rays are diffracted from different lattice planes in a crystalline 

film and constructively interfere to give peaks in the reflected intensity when Bragg’s law 

is satisfied:

where m is an integer designating the order o f reflection, A. the wavelength of x-ray 

radiation, 0 the angle of incidence and d the distance between lattice planes. X-ray 

diffraction of thin films yields information on lattice constants, textures and strains.

At low incident angles (1° < 0 < 10°) the X-rays are sensitive to larger distances such as 

film thicknesses in the nanometer range and the technique is called X-ray Refiectometry 

(XRR). In this configuration total external reflection will occur below a critical angle, 0c. 

The critical angle depends on the electronic density and refractive index o f the material. 

Above 0c, an interference pattern is formed between reflections from the film surface and 

from the film/substrate interface. This results in a series of maxima in the reflected 

intensity. The maxima positions can be determined in analogy to the Bragg positions in 

lattice diffraction. The Bragg equation at low angles can be approximated as:

mX = 2d  sin 0 (2 . 1)

(2 .2)

K2D)
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w here 0m is the position o f  the m*'’ fringe, D is the film thickness, X is the w avelength o f  X- 

ray radiation. Hence a plot o f  sin^Gm versus the order m o f  the peaks should give a straight 

line, the slope o f  w hich gives the film thickness [3],

X -R ay diffraction and reflectivity m easurem ents w ere perform ed in a Phillips X -Pert Pro 

system  using Cu-Ka radiation o f  w avelength X = 1.5406A. The schem atic o f  the system 

show ing its m ajor com ponents is shown in Figure 2.7. The film was aligned in the beam  

by adjusting the height and position o f  the sam ple stage. Fits to  the m easured data were 

generated using either the Phillips softw are W IN G IX A  or the freely available software 

called IM D [4]. An exam ple o f  a m easured curve w ith fit is given in Figure 2.8.

detector

divergence
^slit

monochromatorantiscatter,
slitattenuator

receiving
slitx-ray tube

sam ple

Figure 2,7 Schematic of XRR set-up

55



■ measured
0 . 0 1 -

Z3
CO
^  1E-3- 
‘w

I  1E-4,

IE-6
0.5 1.0 2.0 2.51.5

theta (deg)

Figure 2.8 Reflectivity curve with fit for a Au film of thickness 53nm

2.7 Polarised Neutron Reflectometry

Polarised neutron reflectometry is a technique which can be applied to magnetic 

multilayers in order to obtain structural information such as individual layer thicknesses 

and magnetic information such as layer resolved magnetisation vectors. Spin valves were 

characterised using PNR at the Laboratoire Leon Brillouin (LLB) [5] at Saclay, France, 

and the results are presented in Chapter 3. As the technique is not very well known, the 

basic principles of PNR are described in the following section (and in detail in [6]) and 

section 2.7.6 describes the PRISM reflectometer at LLB.

2.7.1 Principles o f  neutron reflectivity

The neutron is a neutral particle and can be described by a plane wave of wavelength X ,  

and a wave vector ko according to:

, 2;r (2.3)



and o f energy Eg:

^  (2 .4)
Efl = -------2m

Its wavefunction satisfies the Schrodinger equation:

T.r M A ^2.5)
2m dr

where m is the neutron mass, E its energy and V the interaction potential. The neutron is a 

spin 1/2 particle and can be in two spin states +1/2 or -1/2. When there is an external or 

internal magnetic field, an “up” neutron describes a +1/2 neutron aligned parallel to the 

field and a “down” neutron is -1/2 neutron antiparallel to the field.

2.7.2 Neutron-matter interaction

The two main interactions of the neutron are the strong interaction with the nuclei and the 

magnetic interaction with the magnetic moments. The neutron-nucleus interaction can be 

modelled by a potential of the form:

V , = b
X (2-6)

S{r)

where b is the neutron scattering length and depends on the nucleus and the nuclear spin of 

the nucleus. The magnetic interaction is the dipolar interaction of the neutron spin with the 

magnetic field created by the unpaired electrons o f the magnetic atoms and is given by:

(r) = ~H.B{r) = (2.7)

where g„ is the gyroscopic ratio of the neutron, fin is the neutron magnetic moment and a  is 

the Pauli operator associated with the neutron spin.
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2.7.3 Reflectivity on Non-Magnetic Systems

Neutron reflectivity on non-magnetic systems can be described using optical indices in a 

similar approach to the X-ray formalism. Consider a neutron beam, reflected by a perfect 

surface with an incident angle 0i as shown in Figure 2.9. The surface is defined by the 

interface between air (n= l) and a material with optical index n. The scattering wave 

vector, q, is given by q = kr - k; and the projection o f the scattering vector on the z axis is 

given by:

4;r . .  (2.8)

►

Figure 2.9 Schematic of axis notation used for reflection from a surface

Since the potential V is only z dependent, the Schrodinger equation reduces to the 1 

dimensional equation:

(2.9)

2m az

which can be written in the form o f a Helmholtz propagation equation as:

dr^

(2 . 10)
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with

and

k ' = ^ \ E - V ]

T /V  =  b p
m

(2 .11)

(2 . 12)

where p is the number o f atoms per unit volume. In the non-magnetic medium the general 

solution is given by:

(2.13)

The transmitted wave vector can be related to the incident vector using equation (2.11):

e ̂ '̂ \E-v\=ki-̂ 7tpb (2.14)

The classical Fresnel formulae can be used to describe the reflected and transmitted 

amplitudes:

r = -
sin 6I -  n sin 6̂  ̂
sin 6, + n sin

t =  -
2 sin 0, (2.15)

sin 0, + n sin 0^

From the optical index, it is possible to define a critical angle for total

reflection, 0c as:

(2.16)

In terms o f the scattering wave vector, the reflected intensity is given by:

R =
k . - k , r

(2.17)
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Figure 2.10 shows a reflectivity curve for a perfect silicon surface.
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Figure 2.10 Neutron reflectivity from a perfect silicon surface |6 |.

2.7.4 Neutron reflectivity on magnetic systems

If the system is magnetic, or if there is an external magnetic field on the sample, we need 

to take into account the spin o f the neutron. If  the magnetisation o f the system is aligned 

with the applied magnetic field and the quantization axis o f  the neutrons then it is possible 

to describe the situation using optical indices in a similar manner to the description above 

except that now the optical index depends on the magnetisation. This is presented in 

section 2.7.5 below. In the case where the magnetisation is not aligned with the 

quantisation axis o f the neutrons, it is not possible to use optical indices and the 

Schrodinger equation must be completely solved. This will not be described here.
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2.7.5 Interaction o f  the neutron with a magnetic layer 

The neutron magnetic interaction with a magnetic thin film is given by:

y  (2 . 18)

Where M,/ is the in-plane component o f the magnetisation o f the film and Bo is the external 

field. This highlights the main limitation o f PNR for the study o f magnetic films; it is only 

sensitive to the in-plane magnetisation.

Consider a magnetic thin film o f thickness d. If the magnetisation o f the film is parallel to 

the applied tleld and the neutron quantization axis then all the magnetisation components 

are parallel and no spin flip scattering can occur. The interaction o f a neutron with a 

magnetic film depends on whether the neutron spin is aligned parallel or antiparallel to the 

film magnetisation. We define the magnetic interaction potential V" when the neutron spin 

is parallel to the magnetisation and V  when it is antiparallel:

V =+g„M„cr-[^oM + B ]̂ (2 . 19)

It is possible to define a magnetic scattering length bM:

m  + g j  (2.20)
P

The total interaction potentials are then given by:

27^ 1-̂  _  (2 .21 )

The two potentials F"^and V correspond to the interaction potentials seen by neutrons 

polarised respectively parallel and antiparallel to the applied field.
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The optical index for neutrons parallel to the magnetisation is given by:

(2 .22)

and for neutrons antiparallel to the magnetisation by:

(2.23)

For the case o f  magnetic systems it is therefore possible to measure two reflectivity curves.

neutron spins aligned antiparallel to the applied field (a “down” curve, R”). Figure 2.11 

illustrates the reflectivity o f a magnetic thin film. The optical index is higher for “up” 

neutrons compared to “down” neutrons and two distinct critical angles can be measured. 

The thickness o f the film is determined by the spacing o f the interference fringes in the 

same way as X-ray reflectivity.

one for neutron spins aligned parallel to the applied field (an “up” curve, R"”") and one for

1E-3->
O

d  0 .01-
cc

0.1 -

IE-6.
0.0 0.5 1.0 1.5

Figure 2.11 Up and down reflectivities on a niclcel thin film |6].
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If the magnetisation of the film is not aligned with the neutron quantisation axis a spin flip 

signal appears. In this case an “up” neutron will be transformed to a “down” neutron upon 

reflection. This situation can only be described by solving the Schrodinger equation in 

each layer as described in [6].

2.7.6 The PRISM Spectrometer

PNR on spin valves was carried out on the PRISM (polarised reflectometer for the 

investigation of surface magnetism) spectrometer at the LLB in Saclay, France. This 

spectrometer is mounted on the cold guide G2 o f the Orphee neutron source at the LLB. 

The Orphee neutron source is a 14 MW steady state reactor generating a nominal flux of 3 

X 10'“* n/cm^. The spectrometer is especially adapted to the study of magnetic thin films 

and muhilayers to determine their in-plane magnetic structure. The following description 

of the system refers to the schematic in Figure 2.12. A detailed technical description of the 

spectrometer can be found elsewhere [7].

The spectrometer operates at a fixed wavelength of 0.43 nm. The neutron beam from the 

reactor is monochromated at point M and deviated away from the main guide at D. The 

focussing guide at C reduces the height of the beam to 15mm at the sample position. The 

beam is polarised by transmission polarisers at P to -1/2 neutrons. The beam can then be 

changed to +1/2 by turning on the flipper FI, or left as -1/2 depending on which 

measurement is being made. After reflection on the sample, the beam passes through 

another flipper F2, before passing to the reflection analyser and detector. A series of slits 

(S1-S4) collimate the beam throughout. The sample is aligned in the neutron beam and 

then the intensity reflected measured as a fiinction of the incident angle, 0. Four different 

measurements called (up-up), R” (down-down), R^' (up-down), R'^ (down-up) can be 

made depending on the polarisation of the incident and reflected beams. These
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measurements are arranged by appropriate switching o f the flippers. The R^‘ and R'^ 

measurements measure the spin flip intensity and are used when the sample magnetisation 

is not aligned with the neutron axis. An electromagnet around the sample position can be 

used to apply fields in the sample plane. A vacuum furnace (P <10 mbar) with a heater 

with range o f up to 800° C can be attached to the sample stage. Low temperature 

measurements can also be made with a cryostat. The typical reflectivity range is o f  the 

order o f 10  ̂ to 10  ̂ for a Icm^ sample and a typical reflectivity curve takes 12 hours for a 

full scan. Fits to the experimental data were generated using the program Simulreflec [8].

iKuIfon guide G2
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sM (SI) (0)
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{ I 1

analysef (A) j potanwr (P)
Side vww

Figure 2.12 Schematic of the experimental set-up: (a) top view, (b) side view. The 

different elements are: multilayer monochromator (M), deviator guide (D), focusing 

guide (C), collimation slits (S1-S4), flippers (FI and F2), transmission polarizer (P)

and reflection analyzer (A).
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2.8 Fabrication o f  small magnetic structures

Reliable and reproducible fabrication o f small magnetic structures is essential for the field 

o f spin electronics, both for investigation o f physical principles and for manufacture of 

marketable devices. The semiconductor industry has long established processes for the 

production o f integrated circuits at sub-micron dimensions. These techniques such as 

optical and e-beam lithography are now being used to make magnetic prototype devices at 

the laboratory level. The integration o f magnetic structures with semiconductor technology 

on a nanometer scale is a goal currently pursued with great vigour, particularly for 

applications in data storage and sensing device technology. In the case o f MRAM, 

magnetic devices and CMOS logic have merged and are currently an area o f  intense 

research at industry level.

2.8.1 Optical Lithography

Optical lithography is a frequently used method for creating micron-sized magnetic 

structures. The basis o f optical lithography is the transfer o f a pattern designed on a mask 

onto a photosensitive resist covering the sample. For patterning magnetic structures there 

are two scenarios. In standard patterning the magnetic layer or multilayer is first deposited 

on the substrate and the pattern defined afterwards though a combination o f 

photolithography and etching techniques. The alternative is the lift-off technique, whereby 

the pattern is defined in photoresist on a substrate and the magnetic layers are deposited on 

top and then partly removed by lift-off, leaving the required pattern. Optical lithography 

refers to the modification o f the photoresist properties upon irradiation and is termed ultra 

violet (UV), x-ray or electron beam depending on the radiation used. Photoresist is a 

polymer material sensitive to radiation and can be positive or negative. Positive resist 

becomes soluble after exposure to radiation. Hence the areas exposed are removed.
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N egative resist becom es less soluble after exposure so the unexposed areas are rem oved. 

Both positive and negative resists are available com m ercially.

In this w ork, UV lithography was used to m ake m icron-sized spin valve lines w ith contacts 

on top for transport m easurem ents. D efining the spin valve lines required a standard 

lithography process w hereby the sam ple to be patterned (i.e. the spin valve stack) was 

deposited first. Six steps w ere involved as detailed in Figure 2.13. First the spin valve 

was deposited on a clean 4 ” S i/S i0 2  w afer by sputtering in the Sham rock sputtering tool. 

