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Summary

The discovery of giant magnetoresistance (GMR) in the late 1980’s resulted in massive
interest in the deposition and characterisation of artificial layered magnetic structures.
Spin valves were discovered in 1991 and have been the subject of intense interest due to
their suitability for application in magnetoresistive read heads in magnetic hard disk drives.
The basic element of a spin valve is two ferromagnetic layers separated by a non-magnetic
spacer. The electrical resistance of the structure is low when the magnetisation directions
of 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 of 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 of the fundamental

building blocks necessary for developing more complicated spin electronic devices.

In this work, several aspects of 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 of top-pinned IrMn spin valves using polarized neutron
reflectometry is presented. This powerful technique allowed precise determination of the
spin valve layer thicknesses and magnetic moments to be determined. In addition, the
stability of the pinned layer as a function of applied field and temperature has been

assessed. This suitability of 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 of the effect of the strength of the magnetic annealing
field on parameters such as exchange bias and GMR in spin valve structures. A
specifically designed furnace allowed magnetic annealing of 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 of a re-alignment of the IrMn pinned

spin moment.

Interest in patterning magnetic nanostructures using the Focussed lon Beam (FIB) has
increased in recent years. However, implantation of Ga" ions from the beam can have
adverse effects on the magnetic and electrical properties of magnetic thin films and
multilayers. In chapter 5, the effects of Ga+ ion implantation in IrMn spin valves is
presented and the feasibility of using FIB milling as a tool for nano-pattering spin valves

assessed.

Finally, an interesting application of a spin valve is presented in Chapter 6. The mixed
sensor consists of 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 of the spin
valve structure for this specific application is discussed and results for a mixed sensor
prototype presented. The sensitivity of the prototype is comparable to that of 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 of research and
development combining the two traditional areas of 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 of electrons. Another
interesting property of 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: +7/2 (spin up) and — /2 (spin down), where 7 is Plank’s constant. Non-magnetic

materials have equal numbers of spin up and spin down electrons. In contrast, in
ferromagnetic materials the density of states is different for each of the two spin
configurations resulting in a net spin polarization of the electron current. Spin electronics
uses the electron spin as the active element manipulated in transport processes with the aim

of developing new devices as well as magnetic versions of conventional electronic devices

[ilsay.
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1.2 Giant Magnetoresistance

In the last thirty years, huge technological advances have been made in the fields of thin
films deposition and materials preparation. This has allowed development of a wealth of
artificially  constructed multilayer systems combing magnetic, non-magnetic,
semiconducting and superconducting materials. In 1988 Fert and co-workers [3] and
Griinberg and co-workers [4] independently discovered that the resistance of a multilayer
structure comprised of alternating nanometer films of Fe and Cr changed in a magnetic
field (Figure 1.1). The change in resistance involved was orders of magnitude bigger than
conventional anisotropic magnetoresistance observed in single films of magnetic material
(typically 3% in permalloy). Hence the phenomenon was termed Giant Magnetoresistance

or GMR.

R/R(H:0)

(Fe 30A7Cr18A)y

iFe 30A1Cr 12h)y

(Fe 30A1Cr9d1,

G » [
Magnetic held (kG)

Figure 1.1  The original GMR observation of GMR in (Fe/Cr)n multilayers by
Baiblich et al [3] reporting GMR effects of up to 45% requiring saturating fields of

up to 2T.
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The magnetoresistance (MR ) ratio is defined as:

AR Ry R (1.1)
R R

P

where Rap and Rp are the resistances in states where the alternate ferromagnetic layers are
aligned with their magnetisations antiparallel and parallel, respectively. Later, an MR ratio
of 110 % at room temperature was reported for sputter deposited [I10]-oriented
antiferromagnetically coupled CoosFes/Cu superlattices [5] and an MR of 220 % at 1.5K

was reported for Fe/Cr multilayers [6].

