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A b s t r a c t

This thesis describes the design, construction, and use of a sputter 

deposition facility at the University of Leeds for the growth of magnetic 

multilayer samples. Now completed, the machine is a UHV sputtering 

facility, capable of growing up to 15 samples of arbitrary complexity under 

computer control in a single vacuum cycle. The system currently has five 

sputter targets.

The system was used to grow Co/Cu multilayers. It was found that the 

level of residual gas in the chamber is of primary importance in determining 

the final quality of the samples. A good vacuum is required to achieve good 

antiferromagnetic coupling between adjacent Co layers in the multilayer 

stack. Consequentially the giant magnetoresistance of such samples is very 

high. A poor vacuum leads to poor coupling between Co layers, and the 

magnetoresistance of such samples is minimal.

When grown under clean conditions the giant magnetoresistance of the 

Co/Cu multilayers was very high - as much as 75% at room temperature, 

rising to 130% at 4.2K. Coupling oscillations as the Cu spacer thickness was 

varied were strong, whilst none were detected as a function of Co thickness.

It was found that the >< Cu spacer layer was the part of the multilayer 

where the effects of damage by residual gases were most severe, and that 

damage to this area could cause biquadratic coupling. This form of the 

coupling arranges spins in adjacent layers at 90° to one another, rather than 

antiparallel, reducing the giant magnetoresistance response of the sample. 

The saturation magnetisation, bilinear and biquadratic coupling energies of 

180° and 90° coupled samples were measured. These three quantities were 

found to scale as a function of temperature.
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1 . In t r o d u c t io n

1 .1  A r t if ic ia l  m a g n e t i c  n a n o s t r u c t u r e s

Miniaturisation has been the dominant trend of modern 

microelectronics. Each new generation of devices has performed better than 

the last, and has been physically smaller than previous generations, as well 

as being both faster and cheaper.

Moore's law, named for Intel co-founder Gordon Moore, states that the 

storage capacity of memory chips doubles every eighteen months, first 

proposed in 1965. This growth rate still holds good today. A similarly rapid 

and exponential growth has occurred in the field of long-term data storage. 

Ten years ago a 50Mb capacity hard drive was considered more than any 

user would ever require in a PC. Today with the advent of graphical 

computing and multimedia such a drive would not even be able to store the 

computer's operating system. Hard disk capacities have improved by over an 

order of magnitude in the previous five years. Yet the physical size has 

remained unchanged, the 3 V  hard disk remains standard.

The explosive rate of growth in storage density was made possible by 

the introduction of a new technology, that of the magnetoresistive head. 

Prior to 1990 all data were read from hard disks and tapes with inductive 

heads, where the head flying over the magnetised medium induces emfs into 

the pickup coil which is the readback part of the head. These emfs are of 

course proportional to the velocity of the disk below the head. As the 

physical length and breadth of the written bits becomes smaller and smaller, 

the magnetic fields become proportionally weaker, and the disk must spin 

faster to achieve the same output signal. Towards the centre of the disk the 

problem is particularly acute, as the angular velocity of the spinning disk 

must be very high to achieve a usable linear velocity.

Magnetoresistive heads bypass this problem by reading back the signal
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directly, rather than it's derivative with time. A magnetoresistive element is 

a small piece of material whose electrical resistance varies depending on the 

applied magnetic field. It is thus a natural sensor. Modern hard disks 

incorporate such heads based on a physical principle called the anisotropic 

magnetoresistance (AMR), where the angle between current and 

magnetisation in the material determines the resistance. This effect was 

discovered in 1857 by William Thomson, who later went on to become Lord 

Kelvinfl]. This magnetisation direction may be moved around by the 

application of an external field. The introduction of this technology to 

generally available hard disks in 1990 by IBM boosted the annual growth rate 

in storage density from 30% to 60%. These new heads are made from thin 

films of ferromagnetic metal, most typically permalloy. In turn these AMR 

heads will be replaced by spin-valve heads utilising the giant 

magnetoresistance (GMR)[2], which will allow higher still storage densities.

Yet the interest in magnetic systems is not purely technological. The 

fundamental study of the low-dimensional and nanostructured magnetic 

materials used in such devices, has also proved rich in new physics, as well 

as allowing investigation of effects which have been neglected or described 

only by assumptions in the past. The development of UHV conditions for 

the growth of samples has allowed good quality ultrathin films and even 

monolayers of magnetic materials to be prepared for study. Since the earliest 

studies of one- and two-dimensional magnetic systems[3] focusing on 

inorganic magnetic crystals containing planes or lines of spins, these UHV 

techniques have been in the ascendant. The discovery of the giant 

magnetoresistance in 1988[4], sparked off an intense world-wide research 

effort into the magnetotransport properties of such artificial structures.

Such a very thin film is of course almost entirely surface, and surface 

effects may be expected to dominate the physical properties. Such effects as 

surface anisotropy and indirect exchange coupling have also received much 

experimental[5] and theoretical[6] attention. Recent magnetism conferences 

have been dominated by thin film studies, and the Materials Research
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Society has run special symposia on thin-film magnetism and published the 

proceedings. The first few years of this explosion of research are documented 

in a pair of books edited by Bland and Heinrich[7].

1 .2  T h e  G ia n t  M a g n e t o r e s is t a n c e

The principle new technological application of such structures relies on 

the giant magnetoresistance phenomenon. A brief explanation of this effect 

is in order. Very large magnetoresistances were observed in the 1960s and 

1960s in iron whiskers at cryogenic temperatures[8 ]. Fields as low as lOmT 

could decrease the resistance by up to an order of magnitude. As the field is 

applied the domain walls are swept out. Domain walls are sources of 

electron scattering, and hence make a contribution to the electrical resistivity 

of the material. Only at very low temperatures in a single crystal iron 

whisker are other sources of scattering sufficiently small to allow the domain 

wall contribution to be so easily detected. However we can see that the 

lower resistivity in a field is due to the increased magnetic order in this case.

The giant magnetoresistance is also a negative effect - the application of 

a field reduces the resistivity, and again it relies on increased magnetic order 

in a field. It requires that the material be formed from magnetic elements 

separated from each other by non-magnetic conductors - most commonly 

noble metals like Cu and Ag, although just about every non-magnetic 

transition metal has been used at one time or another. For best effect though 

the spacer should itself be as good as possible a conductor. Such materials 

are usually formed from thin layers of the different materials, although 

granular systems, consisting of magnetic clusters embedded in a host matrix

also display this property.

The mechanism by which the magnetoresistance works is best 

understood by a simple resistor network model. The essential feature is that 

the likelihood of an electron being scattered in a magnetic material depends 

on that electron's spin relative to the material's magnetisation. This is due to 

the exchange splitting of the d-bands in transition metals which are
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Figure 1.1 The giant magnetoresistance of a Co/Cu multilayer grown in 

the sputtering facility at the University of Leeds measured at room and 

helium temperature. The magnetoresistance is negative, the resistance 

drops sharply as the field is applied until the system saturates. The 

GMR ratio is normalised to the saturated resistivity of the sample, and 

the 4.2 K response is much larger as this value is reduced on cooling.

ferromagnetic - the majority spin band is more predominantly s-like at the 

Fermi level, and hence more conductive, as a consequence of Fermi's golden 

rule. If little or no spin-flip scattering is assumed then two parallel spin 

channels of conduction exist, with different resistivities.

The smallest possible unit of a GMR material is two pieces of magnetic 

metal, which are closely separated by a spacer material. They may take up 

configurations where the magnetisation vectors are anti-parallel, but may be 

made parallel by the application of a field. When the layers are aligned 

parallel the majority spin electrons are able to pass through both pieces of 

magnetic material with ease, and so provide a low resistance path for 

current, and the macroscopic resistance is low. When the field is removed, 

the layers will be able to return their anti-parallel state, and now neither spin

P-qH (T)
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of electron enjoys easy passage through both pieces of magnetic material - 

the macroscopic resistance is high. One may consider this as a kind of 

polarisation experiment, where the first ferromagnet spin-polarises the 

electrons carrying the current - only if the second ferromagnet is aligned can 

the polarised current easily pass through. For well chosen and exactly crafted 

systems the fractional change in resistivity can be very large, see Fig 1 .1 . The 

fractional change or GMR ratio (often referred to as simply the GMR) is 

conventionally defined as the ratio of the change in resistance to the 

resistance in the saturated state. The value is normalised to the saturated 

state because that state is well defined - in real systems the anti-parallel state

may well not be perfectly achieved.

This treatment of the GMR naturally skims over a number of the more 

subtle or detailed points. A good primer on the GMR effect is given by 

White[9], and a more detailed review by Dieny[10J.

1 .3  In d ir e c t  e x c h a n g e  c o u p l in g

This antiparallel state may arise by a number of mechanisms, one of 

which may well be considered the other most remarkable property of 

magnetic multilayer systems. This is oscillatory indirect exchange coupling, 

predicted in the 1960s, but only first observed in the late 1980s. When two 

magnetic layers are separated by very thin spacers then electrons may be 

shared between them, and the exchange interaction which couples spins 

together to allow ordinary ferromagnetism allows the two layers to become 

coupled. The coupling decays rapidly as the thickness of the spacer 

increases, and is negligible for thicknesses greater than about 50A. It is 

strongest for spacers which are about 10A thick, and successfully growing 

such very thin layers which are smooth on an atomic scale and without 

discontinuities is a severe challenge to thin film growth technology.