The spin valve was then taken to the class 100 lithography cleanroom . Here the w afer was 

cleaned w ith acetone, IPA and DI w ater and baked at 115°C to rem ove w ater vapour on an 

EM S 1000 hotplate. Positive photoresist Shipley S I 813 was then spun on the w afer using 

an EM S 4000 spin coater w hich can spin from 1 to 9000 rpm and has 9 program m able 

steps. We used a 3 step process for spinning on 4” w afers w hich resulted in a resist 

thickness o f  ~1 |im . A fter spinning, the w afer was baked at 115°C for 2 m inutes to rem ove 

the solvent in the photoresist. The pattern was exposed through a photom ask using a Karl 

Suss M JB 3 m ask aligner w hich uses U V  light o f  w avelength X  =  250 nm. Photom asks for 

UV lithography w ere designed using KIC software. The m asks are quartz/chrom e and w ere 

m ade com m ercially in Japan. The resolution o f  the m ask aligner is 1 - 2 |im  and w hile 

these sizes can be achieved, the difficulty is in achieving uniform ity across a wafer. 

R esolution is also lim ited by vibrational noise and non-uniform ity in the resist. Exposure 

tim e in the m ask aligner w as typically 3.5 seconds. The exposed resist was rem oved 

using developer M F319 for 4 0 -6 0  seconds. The spin valve w as then etched using ion 

beam  etching (IBE) in a M illatron tool.
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1 Deposit  spin valve s tack  by 
sp u t te r in g  on a  clean 
Si/S i02(500nm ) w afer

4 Develop an d  r em o v e  
e x p o s e d  resis t

2 Spin p h o to re s is t  on to p  of 
t h e  spin valve and  bake

5 Etch spin valve using Ar ion 
e tching

3 Align m ask  to  su b s tra te  and 
e x p o se

6 Removal of p h o t re s is t  using 
a ce to n e

Figure 2.13 Six steps involved in the standard patterning procedure

Ion beam etching is a physical plasma process whereby ions are produced in a cavity and 

then accelerated to produce a relatively intense and homogeneous beam using an RF 

source. The ions effectively sputter away material not protected by photoresist on the 

sample. The advantage o f the technique is anisotropic etching with high aspect ratios for 

effective pattern transfer. The M illatron system consists o f a vacuum chamber with a 

rotational sample stage, an ion gun with an RF power supply, a DC supply which controls 

a magnet in the ion gun and a MFC with lets high purity Ar into the system. The base 

pressure o f the system is typically 2 x 10'^ mbar and the working pressure is 2 x 10'^ mbar 

using 20 seem o f argon. RF power o f 400 W is used with a magnet current o f  3.5 A. The 

sample is rotated in a planetary fashion at 45° to the ion beam and the etch rate is material 

specific. The disadvantage o f the system is the lack o f an end-point detection device.
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Etch-rates must be calibrated using AFM or profilometry on test samples, but can change 

over time. After etching in the Millatron, the final step is removal o f the resist using 

acetone.

In order to define the contacts on top o f the spin valve, a lift-off patterning process was 

necessary. In this case, the metallic layer is deposited after the photolithographic process as 

detailed in Figure 2.14. S1813 photoresist was respun on the patterned spin valve wafer 

and baked as before. The spin valve pattern contains several alignment crosses which are 

used to manually align the wafer with the mask for the next step in the mask aligner. The 

pattern is exposed after alignment for 3.5 seconds.

1 Spin res is t on p a t t e r n e d  2 Align p a t t e r n e d  a l ig n m e n t  3 T r e a t  in to l u e n e  a n d  th e n
s u b s t r a t e  a n d  b ^ e  c r o s s e s  to  m a s k  a n d  e x p o s e  d e v e lop  to  rem ov e  e x p o s e d

re s is t  lecwing u n d e r c u t  
s idew al ls

4 Meta lli se in S h am ro c k 5 Lift-off

Figure 2.14 5 steps for lift-off procedure

In order to assist lift-off o f the metal later-on, an extra development step is added. Treating

the S I813 resist in toluene before development alters the side-wall profile so that when the

resist is developed the side walls are undercut. This allows the resist and metal layer to be

more easily removed with acetone. Samples were dipped in toluene for 2 minutes and then
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developed for 40-60 seconds in MF319 developer. Wafers were then returned to the 

Shamrock for deposition o f Ta5nm/Cu50nm for the contacts. The Ta is used to promote 

adhesion on the SiOz. The metal was then lifted o f in acetone with ultrasonic.

2.8.2 Focused Ion Beam (FIB) tool

The FEI strata 235 dual beam FIB system consists o f both a scanning electron microscope 

(SEM) and a focused ion beam and is shown in Figure 2.15. The electron column is used 

as a standard SEM for imaging purposes and is also equipped with the Raith Elphy 

Quantum conversion for electron beam lithography and an EDAX detector for elemental 

analysis. The ion column is situated at 52 degrees to the electron column. The operating 

principle is similar to that o f the SEM except that a beam o f ions rather than electrons is 

rastered over the sample. The ions are field extracted from a liquid gallium source and are 

then accelerated, collimated and focused by a series o f apertures and electrostatic lenses. 

The accelerating potential typically varies from 5 - 30kV. Depending on the size o f the 

aperture used and the strength o f the lenses, beam currents from 1 pA - 50,000 pA with 

corresponding spot sizes o f approximately lOnm - 50nm can be produced. The beam is 

raster-scanned over the sample, which is mounted in a vacuum chamber at a pressure of 

around 10'^ mbar. When the beam strikes the sample, secondary electrons and ions are 

emitted from the surface. These electrons and ions are collected and used to generate an 

image o f the surface. Image contrast results from topographic contrast and differences in 

secondary electron yield for different materials. The resolution o f the system depends on 

the material being imaged and the spot size used. Optimum resolution is around 7 - 1 0  nm.
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Figure 2.15 The dual beam FIB tool in the Class 1000 cleanroom

The ion beam can be used to remove material from the sample. This ion beam milling 

process is used to create cross-sections for constructional and failure analysis of 

semiconductor devices and can be used to make samples for TEM analysis. Milling can be 

performed with the assistance o f small quantities o f  gas. Gas is bled into the system via a 

needle and is adsorbed onto the sample surface where it reacts with the ion beam and 

surface material, producing volatile compounds that are pumped away. The system can 

also be used to deposit metals and insulators onto selected areas o f a sample. This ion 

beam assisted deposition involves bleeding a suitable precursor into the chamber which is 

broken down by the scanning ion beam resulting in the metal (such as platinum) or 

insulator being deposited and the volatile products being pumped away. Ion beam 

lithography in resists such as PMMA is also possible in a similar manner to electron beam 

lithography. This has advantages in that the ion scattering in the resist and back scattering 

from the substrate are lower than in the case o f an electron beam [9].
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The capability to mill and deposit metals and insulators makes the FIB system highly 

versatile. One o f the main disadvantages o f the FIB as a milling tool is the effect o f  Ga"" 

ion implantation. With a dual beam system this effect is reduced because the electron 

column can be used for imaging and alignment but the implantation during milling still 

plays a role. The effect o f Ga^ ion implantation from direct FIB milling o f spin valves is 

discussed in Chapter 5.
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Chapter 3 

Characterisation of Spin Valves using 

Polarized Neutron Reflectometry

3.1 Introduction

Polarised neutron reflectometry (PNR) is a powerful tool for the investigation o f magnetic 

thin films and multilayers. The large magnetic coupling between the neutron and the 

magnetic moment means that precise measurements o f layer-resolved magnetic moment 

configurations can be obtained. The technique also yields precise information on the 

structural configuration such as individual layer thicknesses [1]. A variety o f  magnetic 

thin film systems such as superlattices and exchange bias systems have been studied using 

PNR [2] [3]. The reversal o f the free layer in a spin valve has been investigated by PNR 

[4], The purpose o f this work was to characterise top IrMn spin valves. This spin valve 

structure has been implemented in a mixed sensor used for femtotesla magnetic field 

measurement described in Chapter 6. A detailed characterisation o f the sample was 

therefore necessary. The aim was to determine the individual layer thicknesses o f the 

structure and the magnetic moment in |aB/atom o f  the free and pinned layers o f the spin
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valve. The thermal stability o f the spin valve was also investigated. Measurement o f the 

spin flip signal allowed the magnetic stability o f the pinned layer to be determined. The 

evolution o f the crossed anisotropy configuration was followed as a function of 

temperature and applied magnetic field and reflectivity measurements at elevated 

temperatures were used to assess the long term stability o f the structure.

3.2 Structural and magnetic characterisation o f  spin valves

3.2.1 Deposition and Magnetotransport

Spin valves o f structure:

Ta(5nm)/NiFe(3.5nm)/CoFe( 1.2nm)/Cu(2.9nm)/CoFe(2.5nm)/IrMn{ 1 Onm)/Ta( 1 Onm) 

were deposited on 4 inch Si/Si02(500nm) wafers in the Shamrock deposition tool. The 

spin valves were deposited with the anisotropy axes o f the free and pinned layers 

perpendicular to one another. This was achieved by depositing in a field o f 5 mT and 

rotating the sample by 90 degrees after the deposition o f the Cu spacer layer. Deposition 

was at room temperature. The free layer reversal o f the spin valve is shown in Figure 3.1 

where the field is applied parallel to the pinned layer.

The crossed anisotropy configuration o f the spin valve results in coherent rotation o f the 

free layer during reversal and a near-linear response with very low coercivity. These 

properties will be ftirther enhanced when the spin valve is patterned to smaller dimensions. 

The magnetoresistance ratio o f the structure is 8 %. The coupling between the free and 

pinned layers results in an offset from zero field o f 0.4 mT.
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Figure 3.1 Free layer reversal of crossed anisotropy spin valve structure 

Ta(5nm)/NiFe(3.5nm)/CoFe(1.2niTi)/Cu(2.9nm)/CoFe(2.5nm)/IrMn(10nm)/Ta(10nm)

3.2.2 Structural characterisation using X-Ray Reflectometry

Structural knowledge o f the sample gained from another technique such as X-ray 

reflectivity is helpful when analyzing neutron reflectivity data. The X-ray reflectivity 

curve o f the spin valve structure was measured as described in Chapter 2. The resulting 

curve with best fit is shown in Figure 3.2. From the XRR results we see that the 

thicknesses o f the layers are close to the nominal values within the error. The curve is fit 

assuming that top 1 nm o f the spin valve is oxidized. The lOnm Ta cap layer is more than 

enough to protect the spin valve. The XRR results also show that the roughness o f the spin 

valves is low and the samples are o f high structural quality.
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Figure 3.2 XRR curve with fit of spin valve structure of Figure 3.1.

From the fit to the data, the layer thicknesses shown in Table 3.1 were determined.

Ta NiFe CoFe Cu CoFe IrMn Ta oxide
Thickness 
(nominal) in 
nm

5 3.5 1.2 2.9 2.5 10 10 0

Thickness 
(fit) in nm

5
(±0.5)

3.0
(±0.5)

1.5
(±0.2)

2.9
(±0.2)

2.7
(±0.2)

10.2
(±0.2)

oo 
o 0.5

(±0.5)

Table 3.1 Spin valve layer thicknesses as determined by fit to the x-ray 

reflectivity curve in Figure 3.2

76



3.2.3 Structural and magnetic characterisation using PNR

Polarised neutron reflectivity o f  the spin valve was carried out at the PRISM reflectometer 

at the LLB as described in Chapter 2. Spin valves with NiFe free layer thicknesses o f 2 nm 

and 5 nm were also studied. Figure 3.3 shows the measurement configurations. A field o f 

5 mT was applied to saturate the magnetisation o f the free layer parallel or antiparallel to 

the pinned layer and the reflectivity curves were measured in both configurations. As all 

o f  the magnetisation o f the sample is aligned with the magnetic field and neutron axis, no 

spin flip signal is present in this configuration. The and R" cross sections were 

measured and fit using the program Simulreflec [5] in order to determine the thickness and 

composition o f each layer and the magnetisation in ^B/atom o f the magnetic layers. Figures 

3.4 -3.6 show the resulting reflectivity curves with fits for three spin valves with different 

IMiFe free layer thicknesses.