In order to understand the GMR effect we must first consider the band structure of a
ferromagnetic transition metal. The electrons participating in conduction can be
distinguished as two types depending on the direction of 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 of electrons carry independent electrical current in parallel, assuming that spin-
flip scattering does not occur. Figure 1.2 shows the density of states (DOS) of Fe, Co Ni
and Cu. The DOS can be viewed as a superposition of a narrow sp-band and a wide d-
band. A normal metal such as Cu has equal density of spin up and spin down electrons at
the Fermi level. A ferromagnet however, has a spin split density of states at the Fermi
level. For Co and Ni, 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 of 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:
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o (12)

where p, and p, are the resistivites of majority and minority electrons. For example, for

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

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

spin down d-states.
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Figure 1.2  Density of states of transition metals Fe, Co, Ni and Cu from [8]

The GMR 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 of 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 of the spin up channel effectively gives a short circuit and the overall resistance
of 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 of electrons are scattered and the overall
resistance of the stack is high. If we assume that the mean free paths of the electrons are
larger than the layer thicknesses, then the resistor model in Figure 1.3 can be used to

describe the situation.
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Figure 1.3  Resistor model of GMR

In the parallel configuration the resistivity is given by:

R (1.3)
PR R
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while in the antiparallel configuration it is described by:

R.+R
RAP: T4 4

(1.4)

The GMR ratio is then given by:

Ry—R, _(1-a) (1.5)
R 4o

p

AR
T
This illustrates the importance of the scattering asymmetry in the origin of GMR.
Scattering at interfaces in multilayer structures also plays an important role and depends on
the degree of matching of the electronic band structures of the ferromagnetic and non-
magnetic materials in the bulk of the layers and near the interfaces. In order to obtain a
large GMR effect, good electronic structure matching is required for one spin direction and
bad matching for the other direction. Good electronic structure matching explains, in part,
the large GMR ratios for Fe/Cr multilayers where matching is good for the minority

electrons and for Co/Cu where good matching occurs for the majority spin electrons [9]

There are two ways in which the current can flow through a GMR stack; parallel to the
plane of the film or perpendicular to the plane. These two configurations are known as
current in plane (CIP) and current perpendicular to plane (CPP) (Figure 1.4). The simple
model discussed above assumes that the current densities are homogenous for both spin
directions throughout the layers. This isn’t valid for the CIP geometry and is generally
more applicable to CPP which is described in detail by the Valet Fert model [10]. There is
a fundamental difference between the important length scales in the two geometries. In the
case of CIP GMR, the electric field is uniform along the in-plane direction. It is important
then that the mean free path of the spin up and spin down electrons is much larger than the

thicknesses of the layers. The electrons will then, on average, traverse many 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 antiferromagnetic
coupling is realized at a Cu layer thickness of about 0.85 nm and the majority mean free
path in Co is around Snm 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 diffusion
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 of the
bottoms of the conduction bands with respect to the Fermi energy in successive layers.
CPP GMR is usually much higher than CIP GMR. However applications have generally
avoided the CPP geometry thus far due to the technical challenges of making CPP pillars

of small enough dimensions such that the resistance is appreciable.
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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 of magnetic multilayers are calculated using an adaptation of the
Boltzmann theory using spin-dependent resistivities of the materials and the spin
dependent interfacial resistances as input parameters. These theories have proven
successful in explaining most of the general transport trends in multilayers and spin valves
such as the dependence of GMR on the thicknesses of the various layers and also the
effects of specular reflection. A detailed description of these theories is beyond the scope

of 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 of 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 of the order 10mT. Another disadvantage is the non-linearity of the
resistance change, making the multilayer system less useful for sensor applications. These
constraints led to the development of the spin valve sensor in 1991 [13] as discussed in the

next section.