In fact this interlayer coupling is a form of superexchange, where a spin 

in one layer interacts via direct exchange with an itinerant electron, which 

then goes on into the second magnetic layer and interacts with another spin
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there. The two spins are thus indirectly coupled - and the sense of this 

coupling oscillates with the spacer layer thickness. The Hamiltonian of the 

interaction may be written in the usual Heisenberg form, as being 

proportional to the scalar product of two unit vectors parallel to the two 

magnetisations. Thus for certain spacer thickness ranges the magnetic layers 

will naturally align in the antiparallel high resistance state. Application of a 

sufficiently large field will align the layers parallel again, and the kind of 

GMR curve seen in Fig 1.1 will be observed.

The physics of this oscillatory coupling is still not fully resolved. Many 

of its properties are determined by the properties of the spacer layer. It 

appears to be a universal phenomenon, exhibited by almost every kind 

spacer material, be it metal, semiconductor or insulator. The whole of 

Chapter 3 is dedicated to a discussion of various models of this indirect 

coupling.

1 .4  T h is  t h e s is

The work described in this thesis was performed with one main goal in 

mind. A large old sputtering machine owned by the physics department 

would be renovated and improved to a state where it could be used to make 

magnetic multilayer samples of the kind already being grown in the 

molecular beam epitaxy (MBE) machine installed in the department in 1990. 

However the machine would be able to grow a large number of samples in a 

single vacuum cycle, and be fully automated. This work is described in 

Chapter 2, along with a brief description of the various experimental 

techniques used to characterise the samples.

The level of base pressure was found to be of crucial importance in 

growing high quality Co/Cu multilayer samples. This type of sample has 

been widely studied, and 15 particularly suited to sputter deposition. In a 

very clean growth environment very large magnetoresistances could be 

achieved, as shown in F ig l.l. For small amounts of residual gas the GMR 

would drop markedly, and it was found to be driven by much poorer



13

antiferromagnetic coupling between the layers. A review of the various 

theoretical models of this coupling is given in Chapter 3, as well as a 

description of the numerical model used to extract quantitative information 

about the coupling.

Investigations into the microstructure of the samples are described in 

Chapter 4, as we attempted to discover what morphological changes were 

caused by the impurity gas atoms which were contaminating the poor 

samples. No differences between good and poor samples were detected, but 

a very unusual microstructure in all the samples was discovered. The 

implications of this microstructure for the interlayer coupling are discussed.

Chapter 5 is concerned with the effects of residual gas contamination on 

the indirect exchange coupling between the Co layers through the Cu 

spacers. By us<^ a selective probing technique, small amounts of residual 

gas were inserted into the multilayer stack. It was found that the purity of 

the spacer layer is of paramount importance in achieving good 

antiferromagnetic coupling. Damage to the spacers layers was found to cause 

a 90° alignment of the magnetisations of adjacent layers, referred to as 

biquadratic (as opposed to the more common Heisenberg-like bilinear 

coupling). The temperature dependence of this coupling was measured, and 

a temperature independent scaling behaviour was observed, with 

implications for the common temperature dependences of various physical 

quantities in the structure.

Finally, this work and possible future extensions are summarised in 

Chapter 6 .
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2 . S a m p l e  P r epa r a tio n  a n d  

M e a s u r e m e n t  T e c h n iq u e s

2 .1  S p u t t e r  d e p o s it io n  o f  m a g n e t ic  m u l t i l a y e r s

2.1.1 Principles of sputtering

Ih e  erosion of the cathode by sputtering in a gas discharge tube was 

discovered over 150 years ago by W R Grove[ll], In a glow discharge there is 

a ready supply of gas ions which are, of course, positively charged. These 

are attracted towards the cathode by the Coulomb force and will strike it 

with a large kinetic energy when the applied voltage is high. This will result 

in the removal of material from the cathode, which leaves with superthermal 

energies. This is the sputtering process. When this material impinges upon a 

surface it will nucleate into islands and then grow into a film. By having a 

target of the appropriate material upon the cathode it is possible to deposit a 

film of that material.

The simplest way of striking up a glow discharge is to merely have a 

pair of electrodes in a low pressure gas and to apply a large voltage across 

them. For many years this diode means of sputtering was the most 

commonly implemented, due to it's simplicity. Here the target is the cathode 

with the substrate and surrounding chamber walls forming the anode. 

Applied tension of several kV and a sputtering gas pressure of around 

lOOmTorr are required to achieve an even barely acceptable deposition rate.

In order to assist the formation of a strong glow discharge a triode 

arrangement is sometimes used. Here a filament thermionically provides 

electrons, which are attracted across the target and into the plasma by an 

anode, the third electrode.
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(a) Diode Configuration (b) Triode Configuration

target

-ve HT

anode

+ve HT filament

-ve HT

Figure 2.1 Diode (a) and Triode (b) sputtering arrangements. The triode 

has a thermionic filament, screened from deposits, to generate electrons 

which are pulled into the plasma by the anode. This helps to increase the 

rate and reduce the required voltage.

The gas used to provide the ions for sputtering is almost always Ar. It 

is essential to use a noble gas to prevent the target from reacting chemically 

with the energetic ions. Gases of low atomic mass are of little use as they 

impart little momentum to the atoms on the surface of the target, and Ar is 

the most readily available of the gases with an atomic mass comparable to 

that of the material to be sputtered. Interesting work has been carried out 

investigating the effects of using the different sputtering gases Kr & Xe. 

Different sputter yields for a target of a certain material will be achieved for 

the different gases, as the amount of energy transferred from the incoming 

noble gas atom to the atom in the target it strikes depends on their relative 

masses. An incoming atom of mass m3 with energy £ 3 colliding elastically at 

zero impact parameter with a stationary atom of mass m2 will have a final 

energy £ j given by

e : = e ,
m: - 777, 
7772 + 777,

The gas atom may be reflected back from the target with considerable 

energy. This may affect the characteristics of the growing film beneficially or
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adversely; this will be discussed in greater detail below. Window suggested 

that the use of Xe was beneficial in the preparation of low stress W, Mo or 

Cr films, as it would be reflected with a much lower energy than say Ar, and 

proposed a novel system to allow economical use of this very expensive 

gas[12]. It has been found that the coercivity of Co/Pt multilayers can be 

increased by the use of heavier sputter gases[13], and that the GMR of 

multilayers[14] and spin-valves can be affected. However in large-scale 

processes Ar is almost always used.

These diode and triode methods produce poor quality films due to the 

low rates of deposition and high working pressures required. It is possible to 

use magnetic fields to concentrate the discharge plasma, in a manner based 

on the work of Penning over 50 years ago[15]. It has been refined over the 

years and been used in a series of different geometries, although by far the 

most common configuration now in use is the planar magnetron, introduced 

in the 1970s[16], although the basic means of plasma confinement was 

demonstrated 15 years previously[17]. The advantages of such a system are 

numerous; not only is film quality improved and the deposition rate 

increased, but it is a natural geometry for coating flat substrates in a uniform 

manner. In addition superthermal particles produce films which have a better 

adhesion to substrates, and do not require such high substrate temperatures 

as those produced by evaporation methods.
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-ve HT

sputtered sputtered
material material

field
lines

Figure 2.2 A magnetron cathode. The glow discharge plasma is confined 

closely above the target by the magnetic field. Most target bombardment 

occurs below this ’racetrack', resulting in non-uniform target erosion.

Most small planar magnetron sputter sources are circular in shape, and 

consist of the target, a disc of the material to be deposited, which is 

connected to a power supply as the cathode. It is backed by permanent 

magnets which provide a toroidal confinement field above it. The field 

strength is chosen such that electrons will have a Larmor radius of around 1- 

3 mm, confining them effectively above the target, whilst that of the much 

heavier ions will be at least an order of magnitude higher, allowing them 

considerable freedom. This helps to prevent unnecessary heating of the 

substrate by electron bombardment.

When the glow discharge is struck by the applied negative voltage, the 

ring shaped region defined by the field becomes dense in electrons, both 

those released from ionised gas atoms, and also secondary electrons released 

from the target by sputtering. They are affected by the Lorentz force from 

the electrode and permanaent magnets. Electrons travelling helically along 

the field lines towards the target centre are reflected by the negative 

potential, but also by the greater density of field lines in this region, in just 

the same way as charged particles are trapped in the Earth's Van Allen belts.
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Once travelling radially outwards along the field lines they eventually reach 

the perimeter of the target. An anode is placed in this region to collect them 

and prevents them from reaching the substrate. The electrons also drift from 

one radial field line to the next resulting in a racetrack effect. The upshot of 

this complicated motion is to produce a long path length for these energetic 

electrons, resulting in a high plasma density closely over the racetrack. This 

ensures a ready supply of positive gas atoms, to be accelerated across the 

cathode dark space, typically a few mm, and sputter the target. This ensures 

a high deposition rate.

1 he magnetron is also favoured as a deposition source since it is easy to 

control. The magnetron drive is usually current regulated as the deposition 

rate is proportional to the sputter current. This is because mass flow of 

material from the target is proportional to the number of ions (charge 

carriers) striking it. Current generally has only a weak dependence on 

voltage of the form I=kVn, where n is typically greater than 5, so the 

incoming energy of sputtering gas ions is not very much greater for larger 

currents.