Figure 3.3 Schematic showing spin valve measurement configuration for and 

R" intensities for free and pinned layer parallel (left) and free and pinned layer

antiparallel (right).
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From the fit to the data we can see that the thicknesses o f the individual layers are within 

10 % of their nominal values. The high structural quality o f the samples is indicated by the 

presence o f  oscillations at high angles. The magnetic moment o f CoFe layers is around 1.5 

lae/atom and NiFe is 1 ^s/atom. The magnetic moment o f the NiFe layer does not change 

as the thickness o f the layer is changed.

fit R 
fitR “

0.01

M—
0)

antiparallel

IE-7
0.0 0.5 1.0 1.5 2.0 2.5

qz(nm‘^

Ta NiFe CoFe Cu CoFe IrMn Ta oxide
Thickness 
(nominal) in 
nm

5 2 1.2 2.9 2.5 10 10 0

Thickness (fit) 
in nm

5
(±0.5)

2.3
(±0.2)

1.2
(±0.2)

2.4
(±0.2)

2.7
(±0.2)

10.4
(±0.2)

10.9
(±0.5)

1.0
(±0.5)

Magnetisation 
(fit) in lis/atom

0 1.0
(±0.2)

1.6
(±0.2) 0 1.6

(±0.2) 0 0 0

Figure 3.4 Reflectivity curves for spin valve with tNiPe = 2 nm in the parallel (a) 

and antiparallel (b) configuration. Red squares R ^ , blue squares R” , best fit in red 

and blue lines. Table showing spin valve structure as determined by fits to the

reflectivity curves.
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IE-7
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Ta NiFe CoFe Cu CoFe IrMn Ta oxide
Thickness 
(nominal) in 
nm

5 3.5 1.2 2.9 2.5 10 10 0

Thickness (fit) 
in nm

5
(±0.5)

3.2
(±0.5)

1.2
(±0.2)

2.7
(±0.2)

2.9
(±0.2)

10.4
(±0.2)

10.9
(±0.5)

1.0
(±0.5)

Magnetisation 
(fit) in |iB/atom 0 1.0

(±0.2)
1.6

(±0.2) 0 1.6
(±0.2) 0 0 0

Figure 3.5 Reflectivity curves for spin valve with tNiFe = 3.5 nm in the parallel (a) 

and antiparallel (b) configuration. Red squares R ^ , blue squares R” , best fit in red 

and blue lines. Table showing spin valve structure as determined by fits to the

reflectivity curves.

fitR
fitR"

(a) parallel

(b) anti-parallel
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fit R 
fitR'

(a) parallel

0.011

IE-3.

1E-5-,

IE-6.
(b) anti-parallel

IE-7-1—
0.00 0.25 0.50 0.75 1.00

qz(nm''')

Ta NiFe CoFe Cu CoFe IrMn Ta oxide
Thickness 
(nominal) in 
nm

5 5 1.2 2.9 2.5 10 10 0

Thickness (fit) 
in nm

5
(±0.5)

4.6
(±0.2)

1.2
(±0.2)

2.9
(±0.2)

2.7
(±0.2)

10.2
(±0.2)

10.0
(±0.5)

1.8
(±0.5)

Magnetisation 
(fit) in piB/atom

0 0.9
(±0.2)

1.5
(±0.2) 0 1.5

(±0.2) 0 0 0

Figure 3.6 Reflectivity curves for spin valve with tNiFe = 5nm in the parallel (a) and 

antiparallel (b) conflguration. Red squares R ^ , blue squares R” , best fit in red and 

blue lines. Table showing spin valve structure as determined by fits to the reflectivity

curves.



3.2.4 Measurement o f  the spin valve thermal stability

The neutron spin flip signal is sensitive to components o f the magnetisation perpendicular 

to the applied field. This can be used to study magnetisation directions as a function of 

field or temperature. The tNiFe=3.5 nm spin valve was placed in the spectrometer in a 

vacuum furnace with a resistive heater and pumped down to 10'^ mbar. The easy axis of 

the pinned layer was arranged perpendicular to the neutron quantization axis and a field of 

1.3 mT was applied to saturate the free layer perpendicular to the pinned layer. The 

measurement configuration is shown schematically in Figure 3.7. In this configuration, a 

spin flip signal from the pinned layer should be measurable. In theory four cross-sections 

are measurable; R' R'^, and R^‘. In practice, the R^' cross section is not measured as 

it should be identical to R'^ for moderate external magnetic fields. Furthermore, it involves 

using both neutron flippers and a larger error is associated with the measurement.

p̂inwd

Figure 3.7 Schematic showing spin valve configuration for spin flip measurement

The R"̂ ,̂ R“ , and R'^ signals were first measured at room temperature. The resulting 

reflectivities in an applied field o f 1.3 mT are shown in Figure 3.8. The presence o f the 

spin-flip R’̂  curve indicates that the free and pinned layers are not collinear. The spin-flip 

signal shows a maximum at around 0.25 degrees theta. The amplitude o f this maximum is 

indicative o f the angle between the magnetisation o f the pinned and free layers.
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Figure 3.8 Spin valve reflectivity with spin flip for tNiFe = 3.5nm at room  

temperature with a 1.3mT applied field along the easy axis of the free layer, 

perpendicular to the pinned layer.

The ampHtude o f the spin flip maximum at 0 = 0.25 was then measured as a function as the 

applied field along the easy axis o f the free layer at room temperature. The resulting curve 

is shown in Figure 3.9. From this, it is clear the pinned CoFe layer begins to rotate at very 

small perpendicular applied fields and at an applied field o f 6 mT, the spin flip signal has 

already decreased by half. This suggests that the CoFe layer is not very strongly pinned. 

One possibility is that not all o f  the thickness o f the CoFe is pinned and part o f it rotates 

with the field, creating a rotation within the film. The gain in energy from adopting this 

configuration is the Zeeman energy, -  M/UqH  cos{0), where 0 is the angle between the

magnetisation, M, and the applied field /jqH. This gain will be much less than the cost of
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exchange energy + J c o s ^ i9  used to create a rotation o f  the C oFe m om ents w ithin the 

thickness o f  the film. It is m ore likely that the pinning across the area o f  the film is 

inhom ogeneous and w eakly pinned areas rotate w ith the field creating dom ains w ithin the 

film. The stability o f  the m agnetisation o f the pinned layer against m agnetic fields along 

directions o ther than its easy axis is im portant for sensor applications.

0.20

0 .15-

> . 0 . 10 -

0 .05-

0.00
2 4 6 8 100

^oH(mT)

Figure 3.9 Intensity of the spin flip signal at 0.25 theta as a function o f the 

magnetic field applied along the easy axis of the free layer

The am plitude o f  the spin flip signal as a function o f  the field applied along the easy axis 

was then follow ed as the tem perature o f  the furnace was increased. The tem perature o f  the 

furnace heater was program m ed to increase in approxim ately 10 °C steps from room 

tem perature to 215 °C.  W hen the read out o f  the therm ocouple had stabilized the 

spectrom eter m easured the spin flip signal as function o f  applied field. The resulting
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curves for different temperatures are shown in Figure 3.10. From these curves, it is clear 

that the intensity o f the spin flip maximum decreases as the temperature is increased. This 

shows that the CoFe pinned layer rotates more easily towards the free layer as the 

temperature is increased. Between 190 °C and 200 °C, the spin flip maximum disappears. 

At this point the exchange coupling between the IrMn and the CoFe has broken down and 

the pinned later has rotated and is nearly parallel to the free layer. At 200 °C, the shape o f 

the spin flip curve has changed due to the fact that the blocking temperature o f the IrMn 

has been reached. The pinned layer has undergone a complete and irreversible rotation at 

this point. The spin flip signal is not restored after cooling the sample back to room 

temperature. This experiment reveals that the blocking temperature o f the IrMn layer in 

these spin valves is around 200 °C. This is lower that values o f up to 250 °C for IrMn 

reported in the literature and limits the high temperature applications o f these structures.

0.20

0 .18- 25°C
50°C
79°C
105°C
115°C
125°C
135°C
146°C
158“C
170°C
180°C
190°C
200°C
210°C

0 .16-

0 .14-
D 0.12cc
>%

0.10</)c
Bc 0 .08-

0 .06 -

0 .04 -
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0.00
12 142 4 6 8 10

HOH (m l)

Figure 3.10 Intensity of the spin flip signal at 0 = 0.25 as a function of the magnetic 

field applied along the easy axis of the free layer for furnace temperatures from 25 °C

to 210 °C.
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With the magnetisation o f the free and pinned layers aligned parallel to one another, as 

shown in Figure 3.3(left), the temperature o f the furnace was left at 185°C overnight and 

the reflectivity curve measured at 3 hour intervals. The purpose o f this was to assess any 

structural changes in the spin valve over time at elevated temperatures. The 

magnetoresitance and exchange bias o f spin valves can deteriorate after prolonged 

temperature treatments due to interdiffusion between layers and an increase in roughness. 

In spin valves with Mn-based antiferromagnets, Mn diffusion to the active CoFe/Cu/CoFe 

region is a particular problem [6]. Diffijsion o f atoms and an increase in roughness would 

manifest as a change in the neutron reflectivity curve o f the sample over time. Figure 3.11 

shows the room temperature reflectivity curve for the spin valve and the curves at 185°C 

measured at 3 hour intervals throughout the night. No significant change in the reflectivity 

curve is evident. From this we can conclude that at this temperature, the spin valve has not 

undergone significant structural changes.

0 .

-  • 3 hrs R "
3 hrs R "

1 E -6 ^

1E-7
0.0 0.5 1.0

q z (n m '^
1.5 2.0

Figure 3.11 Reflectivity curves for spin valve heated at 185°C overnight.
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3.3 Conclusion

Spin valves have been characterised using polarized neutron reflectometry. The individual 

layer thicknesses and magnetic moments o f the free and pinned layers have been 

determined with sub-nanometer resolution. The layer thicknesses are in good agreement 

with the nominal values and the structural quality o f the samples is high. The stability o f 

the pinned layer in the presence o f magnetic fields perpendicular to the exchange bias 

direction was assessed by measuring the spin flip signal as a function o f field applied along 

the easy axis o f the free layer. This has shown that at room temperature, part o f the CoFe 

layer can rotate away from the exchange bias direction at very small fields. This suggests 

that the pinning is not very stable and is inhomogeneous. This has implications for 

application o f the structure where fields perpendicular to the exchange bias direction are 

present, in measurements o f the Earth’s magnetic field for example.

The thermal properties o f the spin valve were determined by analysis o f the neutron spin 

flip signal as a function o f temperature and magnetic field. At elevated temperatures, the 

pinned layer gradually rotates towards the free layer and the crossed anisotropy 

configuration o f the spin valve is compromised. At 200 °C a complete and irreversible 

rotation o f  the pinned layer has occurred as the blocking temperature o f  the frMn layer has 

been reached. The exchange bias is not restored after cooling to room temperature. The 

blocking temperature o f 200 °C is lower than previously reported values for IrMn and 

therefore the high temperature applications o f the structure are limited. The structural 

integrity o f the spin valve stack was maintained after prolonged heating below the blocking 

temperature at 185 °C. At this temperature, significant interdiffusion o f the layers does not 

occur. This characterisation provides essential information for the implementation o f these 

structures as sensors.
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Chapter 4 

Influence of the Annealing Field Strength 

on Exchange Bias and Magnetoresistance 

of Spin Valves with IrMn

4.1 Introduction

For read head and other magnetic sensor applications, magnetic spin valve stacks with 

large exchange bias field {Hex) and high magnetoresistance (MR) values are required. Spin 

valves with a CoFe/IrMn top layer usually exhibit good magnetotransport characteristics in 

the as-deposited state, whereas spin valves with an IrMn/CoFe bottom layer normally 

require magnetic field annealing to establish large exchange bias. After magnetic 

annealing, however, the exchange bias field o f bottom-pinned films often exceeds that o f 

top-pinned films [1,2,3]. The reasons for this discrepancy and, more generally, the origin 

o f the exchange bias effect have been studied in detail. Many groups have found a strong 

correlation between Hex and the degree o f crystalline texture [1,2,3,4,5]. Particularly in the 

case of bottom spin valves with IrMn, it have been observed that the exchange bias and the 

degree o f (111) texture improves after annealing. In other work however, a correlation



between these parameters was not found and the exchange bias was attributed to structural 

parameters such as grain size [2,6,7,8] and interface roughness [2,9], Ro et al concluded 

that Hex is not related to (111) texture but depends on the grain size and morphology at the 

interface. Pakala et al investigated the effects o f roughness, grain size and texture on 

IrMn/CoFe bilayers. By using different underlayers and varying the roughness they 

discovered that the exchange bias o f the top configuration decreases with increasing 

roughness and no correlation with (111) texture was observed. In contrast the exchange 

bias o f the bottom structures was correlated to (111) texture but not with roughness. Some 

authors argue that the difference between the top and bottom configurations is a magnetic 

effect resuhing from the deposition configuration. Usually, top and bottom-pinned 

configurations are deposited in a small magnetic field (~ 5 mT). The higher exchange bias 

o f the as-deposited top-pinned structure can be attributed to the growth o f  the 

antiferromagnet on a saturated magnetic layer resulting in a more oriented FM/AFM 

interface. In the case o f the bottom-pinned structures however, the ferromagnet to be 

pinned grows on top o f a randomly oriented antiferromagnet and the interface is less 

oriented. Malinowski et al [10] argue that the magnetic nature o f the FM/AFM interface is 

imprinted during deposition and determines the subsequent field annealing effect. The 

interface o f the poorly oriented bottom-configuration is more easily altered with 

subsequent annealing treatments whereas the magnetic configuration o f the top-pinned 

interface is locked and not easily altered with fiirther annealing. This suggests that 

deposition in a magnetic field may not be the route to high exchange bias and also that the 

strength o f the annealing field may have an influence post-deposition. The magnetic field 

annealing experiments in most studies is focused primarily on the optimisation o f the 

annealing time and temperature. On the other hand, the influence o f the annealing field 

strength on exchange bias and MR is less well studied. In fact, it is common practice to 

anneal laboratory spin valve stacks in relatively small magnetic fields o f several hundred
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mT. Much larger fields, in the range 1 - 5 T, are used for industrially produced read-heads. 