1.3 Spin valve structures

The basic spin valve element consists of 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 of 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 of a magnetisation and magnetoresistance curve is shown in Figure
1.5. The pseudo spin valve has a symmetric and irreversible response of 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.
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A more useful configuration is the exchange biased spin valve. In its basic form it has the
structure FM1/NM/FM2/AFM where FM1 and FM2 are ferromagnetic layers, NM is a
non-magnetic spacer and AFM is an antiferromagnetic layer that pins the magnetisation of
the adjacent FM layer using the so-called exchange anisotropy phenomenon (section 1.4).
In this configuration, FM1 is termed the free or soft layer and FM2 the pinned or hard
layer. Figure 1.6 shows the room temperature magnetisation and magnetoresistance of a
spin valve of structure:
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TaSnm/NiFe3.5nm/CoFel.5nm/Cu2.9nm/CoFe2.5nm/IrMn10nm/TaSnm.
The magnetisation curve of this sample consists of 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.
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Figure 1.6 = Magnetoresistance (top) and magnetisation (bottom) of an exchange

biased spin valve.
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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 of antiferromagnetic
coupling through the spacer. The unidirectional exchange anisotropy of the pinned layer
means that the two FM layers switch independently. Figure 1.7 shows the reversal of the
free layer. This illustrates the advantage of 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 of a slight ferromagnetic coupling through the
Cu spacer layer. The three main contributions to this coupling are direct coupling through

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

Yosida) coupling.
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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 of independent switching of
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the free and pinned layers. The critical thickness below which this coupling occurs
depends on the roughness of the layers and the degree of 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.

Néel or orange peel coupling [15] occurs because the roughness of 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 of

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

2 o (1.6)
Fdl f'—Mzexp(—zﬂzwﬁ]

7_8—./10 L S

where M is the saturation magnetisation of the magnetic layers and txy is the non-

magnetic spacer layer thickness.
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Figure 1.8  Schematic showing ferromagnetic magnetostatic Néel 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),
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 GMR ratio also oscillates as a function of
spacer thickness in these systems and the thickness of 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 of the
coupling as a function of the spacer thickness can be seen in high quality samples with low
roughness. As the roughness increases the coupling becomes ferromagnetic as Néel
coupling dominates [20]. Optimisation of the spin valve coupling mechanisms through
optimisation of roughness and spacer layer thickness can therefore be used to adjust the
offset of the free layer switching or the bias point. This is important from an applications

point of view.

1.4 Exchange bias

In 1956 Meiklejohn and Bean discovered the phenomenon of 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 of this phenomenon was the shift from zero

field of the magnetisation loop of the sample.
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Since then, exchange anisotropy has been observed in a wide variety of systems containing
FM-AFM interfaces. A review of the experimental findings is given in [23]. The common
features are the shift from zero field of the magnetisation curve by an amount known as the
exchange bias field Hey, an enhanced coercivity, and the disappearance of these features at
temperatures above Tg, the blocking temperature of the AFM where Tg < Ty, the Néel

temperature of the AFM.
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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 of 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 of 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 of as an effective field acting on the FM film. It is more energetically favourable
23



for the FM to be aligned along the direction of 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 of the effective field and the
coercive field of the FM. In the second half of the hysteresis cycle, the applied field is now
in the direction of the effective field and the FM will switch at a lower applied field value
given by the difference between coercive field of the FM and the effective field. So the
FM has only one stable configuration, as shown by unidirectional anisotropy and a shift

from zero of the hysteresis cycle by a value corresponding to the exchange bias field, Hey.

Figure 1.10 Phenomenological description of exchange bias

The situation can be described analytically by minimizing the energy of the system.
Consider a single domain FM film of thickness tpy, saturation magnetisation, Mgy and
uniaxial anisotropy Kgy in contact with a single domain AFM film of thickness tapv, and
uniaxial anisotropy Kapm. We assume the anisotropy axes are collinear and in the
direction of the applied field and the coupling at the interface is ferromagnetic. The energy

of the system is given by:
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E=—HM ot 0080+ Kyt sin® 04K oot o s @~ J 6056 (1.7)

The angle 6 is made between the magnetisations of 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 of the FM. The
second and third terms represent the anisotropy energies of the FM and AFM films. The
final term represents the interaction between the two films where J is the interface
exchange coupling constant. If we assume that the antiferromagnet is rigid the energy

simplifies to:

E=-HM ,,t,, cos@+K,,,t., sin’@—Jcosb (1.8)