All sputtering work performed at Leeds has been DC, although it is 

also possible to use an RF supply capacitively coupled to the cathode. This is 

essential when depositing non-conducting materials[18], in order to prevent 

a charge build up on the target surface which will stop the process. The 

higher mobility of the electrons means that there is a natural biasing voltage 

on the target, which provides the necessary potential for sputtering.
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field
ferromagnetic lines

target trapped

Figure 2.3 The effect of a thick ferromagnetic target. The highly 

permeable target traps the magnetic flux like a keeper. If the target 

is too thick, as in this case, then no flux will penetrate the target, 

and no plasma will be confined.

There is one major drawback to the use of magnetrons in our 

application however - if a ferromagnetic target is placed upon the cathode 

then a large amount of the flux from the magnets will be captured by the 

target and very little will penetrate through and capture electrons to form a 

plasma. This places a strict limit on the amount of magnetic material that can 

be used as a target, as a function of its permeability. Above a critical 

thickness the gun will fail to strike a plasma, and just below this thickness 

the plasma will be so weak as to be almost useless. This has presented a 

particular problem in the past, and the original IonTech magnetrons in our 

system are unable to sputter from Fe targets thicker than ~0.1mm. This is 

problematical for two reasons: the target will not last for more than one or 

two hours of continuous sputtering, and the target is now flexible enough 

that the localised heating in the racetrack area can cause the target to lift 

away from it's cooling block as it expands. Once it is no longer in contact it 

can heat extremely rapidly, and we have experienced melting of Fe in the 

racetrack area with the application of only moderate sputter currents. The 

melting point of Fe is 1540°C. The use of new, more powerful permanent 

magnet materials in modern magnetrons, in addition to improved design
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now allows the use of thicker targets. A large production scale contemporary 

magnetron gun is capable of sputtering targets in excess of " thick.

2.1.2 Control of film properties

Historically sputtering has been associated with poor film quality in 

comparison with evaporation techniques. However advances in vacuum 

technology have allowed for the preparation of high quality metallic 

multilayers in the early 1980s[19], and for very high precision epitaxial 

superlattice growth more recently[20]. Sputtering is now the deposition 

method of choice in the emerging GMR sensor industry, and enjoys 

advantages of speed and cost-effectiveness over more exacting preparation 

techniques such as MBE. In addition the highest GMR values yet reported 

are in sputtered multilayers[21] and spin-valves[22]. This in part due to the 

control over incoming particle energy which is possible, as the technique 

does not rely on the fixed melting point of the metal being deposited.

I he choice of deposition rate is important in determining overall film 

quality. High sputtering powers are associated with larger grain size, due to 

the greater available surface mobility of adatoms allowing them to settle into 

lattice sites, but also the lower impurity content in the faster growing film. 

No vacuum system ever achieves total cleanliness, and the contaminants 

remaining in the system at base pressure will be found in the film, as well as 

a small amount of the sputtering gas. The rate of impurities arriving at the 

substrate, or indeed any other surface in the system is proportional to their 

partial pressures, in a manner calculated in any text on surface science[23]. It 

takes less than a minute to achieve monolayer coverage of any contaminant 

when its partial pressure is 10 7 Torr, assuming a sticking coefficient of unity. 

If we deposit metal at say one monolayer per second, a typical sputtering 

rate, we can expect the film to contain a few percent of 'sticky' impurities 

such as oxygen & water, and these can have a drastic effect on sensitive film 

properties such as the GMR[24]. Indeed it is possible to form entirely new 

phases of materials by the inclusion of such innocent seeming accidental
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dopants as nitrogen", e.g. (3-Ta, a tetragonal phase not seen in bulk[25]. The 

importance of a clean vacuum is readily appreciated. Indeed we have found 

this aspect to be extremely important, and it will be discussed further below, 

and in Chapter 4 and 5 .

A bias voltage can be applied to the substrate in order to modify the 

type of bombardment to which the growing film is subjected. A : negative 

voltage will prevent electron bombardment , but this is not a problem in 

magnetron sputtering. A negative voltage will promote positive ion 

bombardment of the growing film. A bias voltage of only -30V is sufficient to 

entirely destroy any GMR at the first Cu peak in Co/Cu multilayers[26],

Control of substrate temperature is less important than in evaporation 

techniques such as MBE since the surface mobility of adatoms can be 

controlled, firstly the energy distribution of the incoming atoms themselves 

may be varied, and additional energy can be injected through the impact of 

high energy reflected neutrals. High substrate temperatures are associated 

with a lower GMR[27], as the layers tend to become more interdiffused. This 

is in line with the results of annealing experiments carried out on GMR 

multilayers[28]. Substrate temperatures as low as 100K can be used in order 

to produce a smoother film.

Epitaxial growth is also possible by sputtering[29], if the conditions are 

carefully chosen. High substrate temperatures for the deposition of a single 

crystal seed layer and a clean vacuum system are essential. The correct 

choice of a seed buffer layer will encourage epitaxial growth with the desired 

crystallographic orientation[30].

2.1.3 Structure zone models & reflected neutrals

In 1969 Movchan and Demchishin published details of their 

classification scheme relating the microstructure of vacuum deposited films to 

a particular deposition parameter - the substrate temperature[31]. They grew 

films of various metals and metallic oxides by high rate electron beam 

evaporation onto copper and niobium substrates upon which they had



22

established steep temperature gradients, and found that the form of the 

growth was different in three different zones on the substrate according to 

the temperature at that point. In particular they found that the transitions 

from one structure zone to the next occurred at common values of T/T„, 

where T is the surface temperature of the growing film, and Tm is the melting 

point of the metal in question.

For values of T<0.3Tm (Zone 1) they found that the film was in the form 

of tapered grains, with poorly defined boundaries, and domed tops. The 

grain size increased with temperature. For 0.3Tm<T<0.5Tm (Zone 2) there is a 

changeover to columnar grains with well defined boundaries, and the top 

surface of the film is smooth, and matt in appearance. The grains increased 

in width in accordance with the activation energies of surface diffusion. For 

T>0.5Tm (Zone 3) the grains are equiaxed and have a bright surface. The 

structure and properties correspond to a fully annealed metal, the grain size 

increasing with the activation energies of bulk diffusion. Other properties 

such as the hardness and lateral tensile strength were found to be different 

in the different zones.

Thornton extended the model to sputtering by adding a second axis to 

the zone diagram to account for the sputtering gas pressure used, on the 

basis of the results of preparing metal films by magnetron sputtering[32,33]. 

He found that films grown in Zone 1 at low pressure were not as expected, 

but were better described by a transition zone between 1 and 2 , which he 

called zone T. These films consisted of densely packed fibrous grains, 

without voided boundaries. The width of this zone decreased as the pressure 

of the working gas rose. The pressure had little effect on films grown at high 

T/Tm.
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Figure 2.4 Zone diagram for films deposited by magnetron sputtering. T is 

the substrate temperature, and Tm is the melting temperature of the 

deposited metal.

These results can be readily interpreted in terms of the available energy 

of the adatoms. In Zone 1 there is little opportunity for atoms to diffuse, and 

the film properties are determined by self-shadowing effects, allowing larger 

grains to grow at the expense of smaller ones. If there is sufficient energy 

available for surface diffusion to occur there are fewer voids, and smoother 

surfaces. This has been successfully modelled by molecular dynamics 

simulations134]. A simple model explaining the relative contribution of these 

two terms is given by Bales and Zangwill[35], in the limit of high working 

gas pressure (also applicable to IBS and MBE). It is correct to consider these 

two contributions to the mobility separately as the substrate temperature 

effects occur in thermal equilibrium, whilst the bombardment induced 

mobility does not. This is why zone T is required, rather than the additional 

mobility induced by heavy bombardment simply extending zone 2 at low 

pressures.

In zone 3 there is sufficient energy available to allow bulk diffusion and 

effectively anneal the sample as it is grown. As mentioned above, this bulk
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diffusion is known to destroy the fine layering of GMR structures, and this 

zone will not be considered further.

These ideas were originally developed to discuss films much thicker 

than those of a few tens of A involved in the production of GMR structures. 

The microstructure of the growing film develops rapidly from the original 

nudeation sites on the substrate, and this was recognised by Messier et al. 

who added a third axis within zone 1 (and its subset zone T) for the 

thickness of the film[36].

The product of the target-substrate distance and the sputtering pressure 

will determine the degree of thermalisation of the sputtered material and the 

reflected argon neutrals. The metal atoms leave the target with a so-called 

Sigmund-Thomson energy distribution[37]. A typical target voltage is -400V, 

so that metal atoms sputtered from the target have energies ~10eV, whilst 

reflected neutrals have energies ~100eV[38]. If these particles collide with gas 

atoms they will give up energy in the collision and will eventually reach the 

thermal energy associated with the temperature of the gas. The number of 

collisions experienced by sputtered atoms and reflected neutrals is 

proportional to the product of the sputtering pressure and target-substrate 

distance. Lower pressures and shorter distances will result in less 

thermalisation leading to higher energies for incoming particles[39].
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Kinetic Energy (eV)

Figure 2.5 Kinetic energy distribution of sputtered atoms arriving at the 

substrate. At high pressures the energies are increasingly thermalised 

towards the MBE-like regime. At low pressures there are considerably 

amounts of medium-energy (~10eV) particles. Based on a calculation by 

Kools (ref 45).