It is generally believed that the exchange bias is predominantly determined by the 

magnetisation state o f the ferromagnetic layer and that the strength o f the annealing field is 

irrelevant as long as it saturates the ferromagnetic layer [11,12], Reports to the contrary 

include a study on NiFe/CoO bilayers where the exchange bias was studied as a function o f 

the applied cooling field when cooling below room temperature and was found to 

increase with increasing cooling field [13]. In a study on IrMn/CoFe bilayers by van Driel 

et al [3] it was found that the exchange bias was considerably enhanced after cooling from 

580 K in a 2.5 T field as compared to cooling from 460 K or 620 K in a 19 mT field. The 

authors expect that the positive effect o f the larger applied field on the exchange bias 

interaction is possibly due to a direct influence on the magnetic moments in the 

antiferromagnetic layer itself

In this chapter, the influence o f the annealing field strength on the exchange bias and MR 

o f  four different types o f spin valves is examined. The annealing field in our experiment 

ranges from 0.05 T to 5.5 T. In particular, we find that annealing fields o f several T can 

improve the magnetotransport properties o f spin valves with an IrMn-pinned ferromagnetic 

layer at the bottom.
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4.2 As-deposited spin valves

The four different spin valve structures under investigation are shown in Figure 4.1. The 

spin valves were grown by dc magnetron sputtering at room temperature on Si0 2  

substrates in the Shamrock deposition system. To establish exchange bias, an in-plane 

magnetic field o f 5 mT was applied during deposition. The structures were deposited in 

the parallel anisotropy configuration, i.e. the exchange bias direction and the growth 

induced easy axis o f the free layer were parallel.

(b) 5 nm T a \ . ^
3,5 nm NiFe

10 rtm IrMn 1 5 nm CoFe
2.9 nm Cu

2,5 nm CoFe2.5 nm Cohe
2.9nm C u

10 nm IrMn1 5 nm CoFe
3,5 nm NiFe

(d)
3.6 nm NiFe

10 nm IrMn 1 5 nm CoFe
2,9 nm Cu

2 nm  ̂5 nm 6of^e
LI / nm Ru I y . /  nm Hu

2 5 nm CoFe
2 .9nm C u

1 5 nm CoFe 10 nm IrMn
3.5 nm NiFe

^_5nmTaJH 1 ‘ 5 nm Ta

Figure 4.1 Spin-valve structures: (a) top spin valve (TSV), (b) bottom spin valve 

(BSV), (c) synthetic antiferromagnetic top spin valve (SAFTSV), and (d) synthetic 

antiferromagnetic bottom spin valve (SAFBSV).

The magnetotransport and SQUID data for the as-deposited TSV and BSV structures are

shown in Figure 4.2. For the top spin valve (Figure 4.1a,b) at high negative fields the

magnetisation of the free and pinned layers are saturated with the field and the resistance is

low. At close to zero field, the magnetisation of the free NiFe/CoFe bilayer switches and

the resistance increases. The coercivity o f the free layer (He) is 0.25 mT and the

magnetoresitance ratio at this point is 7.4 %. At a higher positive field, the magnetisation
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of the pinned layer gradually rotates with an exchange field {Hex) o f  34 mT. The exchange 

bias o f  the structure can be described according to equation (1.11).

I f  _  ex
M  t
^  FM  ^F M

This gives a value 0.125 mJ/m^ for the exchange coupling energy Jex for these structures. 

Values ranging from 0.12 mJ/m^ to 0.4 mJ/m^ have been reported for the CoFe/frMn 

interface in the literature [14].

(d)
0.5-

S  -0.5-

-200 -100 0 200-200 -100 0 100 200100

Figure 4.2 Magnetotransport and SQUID magnetisation curves for the as- 

deposited TSV ((a) and (b)) and BSV ((c) and (d)) structure.

The switching o f the BSV structure is less well defined in the as-deposited state (Figure 

4.1c,d). The exchange bias field is only 23 mT and the coercivity o f the free layer is 7 mT. 

The drastically smaller difference between Hex and He for the bottom-pinned spin valve 

leads to simultaneous magnetisation reversal o f the free and pinned ferromagnetic layers.
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This means that a full antiparallel configuration o f the layers is not realized and the MR is 

reduced to only 5.0 %.

The magnetotransport and SQUID curves for the SAFTSV and SAFBSV structures are 

shown in Figure 4.3. The basic structure o f the top SAF spin valve is 

F/Cu/APl/Ru/AP2/AFM  where F is the free layer and API and AP2 are two CoFe layers 

antiferromagnetically coupled through a thin Ru layer. The coupling across the CoFe 

layers oscillates from ferromagnetic to antiferromagnetic with the thickness o f the Ru 

layer. One o f the CoFe layers, AP2, is exchange biased by an adjacent antiferromagnetic 

layer, AFM. In Figure 4.3a, the arrows indicate the magnetisation directions o f F (bottom 

arrow), API and AP2 (top arrow) during reversal for the top SAF structure.

'pin

'ex.eff

0 .5 -

^  - 0 .5 -

- 1.0 - 0.5 0.0 0.5 1.0 - 0.5 0.0 0.5 1.0

(T) Mq H (T)

Figure 4.3 Magnetotransport and SQUID magnetisation curves for the as- 

deposited SAFTSV 1(a) and (b)| and SAFBSV [(c) and (d)] structures.
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In region 2 at close to  zero fields, A PI and AP2 are coupled antiferrom agnetically. The 

application o f  a sm all positive field sw itches the m agnetisation o f  the free layer. A t this 

point (region 3), m axim um  antiparallel alignm ent is obtained and the M R  o f  the structure 

reaches its peak value o f  8 %. A t h igher positive fields the antiferrom agnetic coupling 

between A PI and A P2 is gradually overcom e as A P I sw itches and the m agnetisations o f  

all the layers are aligned with the field at region 4. Between regions 2 and 3, the pinned 

layer AP2 reverses against the coupling to the antiferrom agnet and the coupling through 

the Ru layer and a spin flop transition occurs w ith a small increase in resistance.

The effective exchange bias field o f  this structure, H e^ex, m easured at the positive field 

w here the MR has decreased by h a lf  its m axim um  value, is 112 mT. At this field, A PI 

gradually overcom es the antiferrom agnetic coupling energy, J ru, w ith AP2 across the Ru 

layer. The effective exchange field can be approxim ated by [15]:

Jn. (4-1)

which gives a value o f  0.33 mJ/m^ for the exchange coupling across the Ru layer. This is 

considerably larger than the exchange coupling at the CoFe/IrM n interface o f  the standard 

spin valve and explains w hy the pinning field o f  the SAP spin valve is higher. W hen AP2 

reverses at negative fields (betw een regions 1 and 2 in Figure 4.3a), it does so against the 

exchange coupling energy w ith the antiferrom agnet, Jex and the exchange energy across the 

Ru layer J ru. The field is often called the pinning field Hpi„ and can be estim ated from:



Inserting our values for J  and Jex gives a calculated value o f 160 mT for Hpin. This is 

consistent with the experimentally observed switching fields in the SQUID and transport 

curves o f Figure 4.3a,b. This simple model can be used to understand the switching o f  the 

different layers o f  the SAF structure. A fiill analytical calculation o f the magnetoresistive 

response o f spin valves with a SAF can be found in [16].

The switching o f the bottom spin valve with a SAF is not well defined in the as-deposited 

state (Figure 4.3c,d). The exchange bias direction is not well established and the free layer 

coercivity is large. The free and pinned layers switch simultaneously in a similar manner 

to the standard bottom spin valve leading to reduced MR o f 6.8 %. The as-deposited MR 

o f both structures with the SAF is higher than that o f  the standard structures.

4.3 Influence o f  the annealing temperature

The effect o f annealing temperature on the exchange bias and magnetoresistance o f the 

spin valves was investigated. Post-deposition magnetic annealing was performed in a 

vacuum furnace which was specifically designed to fit into a superconducting magnet as 

described in Chapter 2. The annealing field and temperature were varied from 0.05 T to 

5.5 T and 180 °C to 300 °C respectively. The typical temperature and field ramp-up time 

was 30 minutes, after which the samples remained at the annealing temperature for 1 hour. 

Thereafter, the samples were field cooled to room temperature. The annealing field was 

aligned parallel to the growth-induced exchange bias direction. The spin valves were first 

annealing at a constant field o f 5.5 T and varying temperatures in order to determine the 

optimum temperature for the subsequent effect o f annealing field experiment.
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Field annealing for one hour in a magnetic field o f  5.5 T changes the MR and the exchange 

bias field o f both the TSV and BSV structures. Figure 4.4 shows the dependence o f Hex and 

MR on the annealing temperature. Both the exchange bias field and the M R o f the top- 

pinned spin valve decrease upon magnetic field annealing. While the exchange bias field is 

approximately independent o f the annealing temperature {pioHex ~ 25 mT), the MR 

decreases monotonically with increasing annealing temperature from 7.3 %  at 180 X  to 

3.5 % at 300 °C. Contrary to the TSV structure, the exchange bias field and MR o f  the 

bottom-pinned spin valve increase upon magnetic field annealing. For the BSV structure 

fUoHex = 40 mT after annealing at 180 °C, which is larger than the exchange bias field o f  the 

TSV structure before annealing. However, above 180 °C the exchange bias field decreases 

monotonically with increasing temperature and finally it becomes smaller than its pre­

annealing value when the annealing temperature is larger than 270 °C. The MR of the BSV 

structure is about 8.5 % independent o f the annealing temperature and the coercivity o f  the 

free CoFe/NiFe bilayer is 7 mT.

The experiments reveal that the exchange bias field and the MR o f the BSV structure are 

larger than that o f the TSV structure after magnetic field annealing. Although the 

difference in exchange bias between IrMn bottom-pinned and IrMn top-pinned bilayers has 

often been attributed to the degree o f (111) film texture [1,2,3,4,5], we found no evidence 

for this in our experiments. XRD measurements on the as-deposited and annealed samples 

reveal that the IrMn layer in the top structures is (111) textured, but no (111) peaks were 

measured on the bottom spin valve films. This clearly indicates that a (111) crystalline 

film texture is not an essential prerequisite for large exchange bias fields. The magnitude 

o f the exchange bias in the TSV and BSV structures is more likely determined by grain 

size, interface roughness, and defects at the CoFe/IrMn interface and in the IrMn bulk. 

The lack o f (111) texture in the bottom structures can explain the large coercivity o f the
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free layer as growth o f a free layer with (111) texture leads to good soft magnetic 

properties [17].
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Figure 4.4 Annealing temperature dependence of the exchange bias field (a) and 

MR (b) of the TSV and BSV structure. The annealing field was 5.5 T. The filled 

symbols indicate the as-deposited values.

Another remarkable difference between the TSV and BSV structures is the dependence o f 

the MR on the annealing temperature. While the MR of the bottom-pinned spin valve is
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approxim ately constant for annealing tem peratures betw een 180 °C and 300 °C, the M R o f 

the top-pinned spin valve decreases rapidly w ith tem perature. Since the M R originates 

predom inantly from  spin-dependent electron scattering at the C oFe/Cu interfaces, any 

change in MR indicates a therm al m odification o f  these interfaces. The diffusion o f  Mn 

atom s from the IrM n layer to  the C oFe/Cu interfaces is a therm ally activated process that is 

different for TSV and BSV structures. Top-pinned C oFe/IrM n interfaces have been found 

to be less stable against M n outdiffusion than bottom -pinned IrM n/CoFe interfaces [18]. 

The decrease o f  M R for the TSV structure can therefore be due to  M n diffusion tow ards 

the C oFe/Cu interfaces. The onset o f  this effect appears to  be at tem peratures close to  210 

°C. This is consistent with the results from the polarized neutron reflectom etry experim ent 

reported in C hapter 3 w here structural deterioration o f  the top spin valve was not evident at 

a tem perature o f  185 °C. A sim ilar M n diffusion related deterioration o f  the M R  has been 

m easured on m agnetic tunnel junctions w ith a CoFe/IrM n top electrode [19,20].