Minimising the energy w.r.t 0 gives two extrema for the direction of the magnetisation of
the FM film when 6 = 0 and 0 = n. Stability of the 6 = 0 configuration is possible if
Jitpy, + HM o, + 2K, >0and stability of the 6 = & configuration is possible
Tt —~HM = 2K o B,

This corresponds to the coercive fields:

H _ 2K pyte Y (1.9)
cl
MFMtFM
Jel :2KFMtFM_J (1'10)
c2
MFMtFM

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

J (1.11)
MFMZFM

ex
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The dependence of the exchange field on 1/tpm underlines the interfacial nature of the
phenomenon and has been verified experimentally on several systems. However, the
exchange fields estimated from equation (1.11) are orders of 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 of 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 of the FM and AFM
films are parallel at the surface in the absence of an applied field, the thickness of 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 of the FM. In order for the domain wall to form, its energy
A, K 47y must be less than the interfacial coupling energy J. Minimization of the

system energy in this case gives an exchange field of:

H :2\/AAFMKAFM (1.12)

ex
MFMtFM

This means the exchange field is reduced by a factor J/24/A4,,,,K ,,, and gives values for

Hex of the same order of 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 of 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 of 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 of 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 Malozemoff 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 of the antiferromagnet,
including the contribution from the random fields, is then minimized by the formation of
domain walls perpendicular to the interface. The contribution of energy difference

between the different random domains produces the exchange bias.

More recent experimental findings [31,32] support an extension of the Meiklejohn and
Bean model by the discovery using x-ray magnetic circular dichroism (XMCD) that only a
small fraction of 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 of the hysteresis loop. The majority of 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 of the uncompensated interfacial moments

contributes to the bias, the Meiklejohn and Bean model (1.11) can be written as [31]:
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(1.13)

where J . = pJ

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 fully comprehensive
model of 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 Tg, the temperature below the

antiferromagnetic ordering Néel temperature at which the exchange bias goes to zero.
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= Low critical thickness - the minimum thickness of 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 of composition Fe;.\Mny with x ~ 0.5 were implemented in some of
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]. Ir;xMny 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 of its advantages is ease of processing. For spin valves in which the [rMn
is grown on top of 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 of the effects of magnetic annealing on top and bottom IrMn spin
valves is presented in Chapter 4. The advantages of 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 Néel 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 of NiMn, for
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example, annealing processes from 10-40 hours at temperatures around 280 °C have been
reported [36]. Nevertheless, these materials have very high blocking temperatures and
excellent thermal stability [37,38], which makes them very suitable for use in spin valves

for read head applications.

Oxide antiferromagnets, such as NiO and a-Fe,O; have also been implemented in spin
valves [39,40]. The obvious advantage of an oxide antiferromagnet is the elimination of
current shunting though the layer due to its intrinsically high resistivity. An added
advantage of increased GMR ratio due to specular reflection at the oxide interface was
discovered when studying NiO spin valves. This has resulted in high GMR ratios of up to
28 % [41]. Unfortunately both NiO and a-Fe,Oj; suffer from low exchange bias fields and
large critical thicknesses. An overview of the main properties of the antiferromagnets used

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

AFM Films FeMn IrMn NiMn PtMn NiO a-Fe, 03
Critical thickness, t. 7.10 5.8 25 10 -15 50 50
(nm)

Neel Temp, Ty (°C) | 230 420 800 702 250 680

Blocking temp, Ts | ;10 190 | 240-290 | 360-400 | 350-400 | 180-230 | 250

WY)

Exchange energy,J | 0.10- 0.12- 0.30- 0.20- 0.02- 0.03-

(mJ/m?) 0.15 0.40 0.40 0.30 0.12 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.
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1.5 Spin valve designs

Improvements in spin valve performance (GMR, exchange field, sensitivity) are
continually pursued both through the development of new materials and the design of new
spin valve geometries. The basic FM/NM/FM/AF spin valve has evolved into many

variants [43, 44].