Reflected neutrals play an important role in determining the final film 

properties, as they bring more energy to the growing film than the incoming 

sputtered atoms. There have been many studies, both computational and 

experimental, of the effects of energetic particle bombardment on thin film 

growth. In the 1960's Frerich showed that sputtered films of Nb were 

superconducting when exposed to ion bombardment during growth[40], 

Maissel and Schaible found that the application of a negative bias to a 

growing Ta film would decrease the resistivity towards a bulk value, by 

virtue of encouraging positive ion bombardment[41]. This encourages surface 

mobility and also removes active gas from the film. This was confirmed by 

Winters and Kay, who measured directly the amount of nitrogen in films 

grown reactively with various applied biases[42]. The pressure of sputtering
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gas has been shown to affect the structure of the growing film in both 

multilayers[43,44] and spin-valves[45], Fullerton et al. showed that for 

increased sputtering pressure Fe/Cr superlattices would become considerably 

rougher, with interesting consequences for the GMR[46].

It is also possible to vary the sputter gas pressure upwards from the 

lower limit in order to control the deposition rate. Up to a certain point the 

sputtering rate will rise with the pressure as there will be more ions present. 

However the higher gas density between the target and substrate means that 

the mean free path of sputtered atoms is reduced. This not only decreases 

the energies of the incoming sputtered atoms by thermalisation, but also 

reduces the target voltage required to produce the magnetron current. This 

means that at high pressures the rate is reduced, as the sputtering energy of 

each incoming Ar atom is reduced. This also affects the energy of sputtered 

atoms and reflected neutrals at the growing film[47]. This interaction with 

the gas is partly responsible for the fact that sputtering is more effective at 

step coverage over substrate topography than UFTV evaporation methods.

2.1.4 Magnetic multilayer deposition at Leeds

2.1.4.1 The original system

A sputter deposition system has been developed at Leeds for the 

preparation of magnetic GMR multilayers. It is based around an older system 

used for amorphous alloy research. The original system was installed around 

a decade ago, and contained four substrate stations and three targets. Only 

one of these sputter guns was capable of depositing magnetic materials - a 

Simard Tri-Mag gun, which operates on the triode sputtering principle with 

permanent magnets surrounding the target to concentrate the Ar plasma. 

This gun has since been removed from the system. The other two guns are 

standard planar magnetrons which sputter from 2" targets. These guns are 

arranged in a circle of 7" radius around the centre of the baseplate, facing 

directly upwards. This configuration prevents any wedging effects, ensures 

columnar growth is vertical[48], and prevents magnetic anisotropy in
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deposited films due to stray fields from the magnetrons or canted growth 

modes.

The vacuum chamber itself is very large, 24" diameter by 24" high, and 

sealed entirely on viton O-rings. It is rough pumped into the milliTorr range 

by a rotary mechanical pump, at which point this pump is valved off, and an 

8" gate valve opened onto a cryopump of equivalent diameter. After 

pumping for around twelve hours the base pressure of ~2xlO'7 Torr is 

reached. Residual gas analysis (RGA) is performed with a quadrupole mass 

spectrometer, and at this point the mixture of residual gases is typically as 

follows:

H2 1.0x109 Torr He 0.5x1 O'9 Torr H20  5.0x10 ® Torr

N2 2.0x10 8 Torr 0 2 2.0x1O'9 Torr C 0 2 2.0x10'8 Torr

It can be seen that the main residual gas is water vapour, which is well 

known for adhering to the walls of vacuum systems.

A needle valve is then opened to admit Ar gas, the pressure of which is 

measured by an ionisation gauge with a precision of 0.1x10-3 mbar. The 

cryopump can be throttled back to allow the sputtering pressure to be 

reached with a smaller mass flow of gas. The Tri-Mag gun had it s own gas 

supply injected directly over the target, as the triode requires a large local 

pressure directly over the cathode in order to function properly. In particular 

it was found that a very high pressure, -100 mTorr, was required in order to 

strike the initial plasma. The magnetron guns start and run in the usual 

sputtering pressures of a few mTorr, except for when brand new targets of 

reactive metals have been installed. This requires the guns to be run at 

higher pressures, —20 m lorr, for a few minutes, until the surface oxide layer 

has been sputtered away. These targets can then be sputtered at the usual 

gas pressures.
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2.1.4.2 Substrate positioning & control

magnets

sputter
Z

gears

substrate
table

shutter

high
torque
stepper
motors

gears
flexible
couplings

Figure 2.6 The substrate positioning and shuttering system. The wheel­

shaped substrate table and shutter can be independently rotated by the 

stepper motors. The various sputter sources are arranged in a circle in the 

base plate below the rim of the wheel. Any sample may be moved over any 

source, and then exposed by the shutter, allowing any arbitrary structure to 

be grown.

The first task undertaken was to allow a larger number of samples to be 

grown in one pumpdown - this would mean that a single parameter could be 

varied over a larger number of comparable samples, as well as increasing the 

throughput of the machine. A replacement substrate table was designed, 

consisting essentially of a large wheel of pure copper to which the substrates 

could be attached. This wheel could be rotated around in order to bring any
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one of sixteen substrate positions over any of the deposition sources. Copper 

was chosen due to its high thermal conductivity, in order to ensure that the 

temperature of the substrates could be well controlled. The copper wheel 

was supported by a stainless steel superstructure, as shown in Fig 2.6. This 

design benefits from being very light, but able to support the large mass of 

the copper wheel. The wheel contains holes into which can be fitted sixteen 

heaters and sixteen thermocouples. This allows the temperature at any one 

of the substrate positions to be measured and controlled. The wheel also 

contains a cooling channel through which water can be flowed - this is sealed 

with a long weld rather than O-rings in order to allow for high substrate 

table temperatures.

Directly below the substrate table a new shutter was installed. This was 

initially a single large disc cut from thin stainless steel sheet. One 50mm 

diameter hole was cut with it's centre 7" from the axis of rotation of the 

shutter. This has since been replaced with a thicker aluminium shutter disc 

which has the mechanical strength to support two arrays of SmCo rare-earth 

magnets which provide a uniform forming field of -200 Oe for sample 

growth. The magnets are above the hole in the shutter plate so that which 

ever sample is currently being deposited is in the field. The calculated 

angular dispersion in the magnetic field over a 5cm square centred over the 

hole in the plate is less than 1°.
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tsJ

Figure 2.7 The calculated forming-field distribution in the region 

around the substrate. In the co-ordinate system used in the calculation 

the substrate surface lies in the x-z plane. The rms angular dispersion 

in the field is 0.32°.

Both the substrate table and shutter are attached to an original rotary 

motion feedthrough in the centre of the baseplate. The original shutter and 4 

substrate stations were rotated by means of DC motors with a positioning 

accuracy of no better than around 10°. These were replaced with high torque 

hybrid stepper motors which operate under computer control. These motors 

have 400 steps per rotation, meaning that we have a positioning capability 

better than 1°, which is ~3 mm at a 7" radius. The original feedthrough and 

gearing mechanism have so far been retained, although they were not 

designed to allow something with as high a moment of inertia as our new
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substrate table to be rotated rapidly. There is noticeable mechanical backlash 

in the shutter due to the transmission drive shaft being set at an angle. It has 

been possible to compensate partly for this in the software, but it should still 

be possible to improve the mechanical accuracy of the system, allowing faster 

rotation of the substrate table and shutter between sources. Two methods 

suggest themselves: indexing the shutter and substrate table inside the 

chamber so that the computer is aware of the angular positions, or to replace 

the current legacy feedthrough. The substrate table could be suspended from 

the top of the chamber, so that both it and the shutter would be driven 

directly by single rigid shafts.

Custom software was written in order to make the deposition sequence 

programmable. The user is able to request any arbitrary series of layers to be 

deposited on any of the substrates, which the system will automatically 

perform. Individual layer thicknesses are controlled by requesting the system 

to pause for a specified period of time. It is therefore important that the 

sources be well calibrated.

There is a single quartz oscillator thin film monitor which can be fixed 

at any one point in the chamber. This can be used for real time monitoring of 

one magnetron gun. This method is rarely used, as it is difficult to get the 

monitor into a position where it will not obstruct the flux to the substrate. 

More commonly one of two X-ray techniques are used, as described in 

section 2 of this chapter. Both involve deposition for a fixed time, and the 

thickness being measured ex situ. The deposition rate is then known for the 

growth of further samples. Both X-ray and quartz oscillator rate 

measurements are found to be consistent to within about 5%.

The deposition of very thin layers (less than ~20A) presents further 

problems when metal is being deposited at a rate of a few A every second - 

timing resolution of ~0.1s required. This is the roughly the resolution of the 

time-of-day clock in a standard PC, which generates a hardware interrupt 

eighteen times a second. It is hence certainly possible to time to this level 

with the computer without requiring sophisticated assembly language
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routines, but there is always a small overhead involved in computing what 

the next motion should be, and also in actually moving on and off the 

deposition source. The legacy mechanical transmission system will not allow 

the motors to be operated at more than around 50 steps per second, so it will 

take a few tenths of a second to move on and off the source position. The 

overall timing overhead is a little over a second, and so it must be 

remembered when programming the system for a particular deposition 

sequence involving very thin layers that this amount will be added to every 

deposition time requested. Having said this, the overhead is a constant for a 

particular configuration of the system hardware and software, and it is 

possible to control the thicknesses of layers accurately to less than ±0 .5A.