A nnealing at 210 °C in a 5.5 T  field does not have a large effect on the SA FTSV  (Figure 

4.9a). The exchange field is slightly reduced and the M R rem ains alm ost the same. The 

effect on the SA FBSV  is m ore pronounced w ith a large increase in M R from  6.8 % to 9.1 

%  and an increase in exchange field (Figure 4.5b). However, sim ultaneous sw itching o f  

the free and pinned layers still occurs after annealing and the exchange bias is not fiilly 

established. Figure 4.6 shows the tem perature dependence o f  the M R and the exchange 

bias field for the SAF structures. H e x  and M R o f the top structures decrease as the 

tem perature is increased. The M R decreases w ith increasing tem perature from 8.1 %  to 

5.2 %. The decrease in M R w ith tem perature is not as pronounced as the decrease for the 

standard spin valve. The reduction o f  M R o f  the structure is likely to be due to Mn 

difftision into the active region, as in the case o f  the TSV. The effect o f  diffiasion is 

expected to be som ew hat dim inished in these structures as the Ru layer can act as a barrier
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to the Mn [21], Hence the SAF structure is more thermally stable with MR o f 5.2 % after 

annealing at 300 °C compared to only 3.5 % for the TSV. The MR of the BSVSAF 

structure increases after annealing to over 9% and remains higher than its as-deposited 

value and higher than the MR o f the top pinned SAF structure at all temperatures. Overall, 

Hex is lower than the as-deposited value after annealing. The values o f Hex are calculated at 

half the value o f the MR. In the case o f the SAFBSV, this value is a combination o f the 

switching o f the free and pinned layers and is not fully representative o f the exchange bias.
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Figure 4.5 Magnetotransport curves for SAFTSV (a) and SAFBSV (b) as- 

deposited and after annealing at 210 °C in a field of 5.5 T.
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Figure 4.6 Annealing tem perature dependence of the exchange bias field (a) and 

MR (b) of the SAFTSV and SAFBSV structures. The annealing field was 5.5 T. The 

filled symbols indicate the as-deposited values.
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4.4 Influence o f  the annealing field

Based on the effects o f anneahng temperature on the spin valves, the temperature was 

fixed at 210 °C in order to study the influence o f the strength o f the annealing field. The 

annealing field was varied from 0.05 T to 5.5 T. Figure 4.7 shows the SQUID 

magnetisation curves and magnetotransport loops for the TSV structure before and after 

magnetic field annealing. The exchange bias field and MR o f the top-pinned spin valve 

decrease upon annealing and the deterioration o f the spin valve properties is similar for 

annealing in different fields.
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Figure 4.7 Normalized magnetisation and magnetotransport curves for the TSV 

structure before and after annealing in different magnetic fields.
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The magnetotransport properties o f the annealed bottom-pinned spin valve, however, 

depend strongly on the magnetic field strength as shown in Figure 4.8. Although annealing 

in a field o f 0.05 T already improves the MR from 5.0 % to 7.8 %, it only slightly increases 

the exchange bias field. The exchange bias field o f the BSV structure improves rapidly 

with increasing magnetic field strength up to a field o f about 0.5 T. Above 0.5 T the 

exchange bias field increases more gradually with annealing field and so does the MR.
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Figure 4.8 Normalized magnetisation and magnetotransport curves for the BSV 

structure before and after annealing in different magnetic fields.
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The influence o f the annealing field strength on the exchange bias field and MR o f TSV 

and BSV structures is summarised in Figure 4.9. The exchange field o f the top spin valve 

decreases from the as-deposited value o f 34 mT to a value o f approximately 25 mT at all 

annealing fields. Similarly, the MR deteriorates from the as-deposited value o f  7.4 % to 

6.5 % independent o f the annealing field. Thermal deterioration o f  the TSV structure 

occurs as discussed in the previous section and this dominates any possible magnetic field 

effects.
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Figure 4.9 Annealing field strength dependence of the exchange bias field (a) and 

MR (b) of the TSV and BSV structure. The annealing temperature was 210 "C. The 

filled symbols indicate the as-deposited values.
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The exchange bias o f the BSV structure clearly depends on the annealing field strength 

(Figure 4.9). The exchange bias field initially increases rapidly from 23 mT in the as- 

deposited state to 36 m T after annealing in a field o f 0.5 T and this is followed by a more 

gradual increase to 39 mT for annealing in a field o f 5.5 T. The influence o f  the annealing 

field strength can be understood by considering the microscopic origin o f exchange bias in 

IrMn/ferromagnetic bilayers. The exchange bias effect in these systems depends on the 

uncompensated interfacial spin structure in the IrMn layer [22,23]. Spin reversal in the 

antiferromagnetic layer is thermally activated and therefore it depends critically on the 

experimental conditions (temperature and field sweep rate) and the energy barrier 

distribution. At room temperature and at low field sweep rates only some of the 

uncompensated spins are pinned, i.e., they do not rotate in an external magnetic field. The 

coupling between these spins and the spins in the ferromagnetic layer results in a shift in 

the hysteresis loop. The majority o f the uncompensated interfacial spins, however, are not 

pinned. These spins are dragged along with the magnetisation reversal process in the 

ferromagnetic layer and although they do contribute to an enhanced coercivity they are not 

responsible for the exchange bias effect.

The pinned spins are most likely located at interface defects or grain boundaries, which act 

as pinning sites for domain walls in the IrMn layer. Consequently, the number o f pinned 

interfacial spins depends critically on interface roughness and grain size [2,6-9]. In 

addition, dilution and irradiation experiments have shown that the number o f defects in the 

antiferromagnetic layer also influences the domain structure and the exchange bias effect 

[24,25,26,27]. Since the magnitude o f the exchange bias field is directly proportional to the 

pinned uncompensated moment along the bias direction, magnetic field annealing can 

change the bias field by modifying the number o f pinned spins or realigning the orientation 

o f the spin moment. Thermally-activated diffusion changes the number o f defects in the
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IrMn bulk and at C oFe/IrM n interface during annealing at elevated tem peratures. This 

alters the num ber o f  pinned uncom pensated interfacial spins and therefore the exchange 

bias field. The annealing field, on the other hand, does no t change the num ber o f  pinned 

spins but it can influence the alignm ent o f  the spin m om ent.

It has generally been found that the m agnetic state o f  the ferrom agnetic layer during 

cooling determ ines the exchange bias [11,12]. How ever, this cannot explain the 

dependence o f  the exchange bias field on annealing field strength. I f  the ferrom agnetic 

m om ent determ ines H e x ,  saturation o f  this m om ent during field cooling w ould result in 

m axim um  exchange bias. Since the saturation field o f  the CoFe layer is considerably 

sm aller than 0.05 T, annealing in this field w ould already m axim ize the exchange bias 

field. As can be seen in Figure 4.9, this is clearly not the case for the BSV structure. 

O bviously, the application o f  a larger m agnetic field during cooling directly influences the 

alignm ent o f  the uncom pensated interfacial spins in the IrM n layer. The com ponent o f  the 

interfacial spin m om ent along the annealing field direction increases w ith increasing field 

strength and after freezing som e o f  these interfacial spins during the field cooling 

procedure it results in an enhanced exchange bias field.

The strength o f  the annealing field does not have a large effect on the spin valves w ith the 

synthetic antiferrom agnet (Figure 4.10). Therm al degradation o f  the SA FTSV  dom inates 

any effect and the M R and exchange bias are low er than their as-deposited values at all 

annealing tem peratures and fields. For the SAFBSV, the M R increases fi’om its as- 

deposited value o f  6.4 %  and reaches its highest value o f  9 %  after annealing in a 5.5 T 

field. The M R o f  the structures is higher than that o f  the SA FTSV  structure at all 

annealing fields and tem peratures. N o clear field annealing effects are evident from the 

exchange bias o f  the SAFBSV . The strength o f  the exchange bias in these structures
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depends m ainly on the coupling betw een the tw o CoFe layers across the Ru spacer and not 

on the exchange coupling at the C oFe/IrM n interface as discussed in section 4.2. Changes 

in the spin structure o f  the IrM n layer do therefore not have a large affect on the exchange 

bias and hence no dependence o f  H e x  on the annealing field strength is m easured (Figure 

4.10).

The effect o f  the annealing field strength on tunnel junctions w ith a SAF structure has been 

reported by Liu et al [28]. W hen annealing the tunnel junctions at a field o f  200 m T, the 

m agnetisations o f  the SAF layer rotated perpendicular to the annealing field and a large 

spin flop occurred resulting in drastically reduced TM R  signal. A sim ilar result was 

observed by Jun et al [29] w here a spin flop occurred at a field o f  100 mT. This effect has 

not been observed here. The m ost likely explanation is that the num ber o f  field anneals 

perform ed up to 500 m T was not large enough to observe this effect.
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4.5 Conclusion

We have shown that magnetic annealing in large fields enhances the exchange bias and 

MR of IrMn bottom-pinned spin valves. The dependence o f the exchange bias field on 

annealing field strength can be split into two regimes: For annealing fields up to 0.5 T the 

exchange bias field increases rapidly from 23 mT to 36 mT. Above 0.5 T the enhancement 

is more gradual and the exchange bias field reaches 39 mT after annealing in a field o f 5.5 

T. The annealing field effects for the IrMn bottom-pinned spin valves are attributed to a 

realignment o f the pinned interfacial spins in the IrMn layer. The application o f a large 

magnetic field during cooling increases the component o f the pinned interfacial moment 

along the field direction and this results in a larger exchange bias. For IrMn top-pinned 

spin valves and spin valves with a synthetic antiferromagnet no clear magnetic field effects 

were measured. For top-pinned spin valves the study on annealing field effects is 

complicated by a thermal deterioration o f the magnetotransport properties during annealing 

and for spin valves with a synthetic antiferromagnet the pinning strength does not depend 

largely on the spin structure in the IrMn layer and is determined by the coupling across the 

thin Ru layer.
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Chapter 5 

Effects of Ga  ̂ion implantation on the 

magnetoresistive properties of spin valves 

with IrMn

5.1 Introduction

The drive to study nanoscale magnetic elements has resulted in increased use o f focused 

ion beam milling o f magnetic thin films and multilayers. The implantation o f Ga^ ions 

during milling can have adverse effects on the magnetic and electrical properties o f these 

systems. A wide variety of phenomena have been reported when magnetic thin films and 

multilayers are subjected to ion irradiation. In NiFe films the coercivity and local 

anisotropy direction have been altered upon Ga^ ion irradiation [1]. The magnetisation 

direction in Co/Pt multilayers has been altered in a controlled manner, switching from out- 

of-plane to in-plane upon irradiation [2], Exchange bias systems have also been studied in 

detail. The exchange coupling in bilayers o f  NigiFeig/FesoMnso was altered through 

irradiation with 5 keV He  ̂ ions [3,4]. It was demonstrated that the exchange bias field can 

be changed both in magnitude and direction. In particular, within a dose range o f 1 x lO’  ̂-



8 X lO’  ̂ ions/cm^, an enhancement o f the local exchange bias field was observed. At 

higher ion doses it was found that the exchange bias was reduced below its initial value. A 

model for the effect was established whereby the enhancement o f the exchange bias field 

was attributed to the creation o f defects within the volume o f the AFM layer and the 

degradation at higher doses attributed to intermixing at the FM/AFM interface. In order to 

determine if  this exchange bias enhancement was a material-specific or ion-specific effect, 

implantation o f the NigiFeig/FesoMnso system with 30 keV Ga^ ions was subsequently 

investigated [5]. In this case, no enhancement o f  the exchange bias field was observed. 

The authors highlighted the heavier mass and hence different implantation profile o f Ga"" as 

opposed to He^ ions as the reason for the higher degree o f interfacial mixing in their 

experiment. The effect o f 30 keV Ga^ ion implantation on CogoFeio/IrioMngo bilayers has 

also been investigated [6], The authors report no detectable change in structure as 

investigated by TEM up to a dose o f 1x10* '' ions/cm^ although the exchange bias field is 

already reduced by 30 % at this dose. The structural quality o f the bilayer decreased with 

increasing dose becoming totally amorphous at a dose o f 5 x lO'^ ions/cm^. The exchange 

bias field and coercivity decreased with increasing dose, no exchange bias enhancement 

was observed. The magnetic moment o f  the CoFe layer was found to decrease 

approximately linearly with increasing dose, already reduced by 50 % at a dose o f  1 x lO'^ 

ions/cm^. The authors cite increased mixing o f atoms from the various layers as the cause 

o f the magnetic degradation o f the sample.

The effects o f ion implantation on a number o f spin valve systems have been investigated. 

NiMn spin valves implanted with 8 MeV Ni"̂  ions showed a degradation o f MR with 

increasing dose [7]. FeMn spin valves implanted with 10 keV He’̂ ions showed an 

exponential decrease in MR with increasing ion dose caused by a higher sheet resistance 

due to increased defect density and increased coupling between the free and pinned layers
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[8], IrM n spin valves im planted w ith Ga^ ions show ed an im provem ent in surface 

roughness after ion irradiation. The M R and exchange bias were found to  decrease w ith 

increasing ion dose w hereas the zero field resistance increased w ith increasing ion dose

[9], All these experim ents deal w ith the im plantation o f  ions from the top, i.e. 

perpendicular to the film plane. The influence o f  Ga^ ion im plantation during FIB m illing, 

on the other hand, has been studied in less detail. It is this configuration that is o f  

particular interest for applications w here FIB m illing is used to m ake sub-m icron size 

m agnetic elem ents. In this chapter, the effect o f  30 keV Ga^ ion im plantation in IrM n 

exchange biased spin valves is investigated. Ga^ ions w ere im planted directly, 

perpendicular to the film plane at doses ranging from lO'^ to  lO'^ ions/cm^. In addition, 

Ga"  ̂ ion im plantation effects w ere studied by FIB m illing 10 jam spin valve lines fabricated 

by UV lithography to  line w idths ranging from 7 |am to 0.5 |im . In these tw o experim ents, 

the properties o f  the spin valves w ere found to degrade with increasing ion dose and 

decreasing line w idth, respectively.

5.2 Direct implantation o f  Ga^ ions

Spin valves w ith structure Ta(5nm ) /N iFe(3.5nm ) /C oFe(1.5nm ) /C u(2.9nm ) 

/C oFe(2.5nm )/IrM n(10nm )/Ta(5nm ) w ere grown by DC m agnetron sputtering onto 

therm ally oxidized silicon substrates in a Sham rock deposition tool. A m etal shadow  m ask 

was used to define structures w ith a line w idth o f  300 fxm for four point m agnetoresistive 

m easurem ents. The films w ere deposited at room  tem perature in a m agnetic field o f  5 mT. 