The standard spin valve is composed of 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 of Ta and is used to increase the quality of the subsequent layers and reduce
roughness. The relatively high resistivity (p = 160 x 10" Qm) of tantalum makes it a
suitable choice as shunting effects through it are negligible. 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 of two ferromagnetically coupled layers
with different compositions. The most frequently used combination is NigoFe;o/CogoFeso.
The permalloy layer is used to reduce the coercivity whereas the CoFe gives a higher MR
ratio due to the larger scattering potential for minority electrons at the CoFe/Cu interface.
Usually the antiferromagnetic layer is at the top of the spin valve structure, hence the name
top spin valve. The antiferromagnet can also be grown at the bottom of the stack — a
bottom spin valve. The bottom spin valve is more difficult to realize experimentally as the
structure generally needs to be annealed in a magnetic field to establish reasonable

exchange bias. Typical MR values for top and bottom spin valves with IrMn range from 5

—10%.

The dual (or symmetric) spin valve takes advantage of the fact that spin dependent
scattering of the conduction electrons takes place at the magnetic/non-magnetic interfaces.

Therefore it is possible to increase the MR ratio by increasing the number of interfaces.
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Dual spin valves consist of essentially three FM layers separated by two non-magnetic
spacers. The magnetisation of the outer two FM layers are pinned by an AFM layer,
whereas the inner FM layer is free. An example of 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 of the structure can make it unsuitable for

read head applications.

A further advance in spin valve design was the development of the synthetic
antiferromagnet (SAF). The SAF is a three-layer stack consisting of two ferromagnetic
layers (usually Co or CoFe) separated by a thin layer of non-magnetic spacer (usually Ru).
The coupling between the ferromagnetic layers oscillates between ferromagnetic and
antiferromagnetic as a function of the Ru thickness and is strongly antiferromagnetic in the
range 0.5-1.0 nm [47]. One of the ferromagnetic layers in the SAF is coupled to an
antiferromagnet to give a spin valve of 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 of the standard spin valve and the GMR value
is the same. Another advantage of using the SAF is that, in a patterned device, stray field
created by the pinned layer on the sensing layer is reduced because of the antiparallel
alignment of the two FM layers in the pinned layer. An analytical calculation of the

magnetic response of the SAF spin valve has been carried out [48].
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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 of the spin valve resulting in enhanced MR ratios of 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 of repeats in the
structure. This affords an increase in the GMR of the structure without dramatically
increasing the thickness. Nano-oxide layers are formed by the oxidation of an already
deposited layer, or by the deposition of 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 [S0]. Specular reflection has
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also been reported in spin valves with oxide antiferromagnets such as NiO [46] and o-
Fe>O; [51]. NOL insertion into a spin valve with a metallic antiferromagnet such as IrMn
can be more useful due to the higher thermal stability and lower critical thickness of the

antiferromagnet.

Spin filter spin valves have the structure AFM/FM/NM/FM/B where B is a conductive
non-magnetic back layer. The result is an increased mean free path and reduced resistance
for majority spin electrons in parallel alignment and hence an increased GMR ratio [52].
Optimisation is a trade off between the increased mean free path and increased current
shunting through the back layer. The advantage of the spin filter spin valve is that the
thickness of the free layer can be reduced to levels that would be sub-optimal without a
back layer. A thinner free layer is advantageous for read head applications as the
continued reduction in the bit size of magnetic recording heads means smaller magnetic
flux coming from each bit. This means that the moment of the free layer must be

decreased in order to maintain the same amplitude of rotation.

1.6 Spin valves devices

Spin valves are currently used in a wide variety of commercial sensor products. The main
applications at present are in read heads of hard disk drives in the magnetic storage
industry and as magnetic field sensors. The precise requirements of a spin valve sensor
and its advantages over other types of sensor depend on the specific application. The

general requirements for a spin valve sensor are as follows [53]:

= Large magnetoresistance 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 of hysteresis and sensitivity were made by the
discovery of the role of crossed anisotropy of the free and pinned layers [54]. The
coercivity of the free layer of 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 of

the pinned layer.