2.1.4.3 Further improvements

Initially the new substrate table was installed so that the target 

substrate distance was extremely long, ~25cm. Chimneys were installed on 

the three deposition sources, in order to prevent material sputtered from 

other guns from contaminating a growing film. In addition these chimneys 

help to ensure chemical purity of the layers, as the inside of the chimney 

walls are constantly coated with freshly deposited metal, which will getter 

many residual gases. This results in a locally very pure volume between the 

target and substrate. However once we were aware of the effects of large 

pressure-distance products on the film microstructure, and the associated 

magnetic and GMR properties, the table was lowered and the magnetrons 

raised to reduce the distance to ~6cm. In this way we dramatically reduced 

the level of thermalisation of both the sputtered metal atoms and reflected 

argon neutrals.

A new magnetron was added, which employed powerful NdFeB 

magnets to sputter thicker ferromagnetic targets, of up to 1 .5mm thickness in 

the case of Co. The Tri-mag gun was removed to make room for two more 

lonTech 2" planar magnetrons in order to allow a wider variety of different 

materials to be deposited in a single structure - essential for the growth of



33

spin-valves.

2.1.4.4 The importance of residual gases

A final important addition was made - a Meissner trap was constructed 

from a coil of V  copper pipe, which was installed in the large empty space 

at the top of the chamber. Liquid nitrogen is forced through the tube from a 

large storage dewar by pressurising the dewar with a bottle of compressed 

nitrogen. A continuous flow of liquid nitrogen is maintained throughout 

deposition, as the heat leaks into the coil from the top plate are large, and it 

will warm and begin to release trapped gases only a few minutes after the 

nitrogen supply is removed.

The total surface area of the coil is many times that of the 8" diameter 

hole leading to the cryopump, leading to very high pumping speed for easily 

condensable gases, in particular for water vapour. The base pressure is 

improved by over an order of magnitude, principally by the removal of H2O. 

The approximate partial pressures of various gases are:

H2 1.0x1 O'9 Torr He 0.5x1 O'9 Torr H20  1.5x1 O'9 Torr

N2 3.0x10‘9 Torr 0 2 0 .1xl0'9 Torr C 0 2 0.5x10"9 Torr

The partial pressure of every gas has fallen, and significantly in certain 

cases. It can be seen that the level of H20  has dropped to a little below that 

of N2, and there has also been a large reduction in C 0 2 levels.

This was found to dramatically improve the GMR properties of the 

samples. A full discussion of these effects will be found in Chapter 3, but 

this figure will illustrate the dramatic improvement this one change has 

made.
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Figure 2.8 The effect of using the Meissner trap to improve the base 

pressure on the giant magnetoresistance of a Co/Cu multilayer.

New power supplies have also been added, which are capable of being 

controlled by the PC. They provide better regulation of the magnetron 

current to lower levels, and have arc-suppression circuitry to give cleaner 

plasma ignition. The digital control allows more complex deposition 

sequences to be easily programmed.

2.1.4.5 The current system

In summary, the sputter deposition system which was developed has 

the following features:

• base pressure of better than 2xl0~8 Torr.

• 5 different targets, 1 may be ferromagnetic.

• relative layer thicknesses precisely controlled to ±0.5A.

• capable of depositing 15 different samples per vacuum cycle.

• samples may be of arbitrary complexity.
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2 .2  X-RAY CHARACTERISATION

2.2.1 Theory and methodology

X-ray diffractometry is a non-destructive structural characterisation 

technique which is well suited to the analysis of thin-film and multilayers 

due to their shape and dimensions. Since its discovery at this university[49], 

X-ray diffraction is a subject which has been studied both widely and deeply, 

and a full discussion of the possible applications to thin films would require 

a long textbook. In this section those simple techniques which have been 

used at Leeds to characterise the sputtered samples will be discussed.

Of fundamental importance is the condition for Bragg reflection from a 

structure of period d:

nX = 2d  sin 0 ,

where 6 is the angle of reflection, A is the X-ray wavelength used, and n is 

the order of the reflection. In traditional crystallography d is defined as the 

distance between atomic planes, and for a particular set h,k,l of Miller indices 

may be defined as

where a is the lattice constant. This expression applies only to cubic crystals.

The X-ray diffractometer used at Leeds is arranged in the Bragg- 

Brentano geometry and is used to perform 0-20 scans. In this geometry the 

scattering vector is perpendicular to the film surface, and so only information 

about the structure in this direction is obtained. The X-ray tube contains a 

copper target, and Cu-Ka radiation is used, which has a wavelength of 

1.54A. T here is a Ni filter before the detector to filter out Cu-K{3. The sample 

and detector arm are rotated at constant angular velocities by motors, with 

iOsampiê YiCOdetector■ The detection electronics converts the count-rate to an output 

voltage, which is logged on a PC. The PC does not measure the angle 20, 

but infers it from the time elapsed since the start of the experiment, which 

was at a known angle.
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2.2.2 Low angle scans and calibration techniques

2.2.2.1 Bragg reflections

Low angle scans are those where 20 is varied between roughly 1° and 

10°. The length scales which will produce Bragg reflections at such small 

angles are roughly 5-50A - on the scale of individual layer thicknesses. The 

bilayer period of a multilayer sample generally falls within this range. The 

sample is aligned at 20 = 1°, close to the critical angle where the X-ray beam is 

strongly reflected from the film's upper surface, and the count rate is very 

high.

Superlattice type samples which have a periodic structure will give

Bragg reflections according to the Bragg law given above, where d is now the

superlattice period. This will be affected by the refractive index of the film at

very low angles, 20 < -3°. The refractive index of the film is not unity, and

this will have an effect on the optical path length. In addition the uncertainty

associated with high angle Bragg peaks is smaller, as

Ad  Ad-------cot 6 ----- .
d  d

Measurement of the the bilayer Bragg peaks allows a highly accurate 

means of calibrating a pair of deposition sources - a series of multilayers of 

the general form {A(a)/B(fc)}xN is grown, where A and B are two different 

metals, deposited for a or b seconds. The time a is held constant, whilst b is 

varied for each different sample. A plot of the measured bilayer period 

against b will yield a straight line, where the slope gives the deposition rate 

of B, and the y-intercept gives the thickness of A. This is particularly 

convenient in those experiments where the thickness dependence of one or 

the other layer in a superlattice is being investigated, as it allows direct layer 

thickness determinations on the particular samples of interest.
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Angle 2(0)

Figure 2.9 Low angle Bragg peaks due to the periodicity of a Co/Cu 

sputtered multilayer. The first and second peaks are distinct, the third is 

just visible.

2.2.2.2 Kiessig fringes

Total reflection of X-rays from thin films is observed for glancing angles 

of the incident beam less than the critical angle. Just above the critical angle 

X-rays are still specularly reflected with a large intensity. As first observed by 

Kiessig[50], specular reflections from buried interfaces may interfere with this 

reflected beam. In the simplest case of a single thick film of several hundred
o

A the substrate/film interface is likely to be very strongly reflecting. 

Interference fringes are observed along the specular ridge as a function of 

reflection angle above the critical angle.

LEEDS UNIVERSITY LIBRARY
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Figure 2.10 Kiessig thin film interference fringes. The sample was a 

thin film of Co.

This phenomenon allows a method of measuring the thickness t of the 

film, as the position of the mth extremum is given by

where <5=Re(l-«), n is the refractive index of the film, A: is 0 or %, for minima 

or maxima respectively, and A is the X-ray wavelength. The quantity <5 is 

proportional to the number density Ne of electrons, as given by

where re is the classical electron radius, 2.818xl0"15m. The definition of k is 

valid when for 8substrate < 8fnm, true generally for metal films on semiconductor 

substrates. If 8substme > 8fnm, k is 0 or lh for maxima and minima 

respectively [51].

It is possible to perform an analysis which eliminates the dependence of 

8 and k by measuring the angles of successive maxima or minima and 

calculating the squares of the differences. When these values are plotted

2k  '
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against successive integers a straight line of slope A2/4f2 will be obtained. We 

then need only the wavelength to determine the thickness, as any series of 

consecutive integers will allow us to measure the slope. This was performed 

by a least squares fit to the data, and the uncertainty in the slope allows the 

uncertainty in the film thickness to be measured. More sophisticated 

measurements and analyses can be performed to allow the value of 8 to also 

be measured) 52].

The technique makes no reference to film crystallinity, and can be 

applied to any film that has sufficiently smooth interfaces, be it epitaxial or 

amorphous. Surface roughnesses will smear out the fringes more rapidly as 

the detector angle increases. It is possible to introduce a Debye-Waller factor 

for the surface roughness

where <z2) is the mean square deviation of the real surface from an ideal 

plane[53]. Further refinement in terms of the Rayleigh grating theory allows 

accurate predictions of the fringe contrast and intensity falloff with angle[54].

It can be seen that a longer fringe period is associated with a thinner 

film. Samples consisting of more than one film will exhibit reflections at each 

interface and this can lead to a complex superposition of fringes. For systems 

such as Co/Cu or NiFe/Cu multilayers, where the different metals have 

similar values for 8 this effect is not significant. However oxide forming on 

the surface of the sample can form a different layer of very different free 

electron density, and these thin layers can modulate the fringes, as shown 

below.

D = exp
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Angle 2(6)

Figure 2.11 Modulated Kiessig fringes - the low angle scan is of a single 

film of copper with a thin oxide layer on it s surface.