A s-deposited spin valves exhibit a G M R  effect o f  7.4%  and an exchange bias field (Hgt) o f  

34 m T as shown in the m agnetotransport and SQUID m agnetisation curves o f  F igure 5.1. 

The resistance o f  the as-deposited film is 98 Cl.
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Figure 5.1 M agnetoresistance and magnetisation curves for the as-deposited spin

valve structure.

These spin valves were subsequently implanted with 30 keV Ga^ ions in an FEI strata DB 

235 tool at doses ranging from lO'^ to 10*  ̂ ions/cm^. The dose, D, was calculated from:

eA

where / is the ion current, t the exposure time, A the area o f implantation and e = 1.602 x 

10"'® Coulombs. The ion beam was perpendicular to the film plane during implantation. 

The dual beam FIB allowed the use o f the electron beam for alignment and imaging o f the 

sample, hence avoiding additional ion implantation by use o f the ion beam.
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M agnetoresistance curves for a selection o f doses are shown in Figure 5.2. A dramatic 

decrease in the magnetoresistive properties is observed with increasing ion dose, similar to 

that measured by Guo et al [9],

i . a

0.&

0.0-

5x10^^ ions/cm?

0.5-

o . a
100 150-150 -100 -50 100 150 -100 -50

moH (mT) moH (mT)

Figure 5.2 M agnetoresistance of implanted spin valves

The variation o f the GMR and film resistance at saturation as a ftinction o f ion dose is 

summarized in Figure 5.3 and the dependence o f the exchange bias field on ion dose is 

shown in Figure 5.4. A dose o f lO'"* ions/cm^ reduces Rex to about 75% o f its initial value. 

At low doses the resistance does not increase much and the small reduction o f  GMR is 

partly due to the degradation o f exchange bias: a full antiparallel alignment o f the magnetic 

moments in the spin valve is not obtained for reduced Hex-
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Figure 5.3 spin valve resistance (filled symbols) and magnetoresistance (open 

symbols) as a function of ion dose (lines are guides to the eye).

At higher doses the resistance increases rapidly suggesting the generation of bulk defects 

within the spin valve. TRIM simulations o f the Ga"" ion implantation process confirm this. 

The simulation in Figure 5.5 indicates that 30keV Ga^ ions are implanted in the entire spin 

valve stack with the implantation and vacancy distributions having a broad maximum 

within the IrMn layer. The implantation o f Ga”̂ ions creates defects that reduce the 

exchange bias field by either a destruction o f the antiferromagnetic order in the IrMn layer 

or a reduction o f the exchange coupling at the CoFe/IrMn interface.
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Figure 5.5 TRIM simulation showing 30 keV Ga^ ion distribution throughout the

spin valve structure.
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In the study o f He"̂  ion implantation in FeMn layers discussed in the introduction, it was 

found that an initial increase o f the exchange bias at low doses is followed by a decrease of 

Hev at high doses [3,4], W hile the initial enhancement o f Hex was attributed to 

modifications to the bulk antiferromagnetic order, the degradation o f the exchange bias 

was explained by intermixing at the F/AFM interface. Since we do not see any 

enhancement o f the exchange bias field in our experiments this would suggest that the 

reduction o f Hex is mainly due to Ga^ ion implantation at the CoFe/IrM n interface. 

However, we note that Ga^ ion implantation is a much more energetic process than the 

implantation o f He"̂  ions and therefore we expect that both the antiferromagnetic order in 

the IrMn layer as well as the structure o f the CoFe/IrMn interface is seriously damaged at 

high doses. This is in agreement with the work on CoFe/IrMn bilayers [6] where a 

continuous reduction of exchange bias with does was observed and the exchange bias had 

already been lowered to 70 %  at doses as low as 10'“* ions/cm^.

The degraded exchange bias can explain in part the reduction in GMR of the spin valves. 

We note from Figure 5.3 that the value o f the stack resistance, R, increases with increasing 

dose probably due to the creation o f defects as a resuh o f the implantation. As the GMR 

ratio is given by GMR{%) = A R /  R an increase in stack resistance will automatically give 

a decrease in MR ratio for the same value o f AR. The size o f AR is a closer indication o f 

the GMR effect within the spin valve. From Figure 5.6 we can see that AR also decreases 

with increasing ion dose, in a similar manner to the M R change. This indicates that the 

change in MR is not just due to an increase o f the resistance due to the structural 

degradation o f the spin valve. This is supported by Figure 5.5 where we can see that the 

implantation and vacancy profile extends throughout the entire spin valve stack and 

indicates a deterioration o f  the CoFe/Cu interfaces. Spin-dependent scattering at the 

CoFe/Cu interfaces is the main source o f GM R in these spin valves and the reduction o f



AR with dose indicates a decrease in spin dependent scattering, contributing to the drastic 

reduction o f GMR at high doses.
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Figure 5.6 Normalised MR and AR as a function of ion dose (line is a guide).

Recently the effect o f Si^ ion implantation on Co/Cu multilayers has been reported [10]. 

The authors report a monotonic decrease o f GMR with ion dose which they attribute to 

intermixing of the layers. They also found that thermal annealing after implantation can 

restore the GMR to almost its pre-irradiation value due to a backdiffusion process in 

metastably intermixed regions. The effect o f thermal annealing on our Ga^ ion implanted 

spin valves with properties similar to those shown in Fig. 2 has been investigated. The 

irradiated spin valves were magnetically annealed for one hour at a temperature o f 210°C 

and fields o f 0.8 T and 5.5 T. No improvement o f the GMR and exchange bias was 

observed in our case.
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5.3 G a+  ion implantation during FIB m illing

The effect o f Ga^ ion implantation during FIB milling was also investigated. A test sample 

was devised consisting o f a spin valve line o f width w = 10 |am with transverse Cu contacts 

defining 5 segments o f 10 x 4 fxm. This structure was made by UV lithography as 

described in Chapter 2. The structure was subsequently milled with 30 keV Ga^ ions at 

currents between 10 and 100 pA to give line widths ranging from 7 jam to 0.5 ^lm as shown 

in Figure 5.7.

I

E Beam Mag FWO TiH 
500kV  6 5 0 k X 5  0S4 0 0

Spot 10/13/03 ! HFW 
3 11 04 46 I 46 8

Figure 5.7 SEM of spin valve lines FIB milled to different widths.

The measured magnetoresistance curves on these spin valves are shown in Figure 5.8. The 

10 |j,m line, which was not milled with the FIB, exhibits a similar GMR as the as-deposited 

spin valve o f Figure 5.1 and its resistance is 10 f2. As the line width is reduced by FIB 

milling, the GMR and exchange bias field decrease until at w = 500 nm they are only 0.5% 

and 23 mT, respectively. Milling the spin valve from 10 |_im to 7 |^m already reduces the 

GMR and the exchange bias field to 65% and 50% o f their original value.
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This reduction might be due to Ga^ ion implantation and diffusion from the sides o f  the 

spin valve. However, in a recent paper on lateral Ga^ implantation in the sidewalls o f  FIB 

trimmed CoFeNi recording heads the lateral Ga^ penetration length was estimated to be 10 

nm only [11]. A more likely explanation for the rapid degradation o f the spin valve 

properties is that Ga^ ions are implanted from the top during FIB milling o f micron size 

structures. The ion beam profile is Gaussian with exponential tails and as a result Ga^ ions 

are implanted at relatively large distances from the milling edge. At 1 |^m, e.g., the dose is 

expected to be two to three orders o f magnitude lower than the focal point intensity [12]. 

Assuming that a dose o f at least lO’  ̂ ions/cm^ is required to mill the spin valve stack, the 

area 1 |am away from the milling edge will be irradiated with a dose o f about lO'^ 

ions/cm^. The implantation o f this amount o f Ga^ ions already results in a considerable 

reduction o f the GMR and the exchange bias field (Figure 5.3, Figure 5.4) and is therefore 

likely to contribute to the degradation o f the properties o f the spin valve lines.
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Figure 5.8 M agnetoresistance of FIB milled spin valves with line widths ranging

from 10 |jm to 0.5 |j.m.
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The resistance o f the milled spin valve lines increases linearly with decreasing line width 

(Figure 5.9a) but increases much more rapidly than expected for the line dimensions. AR 

increases linearly with decreasing line width but levels o ff at the smallest line widths 

(Figure 5.9b). This suggests that the magnetic properties o f the lines have been degraded 

as a result o f implantation. The combination o f reduced AR and increased R results in a 

drastic reduction o f the MR at smaller line widths (Figure 5.9c). This large increase o f the 

resistance due to Ga^ implantation, increased edge roughness and/or local heating effects 

during milling is the predominant cause o f the reduction o f MR in the milled spin valve 

lines.
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Figure 5.9 (a) Resistance (b) AR and (c) magnetoresistance as a function of

1/linewidth for FIB milled spin valves
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The effects o f nanopatteming on pseudo spin valves and IrMn exchange biased spin valves 

have recently been investigated [13,14], In this work, a hard mask of 

Si02(50nm)/Au(20nm) was deposited on top o f the spin valve. A nanowire array was then 

FIB milled into the hard mask and the structure milled through using Ar^ ion milling. In 

this way, the spin valve is protected from Ga^ implantation. The authors reported an 

increase in MR with decreasing line width which they attributed to a higher degree of 

antiparallel alignment as evidenced by higher AR values. At smaller line-widths however 

(250nm) the MR was lower due to increased resistance. The increase in resistance was 

attributed to increased edge roughness and small amounts o f Ga^ implantation. The use of 

a hard mask such as SiOi, therefore seems a more appropriate manner o f using FIB milling 

to create magnetic nanostructures.

5.4 Conclusion

The effects 30 keV Ga^ implantation on top-pinned IrMn spin valves have been 

investigated. Direct implantation o f Ga"̂  ions at doses less than lO''* ions/cm^ results in a 

gradual decrease o f GMR which is partly due to a deterioration o f the exchange bias. 

Implantation at higher doses causes a large increase in the film resistance and a substantial 

deterioration o f GMR. At this point the magnetic properties o f the system have been 

seriously and irreversibly degraded by the creation o f  defects in the entire spin valve stack. 

The suitability o f FIB milling for the fabrication o f small magnetic elements was studied 

by reducing the width o f 10 |am spin valve lines. Here the GM R and the exchange bias 

field decreased rapidly with decreasing line width. The degrading effects are stronger than 

expected from 30 keV Ga^ ion implantation from the sides and suggests that the spin 

valves are simultaneously implanted from the top. From these results we conclude that 

direct FIB milling without an appropriate mask should not be used for the fabrication o f 

micron and sub-micron size spin valves.
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Chapter 6 

Femtotesla Magnetic field Measurement 
with a Spin Valve Sensor

6.1 Introduction

The measurement o f very small magnetic fields is important for applications in the field of 

biomagnetism. The technique o f magnetoencephalography (MEG) [1], [2] detects 

magnetic fields o f the order o f a few femtoteslas (10"'^ Tesla) at low frequency (< 50 Hz) 

created by neural activity in the brain. MEG is a non-invasive technique and commercial 

systems are used in hospitals for the study o f brain activity in patients with conditions such 

as epilepsy and also for pre-surgical brain mapping. The sensors used in a MEG system 

are currently low-temperature dc Superconducting Quantum Interference Devices 

(SQUIDs). The basic element o f  a SQUID is a Josephson junction [3]. This consists o f 

two superconductors separated by a thin insulating barrier. If  the barrier is thin enough, 

pairs of superconducting electrons can tunnel through the barrier and the current depends 

on the phase coherence o f  the electron wavefunctions. A dc SQUID consists o f two such 

junctions connected in parallel, forming a superconducting loop. Magnetic flux through

125



the superconducting loop is quantized and results in interference o f the phases across the 

junctions. In the presence o f magnetic flux with a constant current applied through the 

junction, interference o f the phase modulates the critical current o f the junctions and 

therefore the voltage across the device. Hence, the SQUID behaves as a flux-to-voltage 

converter, with a non-linear, periodic response to an externally applied flux. A flux 

transformer is integrated into the SQUID design in order to transport flux to the active 

region [4]. Commercial MEG systems consist o f arrays o f SQUIDs (more than 100) 

placed at different positions around the head in order to map the response o f the brain. The 

sensors are arranged inside a cryostat operated at low temperature. Sophisticated 

electronics are required to linearise the output o f the SQUIDs and compile the signals from 

all of the sensors. In order to reduce noise, the cryostat and the room in which the system 

is housed are magnetically shielded using high permeability materials. The best sensitivity

achieved with low-Tc SQUIDs based on Nb is I f T / V ^  at 4.2 K [5] and about 30fT/ 

with high-Tc SQUIDs made with YBCO at 77 K [6], [7], [8],

In this chapter a possible alternative to SQUID sensors for the detection o f very small 

magnetic fields is presented. This mixed sensor consists o f an efficient flux-to-field 

transformer and a sensitive magnetoresistive sensor. The flux to field transformer is a 

superconducting loop containing a micron-size constriction. The magnetoresistive sensor 

is a low-noise spin valve placed above or below the constriction in the superconducting 

loop. The spin valve detects the applied field amplified by a factor up to a few thousands, 

depending on the size and geometry o f the device. The sensor can be operated up to 77 K 

and a small size prototype with the capability o f measuring 32 fT has been demonstrated 