(a) (b)

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 of the free layer switches by coherent rotation
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resulting in a near linear variation of the resistance with field. In contrast, in the case of
parallel anisotropies, magnetisation reversal is the result of 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 of domain walls. In Figure 1.12, a spin
valve with free layer NiFe(3.5nm)/CoFe(1.2nm) and pinned layer CoFe (2.5nm)/IrMn
(10nm) is shown with crossed (a) and parallel (b) anisotropy. The crossed configuration
was obtained by growth of the spin valve in a magnetic field and rotation of the sample by

90 degrees for growth of 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 of 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 of 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 S mT. Spin valves have surpassed many of these devices
due to their higher output signal and sensitivity. Spin valves exhibit a change in resistance
that is proportional to the cosine of the angle between the free and pinned layers. This can

be exploited to create devices with an inherently linear relationship between the applied
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magnetic field and the output voltage. Minimization of the noise and particularly the
magnetic noise is essential for spin valve sensors. This can be achieved by appropriate
design of the sensor geometry. The optimisation of spin valves for magnetic field sensors

is described in detail in chapter 6.

1.6.2 Spin valves in read heads

An overwhelming amount of spin valve research has been driven by the interests of the
magnetic storage industry. The first magnetic disk drive, introduced by IBM in the early
1950’s, was termed RAMAC and had an areal density of 2 kb/in® [55]. The areal density
of this drive, based on inductive technology, experienced a growth rate of 30 %/year until
1992 when magnetoresistive heads based on the anisotropic magnetoresistance of
permalloy films were introduced. From this point on the areal density increased at a rate of
60 %/year boosted by the discovery of GMR and the implementation of spin valves in read

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

The principle of magnetic recorded is illustrated schematically in Figure 1.13. The basic
components are the recording media and a read-write head. The recording medium is a
disk of magnetic material on which information is stored as abrupt changes in
magnetisation, or magnetic bits in tracks along the disk. The areal density is then the
product of the density at which transitions can be packed along a track (the linear bit
density) and the density at which tracks can be packed together (the track density). The
read-write head is positioned on an air bearing slider (ABS) at a fixed position above the
disk. The writer is essentially a submicron electromagnet, the stray field from which is
used to switch the magnetisation of bits on the recording media. The higher the saturation
magnetisation of the pole pieces of the writer, the higher the write field. Materials

currently used in write heads are NigoFe,, NigsFess and FeTaN. The reader currently
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consists of a spin valve stack electrically insulated from two thick shields of magnetic
material such as NiFe. The free layer of the spin valve senses the stray field from adjacent
bits in the magnetic media below it resulting in a voltage output. The purpose of the
shields is to increase the resolution of the head along the track by absorbing all the
magnetic flux coming out of the media except for just underneath the gap between the

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

Inductive

GMR Read Write Element

Sensor

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

recording medium

This is an example of a CIP vertical read head. The magnetisations of the free and pinned
layers are set perpendicular to one another in order to have a linear response of 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
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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 of process and measurement
parameters. The coupling between the layers can be reduced by appropriate choice of
spacer layer thickness. The effect of the dipolar field of the pinned layer can be almost
eliminated by use of 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 of these

techniques is used.

An important parameter in the performance of read heads is the readout resolution parallel
and perpendicular to the trackwidth of the recording medium. The resolution parallel to
the trackwidth is determined by the effective length of the spin valve and is determined by
the spacing between the leads, the position of the permanent magnets and is generally
limited by the resolution of lithographic techniques. The resolution perpendicular to the
trackwidth is determined by the read-gap which is determined by the combined thickness
of the insulating layers and the spin valve stack. Reduction of the insulation thickness
risks shortage and increased vulnerability to electrostatic discharge. Methods of reduction
of 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 of the read-gap and increased lateral

resolution.
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1.6.3 Spin valves in MRAM

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 of intense research over the last ten to fifteen years. Initial MRAM architecture
was based on the AMR of NiFe elements but soon moved on to GMR 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 of perpendicular lines,
word lines and sense lines. Information is stored as the orientation of the magnetisation of
the hard layer of the spin valve. In order to write information in a cell, pulses of 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 of 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 of 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 of
magnetic tunnel junctions (MTJs) offered the possibility of much higher signals and read
times. Present research on MRAM focuses entirely on architectures based on magnetic

tunnel junctions.
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