It is immediately apparent that this technique allows the calibration of 

individual deposition sources, if single films are deposited for a fixed length 

of time. Usable series of fringes are produced from films between 100 and
o

750A thick. For thicker films the close spacing of the fringes makes 

measurement of the angular differences inaccurate.

2.2.3 High angle scans and film texture

High angle scans are those performed in the region of 20 -25° and 

upwards. Bragg peaks seen at these angles give information about 

periodicities in the sample at length scales of less than ~2A. These scans can 

only be performed with ease when the sample is on a crystalline substrate, 

such as Si, as the substrate Bragg peak will be very strong and sharp. This 

allows the sample to be easily aligned in the diffractometer - we set the 

sample and detector arm to a known Bragg peak of the substrate (e.g. 28.43° 

for (111) Si), and rock the sample in order to maximise counts. It is worth 

noting that this aligns the sample with respect to planes of atoms in the 

substrate, and not in the multilayer.
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It is also important to use a monochromator for the X-rays in this 

regime - this is performed by a single reflection from an X-ray mirror placed 

between the sample and the detector. This removes spurious lines caused by 

both Cu-KP radiation and several lines from W which has sublimed from the 

filament in the X-ray tube onto the Cu target. The monochromator also 

causes the level of background counts to drop by over an order of 

magnitude, meaning that low intensity X-ray peaks can be more easily seen.

Angle 2(0)

Figure 2.12 The importance of using the monochromator. Not only are 

many spurious lines removed from the spectrum, leaving only strong Si 

(111) and (222) peaks due to Cu-Ka, but also the noise floor is drastically 

reduced. This allows the very weak (111) texture of the multilayer to be 

seen around 43° in the monochromated scan.

It is useful to define a few terms at this point for the purposes of this 

thesis, which are somewhat loosely used in the literature. Films which in 

which the grains show a preferred orientation in the direction normal to the 

layers are said to possess texture. Films which are epitaxial are those in which 

the grains all share a close common orientation both normal to and in the
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planes of the layers. Epitaxial films generally have a large grain size, 

although this a less rigorous use of the term epitaxy than that used in the 

semiconductor MBE community. Polycrystalline films have an isotropic 

distribution of grain orientations.

The preferred texture is often determined by the crystal structure - fee 

films generally exhibit (111) texture, hep films (0001) and bcc (001). These 

mean that atomic planes in the layers are close packed. This is of course not 

necessarily always the case, and different growth conditions can affect the 

texture which is adopted by a growing film. Different underlayers, not 

surprisingly, can have a strong effect on the final texture of a film.

The determination of film texture can be measured from high-angle 

diffraction spectra. The positions of individual Bragg peaks determine 

which set of lattice planes are in the plane of the film. The exact plane 

spacing can be affected by a number of other factors.

Angle 2(0)

Figure 2.13 High angle X-ray data for permalloy (Py) and Cu.

This figure shows the high angle diffraction spectra of single films of Cu
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and permalloy (Ni„Fe2„). The (111) Bragg reflections are dose together, as

both materials have an fee structure of similar lattice constant. The Cu film is

more highly textured, showing a sharper, more intense Bragg peak. There is

also some (200) texture visible. If the layers are strained then the position of

the Bragg peaks can be slightly affected, as lateral strain is reflected in the 

inter-plane distance in the normal direction.

Ihe graph also shows the high angle scan results for a multilayer of 

permalloy and Cu. The (111) peak is in a position that takes the weighted 

average of the two constituents of the sample. This is similar to the common 

metallurgical method of determining the composition of an alloy by 

measuring the Bragg peak position.

Ihere are also two smaller peaks on the shoulders of the main (111) 

peak of the multilayer sample. These are called satellites, and their origin can 

be understood by considering the appearance of the superlattice in A:-space. a 

superlattice has an enlarged unit cell in the growth direction, and this will be 

represented in fc-space by additional points between those representing the 

atomic planes. These peaks also allow the bilayer thickness to be measured, 

as their positions will be determined by the modified Bragg equation

d _  A
2(sin ^^ , -sin0„)'

where the integer n is used to label the satellite peaks. We associate the main

Bragg peak with the value n= 0 . There can be a large number of these

superlattice Bragg peaks, for example in highly epitaxial semiconductor

heterostructures such GaAs/AlAs superlattices[55]. However in sputtered

samples where the grain size is typically only ~100A, seeing the n =1 satellites 
is unusual.
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2 .3  T r a n s p o r t  m e a s u r e m e n t s  a n d  M a g n e t o m e t r y

2.3.1 Resistivity and Magnetoresistance

2.3.1.1 Measurement methods

One of the most striking properties of magnetic multilayers is the Giant 

Magnetoresistance. In the Co/Cu system the GMR response is usually large, 

and hence easy to measure. A computerised four point probe method using 

dc current was employed to measure the magnetoresistance. The sense 

current was supplied by a stable current source, and the signal voltage was 

measured with a voltmeter with nanovolt sensitivity. The sample holder was 

in the form of a stick, made in order to allow low temperature measurements 

in a small gas-flow cryostat. The probes were spring loaded contact pads 

which make good contact with the metal film when pressed down. The four 

probes were spaced at intervals of 2.5mm. A test for good contact is to look 

for Ohmic behaviour; i.e. current reversal gives a near equal but opposite 

voltage, and the I-V  characteristic is linear.

The computer controls the magnetic field by ramping an analogue 

voltage which is input to a unipolar power supply. This drives a large 

electromagnet which is capable of supplying a field of up to 1.5T. The 

current direction mayje switched by large relays to give a bipolar output. The 

field is applied in the plane of the layers, and is measured for every data 

point using a small Hall sensor. The resistance is measured for both current 

directions and averaged, to avoid the effects of thermally induced emfs. The 

form of the sample holder allows longitudinal (I//H) and transverse (/_LH) 

measurements to be made. This allows the AMR to be measured and 

subtracted off for samples that have a GMR of only a few percent. The 

resistance is calculated from the known current and logged to a data file.
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block

Figure 2.14 The room temperature magnetoresistance apparatus. The 

samples are inserted between the poles of a large electromagnet on the 

end of a stick. The samples are here drawn end-on, the current flows into 

the page. The stick may be rotated to allow the current to flow parallel to 

the field.

2.3.1.2 Sheet resistance and correction factors

It is common in thin film work to quote a quantity called the sheet 

resistance, Ra . It is easily measured using a four point probe technique. It is 

defined by a modified version of Ohm's law, jRd = k x  (V/I), and measured in 

Q/D. Here k  is a correction factor determined by the geometry of the 

measurement, and accounts for a non-uniform current distribution in the 

sample. The resistivity of the sample is then defined as p=Rat, where t is the 

total film thickness.
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+i +v -v -i

Figure 2.15 The four-probe probe geometry used for measuring 

the GMR and resistivity of the samples. The resistivity of the 

region between the two voltage probes is measured. The 

correction factor is due to the non-uniform current distribution 

between these probes

I he correction factors for rectangular samples are given in the table

below[56], where the sample is of length a and width d. The probes are s

apart, and are on a line parallel to the length of the sample. For large d/s the

k tends towards a value for an infinite 2D sheet, k= 4.53. The value of k

approaches unity for large a/d and small d/s; that is, for a long thin sample. 

In this case the current flow in the region between the voltage probes is 

almost uniform.

The samples were in the form of long thin strips, in order to keep k as 

close to 1 as possible. The samples were typically of dimension 12mmx3mm, 

those deposited through contact masks had a strictly defined width of 2mm. 

l or such samples the correction factor K  is clearly almost unity.
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d/s
Square 
a/d=1 a/d- 2

Rectangle 
a/d- 3 a/d> 4

J-c. /<. Jc
1.0 0.9988 0.9994

1.25 1.2457 1.2248
1.5 1.4788 1.4893 1.4893

1.75 1.7196 1.7238 1.7238
2 .0 1.9475 1.9475 1.9475
2.5 2.3532 2.3541 2.3541
3.0 2.4575 2.7000 2.7005 2.7005
4.0 3.1137 3.2246 3.2248 3.2248
5.0 3.5098 3.5749 3.5750 3.5750
7.5 4.0095 4.0361 4.0362 4.0362

10.0 4.2209 4.2357 4.2357 4.2357
15.0 4.3882 4.3947 4.3947 4.3947
20 .0 4.4516 4.4553 4.4553 4.4553
40.0 4.5120 4.5129 4.5129 4.5129

OO 4.5324 4.5325 4.5325 4.5324

2.3.1.3 Thin film size effects

I he extreme thinness of these films imposes boundaries on the motion 

of the transport electrons, as a significant fraction will now impinge on the 

film surfaces. This limits the mean free path of those electrons travelling in 

directions close to the film normal. As the film becomes much thinner than 

the bulk mean free path, I , a smaller and smaller fraction will be able to 

experience this full length of travel. The fraction will be given roughly by 

sin(f/^) where t is the film thickness.

Fuchs solved the Boltzmann equation using boundary conditions 

appropriate to thin films with diffusive surfaces[57]. His work was later 

extended by others, in particular Sondheimer, Lucas and Chambers, who 

generalised the basic model, l uchs basic theory captures the important 

points of the topic, and the main results will be summarised here.