[9]. For applications such as MEG, the mixed sensor has the possibility o f reaching the 

sensitivity o f a SQUID. Although it still needs to be operated at cryogenic temperatures 

some advantages over SQUIDs are evident. The fabrication o f Josephson junctions with
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reproducible properties is difficult in the case o f  high-Tc superconducting films such as 

Y BCO. The processing o f  the m ixed sensor is easier, based on conventional inexpensive 

lithographic techniques. Future im provem ents to  the m ixed sensor sensitivity at 77 K 

should therefore m ake it highly com petitive w ith high Tc SQUIDs. Furtherm ore, the 

output o f  the m ixed sensor is a voltage, linear w ith field, w hereas the SQUID outputs a 

non-linear response requiring further electronic processing. The possible applications o f  

the sensor extend beyond M EG and biom agnetism  to areas such as m agnetom etry and the 

investigation o f  fundam ental physical phenom ena such as vortex m otion in 

superconductors and m agnetic interactions. A technique based on atom ic resonance has 

also been proposed for subfem totesla resolution [10]. H ow ever, for application in MEG, 

that apparatus m ay be too large to  build  a ftjll array o f  sensors. A sensor device consisting 

o f  a superconducting loop and a H all-sensor has also been reported [11], [12]. This device 

uses two superconducting Y BCO  loops to am plify the m agnetic field acting on a bism uth 

Hall sensor. This device dem onstrates resolution o f  1 n T / - / ^ ,  considerably less than the 

m ixed sensor. The sensitivity o f  the device depends on the am plification o f  the 

superconducting loop and sensitivity o f  the Hall sensor w hich depends on the Hall 

coefficient o f  the m aterial. As bism uth has one o f  the highest Hall coefficients o f  the pure 

elem ents, only lim ited im provem ents in sensitivity o f  this device can be envisaged.

The device concept for the m ixed sensor was due to  C. Ferm on and M. Pannetier at CEA 

Saclay, Paris. My contribution to the w ork  was the deposition and optim isation o f  the spin 

valve elem ent o f  the YBCO /spin valve m ixed sensor. The spin valve stacks were 

deposited on top o f  Si3 N 4  covered Y B C O  film s. This was done at T.C.D. using the 

Sham rock deposition tool. Patterning and m easurem ent o f  the prototype device presented 

in this chapter were carried out by the Saclay team.
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6.2 Design o f the spin valve element o f the mixed sensor

Spin valves have high magnetic field sensitivity which makes them attractive for use as 

sensors. Their behaviour in magnetic fields however, can limit their uses for very accurate 

measurements. One limitation is hysteresis of the free layer. Very low hysteresis is 

necessary if  the output o f the sensor is to reproducible and not affected by random 

magnetic fields. Another limitation is the sensor linearity in the working region. In the 

case o f the mixed sensor, this is less o f a problem as the field range sensed is so small that 

the spin valve response is far from saturation and is linear. The main problem for the 

mixed sensor is the minimisation o f  the noise and in particular the magnetic noise since it 

impairs the sensitivity o f the device.

6.2.1 Noise in spin valves

In spin valve stacks at low frequencies two sources o f noise dominate, thermal noise and 

1/f noise. The thermal noise is due to spontaneous fluctuations induced by the thermal 

excitations and it is related to the resistance, R, by the Nyquist formula. Its voltage power 

spectral density is given by:

where ke is the Boltzmann constant. This noise has no magnetic origin and cannot be 

suppressed or modified but it is independent o f the sensitivity o f the sensor and depends 

only on its resistance.

In addition to the thermal noise, a 1/f frequency dependent noise appears in all systems, 

both magnetic and non-magnetic. A general formula given by Hooge in 1969 describes its 

power spectral density:

S M )  = ^k,TR (6 . 1)

(6 .2 )
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The parameter yh is called the Hooge constant and is used as a comparison reference for 

1/f noise. Its value is about 10’̂  to 10'^ for good metallic systems but can be much higher 

when there are magnetic domains present. Nc is the number o f charge carriers in the 

sample and for good metals can be approximated to the number o f atoms. The 1/f noise is 

then inversely proportional to the volume o f the sample and therefore becomes dominant in 

small structures.

6.2.2 Spin valve design

Appropriate design o f both the spin valve stack and the physical shape and dimensions o f 

the patterned device is vital for sensor performance. The spin valve stack is optimised for 

high MR and well-defined switching o f the free layer with low coercivity and low offset. 

The deposition o f the free and pinned layers with crossed anisotropies plays an important 

role as this ensures coherent rotation o f the free layer and low hysteresis. Linearity o f the 

response can be improved by incorporating a bias line into the patterned structure [13]. The 

presence o f magnetic domains in the active region o f spin valves is the main source o f 

magnetic low-frequency noise. Appropriate design o f the patterned sensor can suppress 

this. Two such optimised designs are the yoke shape and the short-circuited meander 

shown in Figure 6.1. Spin valves can be patterned using conventional UV lithography with 

the free layer aligned along the long arm o f the yoke or meander and the pinned layer 

aligned perpendicular to the free layer. A second lift-off lithography step is used to pattern 

contacts. The meander is short-circuited at the comers to reduce magnetic noise due to 

domain formation during reversal. This configuration has higher resistance which can be 

advantageous for certain applications.

The yoke structure was chosen for the mixed sensor device as the entire active region 

could be placed directly above or below the constriction o f the superconducting loop. The
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shape anisotropy o f the yoke structure means that the free layer magnetisation is aligned 

along the arm o f the device and coherent switching o f the free layer results in a free layer 

response with low hysteresis. The magnetotransport curve o f patterned spin valve yoke of 

length 60 |jm and width 6 is shown in Figure 6.2.

Figure 6.1 Spin valves patterned into a yoke device (left) and a short-circuited

meander (right).
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Figure 6,2 Resistance and M R  ratio of the free layer reversal of a spin valve yoke
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Figure 6.3 shows a simulation [14] o f  the free layer o f a yoke shaped spin valve at zero 

field after reversal from saturation. A vortex-like feature is evident in the left arm o f the 

yoke but the important feature is that in the active region o f the device, between the 

voltage contacts, the magnetisation is pointing in the same direction and there are no 

domains.

Figure 6.3 Magnetic configuration of a yoke after saturation and reversal to zero 

magnetic field as obtained from micromagnetic simulations.

This is very important from the point o f  view o f 1/f noise which is very sensitive to the 

presence o f domains. In order to confirm this, noise measurements were taken at three 

different points o f the sensor response in Figure 6.2, saturation at 10 mT, and in the 

sensitive regions at 2 mT and 1 mT. Figure 6.4 shows the 1/f noise at these three fields. 

No difference can be observed in these regimes, demonstrating that in this structure there is 

no extra magnetic noise caused by the formation o f magnetic domains at low frequency 

[15].
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Figure 6.4 1/f noise in a spin valve yoke at room temperature with a sensing

current o f 3 mA at different external applied fields.

6.2.3 Spin valve sensitivity

Sensor sensitivity is defined as the noise { y i ^ fH z ) divided by the slope of the 

magnetoresistance curve (V/T) and is quoted in T/^JHz . The first way to increase the 

sensitivity is to increase the voltage output by increasing the current through the device. 

This is limited by the maximum power that the device can withstand. The second way is to 

increase the resistance of the sensor. This is done by increasing the length / while keeping 

the width the same. The thermal noise is proportional to the square root of the resistance 

which, in the case of the yoke-type sensor, is proportional to the square root of the length 

to width ratio { j j jw )  of the yoke. The 1/f noise is proportional to

1 / yjvolume « 1 / yjwxl for the yoke sensor. So overall, the best signal-to-noise ratio is 

obtained by maximising / and w depending on the frequency range of the application. If 

the ratio w/1 becomes too high, typically larger than 0.2, the free layer reversal becomes
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less stable with domain formation and hysteresis. The sensitivity of the spin valve yoke 

sensor in Figure 6.2 is QAnT / ^ H z  at room temperature.

6.3 The principle o f  the mixed sensor device

In the mixed sensor, a sensitive spin valve sensor and a flux to field transformer are 

combined. The transformer is made of a superconducting loop containing a micrometer- 

size constriction. The field to be sensed is applied perpendicular to the plane of the loop. 

This field generates a supercurrent in the loop which tends to expel the flux from entering 

the superconductor as a result of the Meissner effect. The field lines due to the 

supercurrent are locally enhanced at the constriction (Figure 6.5), and their horizontal 

component can be detected by a spin valve placed above or below the constriction, 

according to the direction they give to the free layer magnetisation relative to the hard 

layer magnetisation.

Figure 6.5 Schematic of the superconducting loop when an external perpendicular 

field is applied. The supercurrent (white arrows) generates a high density o f field 

lines with an in-plane component at the position o f the constriction. The spin valve 

sensor is placed immediately above or below the constriction.
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The device is show n in detail in Figure 6.6. The spin valve elem ent o f  the device is 

patterned into an optim ized yoke design as discussed in the previous section. In (A ) the 

full device is shown w here the spin valve yoke is placed over a constriction in the YBCO 

loop and four contacts for w ire-bonding can be seen. The superconducting constriction 

and spin valve yoke are shown m ore clearly in the SEM  m icrograph (B). The yoke is 60 

long and 6 fim wide. The constriction is 6 ^m  w ide and directly below  the active, 

dom ain-free region o f  the yoke. W hen a field is applied perpendicular to the device, the 

in-plane com ponent o f  the field generated by the loop can switch the m agnetisation o f  the 

free layer o f  the spin valve (C). The spin valve is deposited in the crossed-anisotropy 

configuration with the free layer m agnetisation aligned along the length o f  the yoke. The 

spin valve and its contacts are electrically  isolated from the Y B C O  by a layer o f  insulating 

Si3 N 4  as show n in the cross section (D).

The spin valve elem ent o f  the m ixed sensor device detects an in-plane field but the device 

as a w hole is sensitive to perpendicular applied fields. The key point is the enhancem ent o f  

the applied field by the superconducting flux-to-field transform er such that it can be 

detected by the spin valve. F lux-to-field  transform ation is often done w ith soft m agnetic 

m aterials designed as flux concentrators but this incurs an extra intrinsic noise. The 

superconducting loop is the m ore elegant solution. In applications such as biom agnetism , 

the signals are m uch low er than the sensitivity o f  the spin valve itself. Heart signals, for 

example, are o f  the order o f  a few  picotesla (10’’  ̂ Tesla). The loop therefore, needs to 

enhance the signal by a factor o f  a hundred to a thousand, depending on the spin valve and 

the application, in order for the device to  be useful. O ptim isation o f  the loop dim ensions 

has been carried out using theoretical m odelling and m agneto-optical im aging [16], [17], 

[18]. This has shown that the m axim um  gain o f  the system  is obtained by m aking the loop 

as large as possible w ith a w idth/radius ratio  o f  0.7 and by keeping the constriction width
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as small as possible. Simulations also reveal that the maximum in-plane field is located 

immediately above or below the constriction, where the spin valve is placed, as depicted in 

the schematic in Figure 6.5.
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Figure 6.6 Schem atic view s o f  Y B C O  m ixed sensor device. (A) Schem atic show ing  

YBCO superconducting loop w ith yoke-shaped spin valve sensor and four contacts 

for m easurem ent. (B) O ptical m icrograph o f  the constricted area o f  the loop under 

the active part o f  the spin valve. (C) C ross-section o f the spin valve stack show ing the 

in-plane com ponents o f  the field created by the YBC O  flux-to field transform er. (D) 

C ross-section o f  the device show ing electrical isolation o f the spin valve and the 

contacts from  the loop by the SijN 4 layer.
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6.4 Sample preparation

The first prototypes o f  the mixed sensor were made using the low-Tc superconductor 

niobium as the superconducting loop material. The Nb devices were made using 

commercially available spin valve stacks [19]. Fabrication o f  the Nb devices was 

straightforward as the niobium loop could be deposited on top o f  a pre-defmed spin valve 

yoke. In order to test the device at higher temperatures, sensors using the high Tc 

superconductor YBCO were designed. The higher Tc o f  YBCO also means that larger 

currents can be passed through the device and the noise levels can be reduced. YBCO, 

however, needs to be deposited epitaxially on a sapphire substrate in order to get the 

superconducting phase. For that reason, that spin valve stack needed to be deposited on 

top o f  the YBCO. Optimisation o f  this process was carried out at T.C.D.

The YBCO used is a commercial [20] lOOnm thick layer, grown on sapphire, with a Tc o f  

88 K. A Si3 N 4  insulating layer is sputtered on top o f  the YBCO and smoothed by 

polishing. The spin valve stack o f  structure:

Ta(5nm)/NiFe(3.5nm)/CoFe(1.2nm)/Cu(2.9nm)/CoFe(2.5nm)/IrM n(10nm)/Ta(10nm) is 

deposited on top o f  the SisN 4  The device is then patterned using conventional optical 

lithography as shown in Figure 6.7. The entire pattern is first defined and etched down to 

the substrate. The pattern is defined with the free layer o f  the spin valve aligned with the 

length o f  the yoke. Photoresist is then removed from the loop but remains on the yoke. 

Another etching step removes the spin valve stack from the loop. Angular deposition o f  

Si3N 4  at the edges follows for electrical insulation. The photoresist is then removed from 

the yoke and a standard lift-off procedure used to define the contacts.
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1 Deposition of spin valve stack on 
YBCO/Si-N,

4 A ngu la r depos ition  o f SigN^ fo r  
edge passivation

2 D e fin itio n  o f loopand yoke 
shape and d r /  etch ing o f the 

whole structu re

5 Removal of ph o to res is t

3 Selective etch ing leaving spin 
valve only at yoke  position

6 D eposition o f contact pads by l i f t - o f f

Figure 6.7 Schematic of patterning process for the YBCO-based mixed sensor

device.
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6.5 Femtotesla resolution with an YBCO-spin valve mixed sensor

For measurement, the device is cooled down in a liquid helium cryostat, containing 

superconducting coils to generate a static bias field parallel to the substrate as well as a 

small copper coil at the back o f the sample holder to generate a field perpendicular to the 

substrate. The MR response o f the spin valve element is first measured at room 

temperature to ensure that the perpendicular field has no effect. The response o f the spin 

valve is then calibrated in an in-plane field from room temperature down to 4.2 K. A 

constant in-plane field is applied during cooling in order to compensate the shift from zero 

o f the spin valve and centre the response in the middle o f the linear region. Figure 6.8 

shows the magnetoresistance as a function o f in-plane field at 4.2 K and Figure 6.9 the MR 

as a function o f temperature down to 4.2 K. The MR increases from 4.5 % at room 

temperature to 9 % at 4.2 K. In the linear part o f the MR curve, the slope at 4.2 K is 3.11 

% per mT.
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Figure 6.8 Magnetoresistance of the spin valve yoke of an YBCO-based mixed

sensor at 4.2 K.
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Figure 6.9 Magnetoresistance ratio as a function of temperature.

At 4.2 K, a perpendicular field is then applied to the device. With the YBCO now in the 

superconducting state, this field creates an in-plane, locally enhanced field above the 

constriction which switches the free layer o f  the spin valve. The MR variation on the 

YBCO device as a function o f the perpendicular applied field is shown in Figure 6.10. As 

the perpendicular field is increased, the MR o f the spin valve changes due to the rotation of 

the free layer. The upper plateau in Figure 6.10 corresponds to the saturation o f the spin 

valve with free and pinned layers antiparallel and the lower plateau corresponds to free and 

pinned layer parallel. From the variation in the MR, we can see that the entire response o f 

the spin valve is explored. At 4.2 K, this can be done without reaching the critical current 

o f the YBCO. The critical current o f the superconductor is reached shortly after the 

saturation o f the spin valve. The maximum slope variation in resistance o f the YBCO 

device at 4.2 K is 310 % per mT. When compared with the in-plane spin valve response at
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the sam e tem perature (F igure 6.8) which is 3 .11%  per mT, the gain o f  the device is 

calculated to be close to 100.
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Figure 6.10 M agnetoresistance as a function o f perpendicular applied field at 4.2 K 

on the Y B C O  device. The inset shows the gain as a function o f tem perature.

The m easurem ent o f  the intrinsic noise o f  the m ixed sensor is d ifficuh as the therm al noise 

is about 0. I n F  /  y [H z  and the noise o f  the pream plifier is about 1«F / ̂ [H z  . For this reason, 

the m ixed sensor w as coupled to positive feedback circuit. A sim ilar technique is used in 

the read out o f  DC SQ U ID s [21]. The positive feed back circuit consists o f  a copper w ire 

coil connected to  a voltage source in series w ith the spin valve. A change in resistance o f  

the spin valve in the presence o f  an applied out-of-plane field creates a current through the 

feedback circuit. The current through the copper coil creates an additional field that 

am plifies the gain o f  the sensor. The am plification is tuneable by the voltage source [9].

The noise spectra o f  the Y B C O  device recorded at 4.2 K and 77 K as shown in Figure
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6.11. A t 4.2 K, a higher current can be passed through the device, thereby reducing the 1/f 

noise o f  the spin valve. At 4.2 K and w ith a 15mA sensing current the sensitivity level o f

the device i s 3 2 /T / J T h  . This is com parable to the perform ance o f  high-Tc SQUIDS.
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Figure 6.11 Noise spectra of the YBCO mixed sensor at 4.2K and 77K with 15 mA 

and 5 mA of sensing current respectively.

6.6 Femtotesla resolution with a Nb-spin valve mixed sensor

For com parison, the response o f  a N iobium  m ixed sensor m ade w ith a com m ercially

available spin valve is shown in Figure 6.12. As the perpendicular field is increased, the

MR o f  the spin valve changes as the free layer rotates. H ow ever, in this case, the critical

current o f  the N b is reached before the spin valve reaches full parallel or antiparallel

alignm ent. The inset o f F igure 6.12 shows the response o f  the sensor as a function o f

tem perature. The point at w hich the response becom es zero (6.5 K ) is a m easure o f the

critical tem perature o f  the N b constriction. The slope o f  this device corresponds to a
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resistance variation o f 213 % per mT as compared with 2 % for an in plane field at the 

same temperature leading to a gain o f 108. The noise spectrum o f the device at 4.2 K is 

shown in Figure 6.13. With a sensing current o f 1 mA, the sensitivity o f the device 

is 5 4 0 /T /V 7 ^ .
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Figure 6.12 M agnetoresistance as a function of perpendicular applied field at 4.2 K

for the Nb based mixed sensor.
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Figure 6.13 Noise spectra o f the Nb device at 5 K with 0 mA and 1 mA sensing

current.

6.7 Conclusion

Sensitivities of 32/T  / ̂ JHz have been demonstrated with the YBCO mixed sensor at 4.2 

K. Performance of the device depends on the local enhancement of the applied field by the 

flux-to-field transformer and on the sensitivity of the sensing element. Performance can be 

improved by optimizing the dimensions o f the superconducting loop. In particular, a gain 

of 4000 can theoretically be achieved with a 25 mm loop and a 1 |im constriction. These 

dimensions are achievable with standard lithography techniques. With a spin valve 

element and this optimized loop, sensitivities could reach 1 fT  I  ^[Hz thermal noise at 77 

K.
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In order to improve the sensitivity o f  the magnetoresistive element o f  the mixed sensor, a 

magnetic tunnel junction (MTJ) could be implemented. The MTJ consists o f  two 

ferromagnetic layers separated by thin insulating layer acting as a tunnel barrier. Current 

is passed perpendicular to the plane in this device and tunneling magnetoresistance (TMR) 

ratios o f  up to 70 % are obtained with AI2 O 3 barriers [22]. In the last year, magnetic tunnel 

junctions with MgO barriers have been reported with TMR ratios o f  over 200 % at room 

temperature [23]. These structures would vastly increase the device sensitivity. The 

possible drawback o f  the MTJ is that although sensitivity is higher, smaller currents must 

be used to avoid breakdown o f  the barrier layer resulting in higher noise levels. 

Ultimately, one might use TMR sensors with half metallic electrodes. This kind o f  system, 

based on manganite compounds, exhibits low field magnetoresistance o f  1800 % at 4.2 K 

[24], [25], They can be epitaxially grown on high Tc films, producing a high-quality film. 

With the proper substrate, manganite films with extremely low 1/f noise have been 

produced [26], These TMR systems should be good candidates to reach the subfemtotesla 

range with the mixed sensor.

The first prototypes o f  the YBCO mixed sensor have demonstrated femtotesla resolution 

placing them in competition with high-Tc SQUIDs. Further optimisation o f  the device, 

possibly with the use o f  magnetic tunnel junctions, should leave it well placed as a 

subfemtotesla magnetic field sensor with a range o f  application in the fields o f  

biomagnetism and magnetometry.
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Chapter 7 

Conclusions and Future Work

Several aspects o f spin valve structures have been addressed in this thesis. The deposition 

of spin valve films has been developed and optimised using DC magnetron sputtering in a 

Shamrock deposition system. IrMn top-pinned spin valves o f structure 

Ta(5nm)/NiFe(3.5nm)/CoFe(l .2nm)/Cu(2.9nm)/CoFe(2.5nm)/IrMn(10nm)/Ta(5nm) have 

been developed with GMR values o f up to 8 %. Polarised neutron reflectometry has been 

used to characterise the structure and measure the individual layer thicknesses and 

magnetic moments. These were found to be in good agreement with the nominal values. 

Analysis of the neutron spin-flip signal allowed the stability o f the pinned layer to be 

examined as a function of applied field and temperature. This revealed that when small 

fields are applied perpendicular to the easy axis o f the pinned layer, some o f the CoFe 

rotates towards the direction of the field. This can be due to inhomogeneous pinning 

across the CoFe layer. The blocking temperature of the IrMn film is 200 °C, as estimated 

from the decrease of the spin flip signal with temperature. This is lower than expected for 

IrMn spin valves and limits the high temperature application of the structure. The long 

term thermal stability of the spin valve was investigated by measuring the reflectivity over
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time at elevated temperatures. No changes in reflectivity were observed after prolonged 

heating at 185 °C and we conclude that the spin valve has not suffered any significant 

structural changes at this temperature. Further work in this area should include a 

characterisation o f spin valves with a synthetic antiferromagnet. Similar experiments 

investigating the stability of the pinned layer with temperature and field would allow a 

direct comparison between SAF and standard spin valves for sensor applications. The SAF 

is expected to be more thermally stable and more resistant against externally applied fields. 

The behaviour o f the magnetic layers in the SAF could be monitored with high precision 

using PNR.

The effects of post-deposition magnetic annealing on spin valves have been investigated. 

Standard top and bottom spin valves and spin valves with a synthetic antiferromagnet have 

been annealed at temperatures ranging fi-om 180 °C to 300 °C in fields ranging from 0.05 T 

to 5.5 T. It was found that the exchange bias of the IrMn bottom-pinned spin valves was 

enhanced by annealing in a large magnetic field. The annealing field effects for the IrMn 

bottom-pinned spin valves are attributed to a realignment of the pinned interfacial spins in 

the IrMn layer. The application o f a large magnetic field during cooling increases the 

component o f the pinned interfacial moment along the field direction and this results in a 

larger exchange bias. For IrMn top-pinned spin valves and spin valves with a synthetic 

antiferromagnet no clear magnetic field effects were measured. For top-pinned spin valves 

the study on annealing field effects is complicated by a thermal deterioration of the 

magnetotransport properties during annealing and for spin valves with a synthetic 

antiferromagnet the pinning strength does not depend largely on the spin structure in the 

IrMn layer and is determined by the coupling across the thin Ru layer. In order to continue 

this work, the bottom SAF structures should be optimized further through the use of a NiFe
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buffer layer under the IrMn. This would promote (111) texture in the free layer leading to 

lower coercivity and independent switching o f the free and pinned layers.

The effects 30 keV Ga"̂  implantation on top-pinned IrMn spin valves have been 

investigated. Direct implantation of Ga^ ions at doses less than lO'"* ions/cm^ results in a 

gradual decrease o f GMR which is partly due to a deterioration of the exchange bias. 

Implantation at higher doses causes a large increase in the film resistance and a substantial 

deterioration of GMR. At this point the magnetic properties of the system have been 

seriously and irreversibly degraded by the creation of defects in the entire spin valve stack. 

The suitability o f FIB milling for the fabrication o f small magnetic elements was studied 

by reducing the width o f 10 |am spin valve lines. Here the GMR and the exchange bias 

field decreased rapidly with decreasing line width. The degrading effects are stronger than 

expected from 30 keV Ga^ ion implantation from the sides and suggest that the spin valves 

are simultaneously implanted from the top. From these results we conclude that direct FIB 

milling without an appropriate mask should not be used for the fabrication o f micron and 

sub-micron size spin valves. In future, implanted samples should be assessed using 

techniques such as transmission electron microscopy (TEM) and secondary ion mass 

spectroscopy (SIMS) in order to determine the Ga"̂  ion distribution within the spin valves. 

The use o f a hard mask such as Si02/Au should be investigated for the fabrication o f sub­

micron spin valves. Spin valves fabricated in this manner could then be compared with 

those patterned using electron beam lithography.

Finally, spin valves have been implemented in a novel application, the mixed sensor. This 

sensor combines a superconducting loop with a micron sized constriction and a spin valve. 

A perpendicular field creates a supercurrent in the loop which creates a locally enhanced 

in-plane field at the constriction. This field can be detected by a spin valve placed above
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or below the constriction. The spin valve element o f  the sensor has been optimized for a 

low noise linear response, with low hysteresis. A process for depositing spin valves on 

YBCO /Si3N 4  films has been developed using the Shamrock deposition tool. A prototype 

YBCO/spin valve mixed sensor has been demonstrated and exhibits a resolution 

of32  f r  /  ^ f H z  . This is comparable to the noise level o f  high Tc SQUIDs. This sensor is 

suitable for application in several areas including magnetometry and biomagnetism. 

Future improvements in sensitivity o f  the sensor can be envisaged through replacement o f  

the spin valve element o f  the sensor with a magnetic tunnel junction.
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