We will define pF as the resistivity of the thin film, and pB as the bulk 

value for the material in question. The symbol y will be used for the ratio 

tU . 1 he solution of the Boltzmann equation leads to

7 <Ky) 7  8 y2 2y :
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I'he limiting form for large 7  is given by

This approximation is actually remarkably good for values of 7  as low as 

0.1, although it does improve for y> 1 . This provides a method for the 

measurement of I . If we measure the resistivity of a series of samples of 

different known thicknesses, and plot pFt against t we should obtain a 

straight line. This line will have slope p B and y-intercept f p B£. A fuller

discussion of this topic, including the effects of specular reflection at the 

surfaces is given by Chopra[58].

2.3.2 Magneto-Optic measurements

A convenient means of measuring the hysteresis loop of a thin magnetic 

film is the use of the Magneto-Optic Kerr Effect (MOKE). By sampling only a 

very small volume (the product of the area of the laser spot and the skin 

depth of the material), the technique measures only the sample itself. The 

substrate is never measured as in methods such as Vibrating Sample 

Magnetometry (VSM) and SQUID magnetometry, which measure the entire 

sample. A large diamagnetic contribution from the substrate is superimposed 

on the measured magnetisation with these techniques.

I he apparatus used in this measurement is shown in the figure below. 

A large electromagnet is used, as in the GMR apparatus described above. 

The computer controls and measures the applied field in a similar manner. 

The HeNe laser is linearly polarised, and then reflected from the surface of 

the sample. The reflected beam then passes through the analyser, and falls 

onto a photodiode, which is connected to a digital voltmeter via a broadband 

amplifier. The temperature of the sample cannot be changed from ambient.



sample

polariser analyser 

lens

photodiode

Figure 2.16 The MOKE apparatus. The laser is plane polarised, and then 

reflected from the sample surface. The beam is then analysed, and 

focused by a lens to a spot on the photodiode detector.

The analyser setting is important. It should be set close to extinction in 

order to ensure a large fractional change in measured laser intensity. 

However this is the least linear part of the cos2d response curve, and for 

settings too close to extinction the response is no longer monotonic. A 

balance between these two extremes gives the optimum setting.

2 .4  S u m m a r y

In this chapter the main experimental methods employed in the 

multilayer studies were described. These fall into two main areas - the 

deposition of the films, and the subsequent characterisation. The 

development of the sputtering system was a major undertaking, and a large
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number of new parts have been installed. Once the system was in a working 

condition a large amount of development was required to produce samples 

which exhibited a significant GMR.

X-ray analysis was the primary tool used for structural characterisation 

of the samples, and is particularly useful for determining the thicknesses of 

the individual layers. MOKE is a convenient and fast method of doing 

magnetic characterisation, although the absolute moment cannot be 

determined. Measuring the magnetoresistance is of course essential in the 

study of these type of samples.
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3. In d ir e c t  E x c h a n g e  C o u plin g

3 .1  In t r o d u c t io n

The study of the coupling of thin magnetic films through metallic 

spacers has a long history. At the beginning of this century Maurain 

electroplated copper and then iron onto an iron wire[59]. He observed that 

the electroplated iron shell became magnetised in the same direction as the 

iron wire, provided that the copper spacer was sufficiently thin, and was 

unable to explain this phenomenon. The magnetostatic interaction between 

two magnetised bodies will tend to align their magnetisations anti-parallel 

when they are side by side, as shown below. This will be true as they are 

moved closer and closer together, indeed they may become arbitrarily close.

Figure 3.1 Two ferromagnetic bodies will align antiparallel when they are 

fairly widely separated, in order to minimise the magnetostatic energy 

contained in the stray field. If they are brought into intimate contact so 

that we may consider them as one piece of material then the direct 

exchange interactions will cause the magnetisations to lie parallel.

If the two bodies are brought into contact and considered as a single 

piece of material then they can share conduction electrons, and the 

magnetisation across the 'boundary' will align due to the usual ferromagnetic 

exchange interactions. In the 1960s there were observations similar to 

Maurain's, of long-range ferromagnetic coupling of ferromagnetic films
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separated by spacers of between -5 0  to a few hundred A[60]. This was 

observed with spacers consisting of Ag, Au, Cr, Pd, Cu and In. These results 

were partly interpreted in terms of contemporary theoretical results showing 

that a long range exchange interaction could indeed be mediated by the 

conduction electrons of a nonmagnetic spacer layer[61]. However it was 

shown that, at least in some cases, the positive coupling was caused by 

ferromagnetic bridges or pinholes in the spacer[62].

In 1986 Grunberg el al observed the first hint of something new. They 

observed that for the proper thickness of a Cr interlayer, the magnetisations 

of two Fe films were coupled antiferromagnetically[63]. It was then found by 

Parkin el al. that there was not only one region of antiferromagnetic 

coupling, the sign of the coupling oscillated as the thickness of the spacer 

was increased, and this occurred in Co/Cr and Co/Ru as well as Fe/Cr[64]. 

This was also then observed in Co/Cu[65J and Fe/Al and Fe/Au[66 ]. The 

oscillatory nature of the coupling was found to be quite general for transition 

metal spacers in a thorough study by Parkin[67]. Further experimental results 

showed that for certain particular systems the coupling oscillation could even 

be multi-periodic[68 j.

3 .2  T h e o r e t ic a l  M o d e l s

There have been some attempts to calculate the exchange coupling 

directly as the energy difference between the ferromagnetic and 

antiferromagnetic states, either ab initio[69,70], or within a tight binding 

scheme[ 71,72]. Such calculations are extremely difficult, as the energy 

difference is many orders of magnitude smaller than the total energy of the 

system. This leads to numerical inaccuracy, and also a lack of transparency in 

the physical picture of the coupling. There have been a number of attempts 

to describe the coupling mechanism in terms of simpler physical concepts, 

and these will be described below.
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3.2.1 RKKY interactions

An obvious way to interpret an oscillatory indirect coupling is by 

reference to the Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction. This 

was originally developed by Rudermann and Kittel to describe the 

interactions of nuclear spins of impurities in metals[73], and was extended by 

Kasuya[74] and Yosidaf75]. Indeed this oscillatory form for the spin density 

distribution in non-magnetic overlayers was predicted theoretically long 

before it was observed[76]. The RKKY model deals strictly with the 

interaction between a point magnetic impurity embedded in a nonmagnetic 

matrix.

1 he Fermi gas of a host metal naturally tries to screen the charge of an 

impurity ion core. However the fact that the values of k available to the 

conduction electrons are cut off at kF, the Fermi wavevector, means that 

screening at very small length scales is not effective. There is an electron 

density oscillation around the impurity atom[77]. Analogously, spin density 

decays away in an oscillatory fashion around an magnetic impurity[78], 

changing sign with a characteristic period A  given by A=n/kF. If the metal 

does not have an isotropic free electron-like Fermi surface then this spin 

density oscillation will naturally also be anisotropic.
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Figure 3.2 Spin density of the free electron gas in the neighbourhood of a 

point magnetic impurity at r=0, where kr  is the wave vector at the Fermi 

sphere.

We may extend this to cover interlayer coupling by summing the 

interactions over all the magnetic atoms in the two layers. It is generally 

necessary to do this only for the interfacial layer of spins in each layer to 

achieve a result of acceptable accuracy. These ideas were used initially to 

describe the interactions in rare-earth/Y superlattices[79], in particular by 

Yafet[80]. Here the spins are localised on the atoms in the core 4/ states, and 

the RKKY model is clearly valid.

1 he application of these ideas to the problem of describing the varied 

results observed in transition metal multilayer coupling experiments followed 

soon after. Here the spins have a largely itinerant character. A particular 

problem is that the RKKY period given above is too short (~2A) to describe 

the experimental results which typically find a period ~10A. It was suggested 

that the discrete nature of the spacer thickness caused an aliasing effect,
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where the rapidly oscillating spin-density distribution could only be sampled 

at a step size of the lattice spacing in the growth direction[81], This discrete

sampling yields a period given by A = [ -^ - f ]  ' ,  where d is the lattice spacing

and n is an integer. For d close to 7ilkF this can give a long period close to the

observed value. This is equivalent to kF approaching the Brillouin zone 

boundary.

A long paper by Bruno and Chappert sets out the application of the 

RKKY model to transition metal superlattices[82]. They correctly predicted 

the multiperiodic behaviour of certain systems, and achieved reasonable 

accuracy in predicting the various periods. However they were not able to 

predict the phase of the coupling oscillation or its amplitude, due to the 

model not taking correctly into account the non-local character of the spins in 

ferromagnetic 3d transition metals.

3.2.2 Quantum wells

Another conceptual paradigm for interpreting this phenomenon was 

given by Edwards and Mathon[83], and has been developed over the years. 

This describes the coupling in terms of quantum well states in the spacer, 

and is analogous to the de Haas-van Alphen effect. In the dH-vA effect the 

application of a magnetic field quantises the energy levels in 2D of the 

conduction electrons. As the field is increased, each of these discrete energy 

levels passes through the Fermi level and becomes unoccupied. This causes 

an oscillation in the susceptibility of the metal. In the quantum well picture, 

magnetic carriers are confined in a potential well in the spacer layer, and 

their energy levels are quantised in ID. As the well width is reduced, the 

energy levels are raised, and as each passes through the Fermi level, the 

sense of the coupling oscillates.



Figure 3.3 Spin dependent potentials and carrier densities (broken lines) 

for a magnetic trilayer sandwich, drawn for (a)ferromagnetic and (b) 

antiferromagnetic alignment. Red lines refer to the potentials experienced 

by (solid) and densities (broken) of spin-up electrons or spin-down holes, 

blue refers to spin-down electrons or spin-up holes.

In the above figure the potentials in which the conduction electrons 

move is shown for a two thick magnetic layers separated by a non-magnetic 

metal spacer. It is assumed, for the sake of simplicity only, that the 

ferromagnet is strong, and that the minority band is of the same form as the 

spacer rf-band. This is reasonable for a system such as Co/Ru. The potential 

is spin-dependent inside the ferromagnetic layers, as the d-bands are 

exchange split. The potentials are drawn in both the parallel and antiparallel 

alignments. Since the majority band is full in the ferromagnet it is convenient 

to discuss the motion of holes rather than electrons.

When the magnetic alignment of layers is parallel, holes in the spin- 

down band (which are of course themselves spin-up particles) are able to 

travel through the whole structure, as there are empty states in every sub­

band. Spin-down holes however are confined to the spacer, as the spin-up 

band is filled in the magnetic layers.

When the layers are anti-parallel then holes of either spin are able to 

move between the spacer and one of the two ferromagnetic layers. Spin- 

down holes are confined to the half-space to the right of the first interface, 

and spin-up holes are confined to the left of the second interface. The spin- 

up and down carrier densities are also drawn on the diagram to illustrate this
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point.

One of the consequences of the Heisenberg uncertainty principle is that 

the confinement of quantum particles costs energy. It is necessary now to 

determine which of the two forms of confinement has the smaller energy 

cost for a given spacer thickness. We must determine the sign of the quantity

^E -  Eft ” Ef!, where En  is the energy in the parallel state, and En  the energy 

of the antiparallel state.

It can be shown that this is equivalent to AE(N)= E(N) - E(°o), where 

E(JV) is the kinetic energy of spin down holes confined to the N  atomic 

planes of the spacer, and £(°°) is the energy of free carriers[84]. In fact as the 

width of the well is varied the shape of the density curve may well change, 

and in order to preserve the electrical neutrality of the spacer, the number of 

particles will also change. We must therefore actually deal with 

thermodynamic potentials, and treat the expression AQ.(N)= Q(N) - Q(oo).

If we assume that the spin down holes are confined between two 

infinitely high potential walls a distance L=Nd apart, but that they are free to 

move in the layer plane, then a simple particle-in-a-box calculation leads to 

the energy of a particle being given by

where m is the particle mass, A: 11 is the in-plane wave vector and n is an 

integer labelling the ID  quantised energy level. The thermodynamic potential 

Q(N) is obtained by adding up all the one-particle energies and counting all 

the occupied states up to the Fermi level,

D ( E , L ) - ( L / 2 n 2)(2m /h2)3/2E 1/2 is the density of states of free particles in a 

slab of unit surface area and thickness L[85].

This Q(L) is now the coupling energy between the two magnetic layers, 

and is given by the difference in the density of states of the confined

£2(1) = J * '  (E  -  E f  )[D c°*  (E , L) -  D buUc (E , L)]dE  

where Dconf(E,L) is the density of states of the confined particles, and
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particles, and the bulk. The bulk density of states takes its normal parabolic 

form for free particles. Let us now turn to the form of Dconf(E,L).

Energy

Figure 3.4 Density of states of confined spin-down holes, and of free 

electrons in the bulk (broken line).

The confined particles are forbidden to have energies below the first ID 

quantised level, the zero point energy (h2 i2tn)(n / L )2 . So up to this energy the 

density of states is zero. For energies between the first and second discrete 

levels the system is equivalent to free particles moving in a plane, for which 

the density of states is a constant (\ l2n )(m lh 2) .  Hence there is a step of this 

height at the first ID  quantised level. It follows that there is another sharp 

increase of (1/27i)(m /h2) as each new ID level becomes occupied. As the 

step positions go like n , this staircase-like density of states follows the 

parabolic free particle form, but oscillates about that smooth curve. As we 

increase the value of L we will linearly increase the bulk density of states and 

allow the confined density of states to keep up by reducing the step width. 

Hence for a fixed Fermi level, as the spacer thickness increases the coupling 

will oscillate in sign. Of course the small changes in the number density of 

carriers will mean that the Fermi level is not exactly fixed, but the changes 

are small enough that the basic model is correct. Once the discrete nature of
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the spacer is again taken into account, the theory predicts the observed long 

periods.

This fairly transparent physical picture has allowed quite accurate 

predictions of a number of properties of coupled multilayers - the period and 

magnitude of the coupling observed in Co/Ru by Parkin, the trend in 

coupling energy with number of d-electrons (also observed by Parkin)[86 ], 

the correct form for the coupling in (111)[87] and (001) Co/Cu[8 8 ], and the 

strong temperature dependence of the coupling observed in transition metal 

systems[89]. Experimental evidence for these quantum well states has also 

been found by inverse photoemission[90].

3.2.3 A unified picture

These models and other related calculations share a number of common 

features. All the models have at their heart a superexchange mechanism, the 

polarisation of the spacer conduction electrons by one magnetic layer, which 

then interacts with the second magnetic layer on the far side of the spacer. 

The period of the oscillations is always derived by reference to the extremal 

spanning vectors of the spacer material Fermi surface. The envelope of the 

oscillations is of the form 1/L2.

This commonality was made explicit by Bruno in his unified picture 

described in a paper in 1993[91], He considers a conduction electron crossing 

the spacer represented by a Bloch wave of momentum kt. As it passes from 

spacer to magnetic layer it experiences a change in potential, and hence the 

wave function is partially reflected back into the paramagnet. This reflected 

Bloch wave of momentum kr will interfere with the incident wave, and a 

standing wave will be set up in the spacer. The associated electronic density 

will oscillate with a period given by the scattering vector q=kr - k,. For a 

perfect multilayer structure, q will be exactly normal to the layers, and will 

also be independent of electron spin. Flowever the reflecting potential step 

does depend on spin, and so the standing wave will be spin polarised. The 

net polarisation will be due to the sum of all the electrons of different q, and
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so will decay away from the interface.

The reflected Bloch wave will reflect again once it has crossed the 

spacer, and multiple reflections from the interfaces will take place. The 

energy of the interferences will oscillate with a period of 2 n/q, and for 

electrons at the Fermi level this period will be n/2kF. These oscillations are the 

only ones that do not largely cancel out, and so we find the same period as 

for the RKKY, quantum well and other models.

1 he key parameter in determining the strength of the coupling is the 

spin-asymmetry of the reflection coefficients. It is possible to determine these 

reflectivities in a number of ways. If these quantities are calculated ab initio, 

then this provides an essentially first principles total energy calculation. If 

the interfaces are described as 2D arrays of localised spins then the RKKY 

model is recovered, for a tight-binding model with the spin-up and down 

reflection coefficients of zero and unity then the basic quantum well picture 

is obtained. For free electrons between spin-dependent energy barriers then 

the model becomes free electron model of Hathaway and Cullen[92].

It is of course possible for reflections to occur within the ferromagnetic 

layers, and so we should also expect to observe oscillations with respect to 

the magnetic layer thickness[93,94]. Indeed even varying the thickness of a 

capping layer outside the superlattice can cause coupling oscillations[95]. As 

Slonczewski had also noted, these oscillations are not purely sinusoidal, and 

this anharmonicity will lead to non-Heisenberg-like terms in the coupling 

energy.

3.2.4 Non-Heisenberg exchange coupling

3.2.4.1 Intrinsic contributions

The bilinear Heisenberg Hamiltonian may be regarded as the first term 

in a power series in S-S. The terms of higher order than linear are usually 

ignored in calculations of bulk properties. However a number of 

experimental results on the indirect exchange coupling through thin spacers 

show that at least the first of these higher order terms (S-S)2 is of



61

importance. There have been a number of attempts to derive this biquadratic 

term directly from the same model as the bilinear coupling[96,97], The 

coupling terms are then written as /jS-S + /2(S-S)2. All of these intrinsic 

mechanisms predict /2« / i ,  contrary to the results of experiment. It is 

possible that J2 is non-zero at the some of the nodes in the oscillation of Jh 

but on the whole in order to explain the experimental observations extrinsic 

mechanisms must be sought.

3.2.4.2 Loose spins

Slonczewski predicted in 1993 that lone magnetic impurities in the 

spacer could cause orthogonal coupling of the moments with a rapid 

temperature dependence[98]. The spins are coupled to the magnetic layers by 

the usual Heisenberg indirect exchange field. At high temperatures the Curie 

susceptibility of the spins is independent of this exchange field, and they 

contribute only a correction to /i. At low temperatures, the spins may be 

brought close to saturation by the exchange fields, and their polarisation 

response is no longer linear. This non-linearity means that our power series 

in S-S does not converge so rapidly, and we must include higher order 

terms.
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Figure 3.5 A loose spin in the spacer layer will interact with the 

magnetisations M; and M2 through exchange coupling fields Uj and U2. 

The low temperature non-linear susceptibility of the spins can allow for 

90° coupling with a rapid temperature dependence.

Let us place in the spacer a single atomic electron state, with spin 

quantum number S and momentum operator h S . It is subject to exchange 

coupling fields Ui and U2 from the conduction electron polarisation due to 

magnetic layers 1 and 2. The vector sum of these fields gives us the effective 

local spin Hamiltonian H=(Ui+U2)'S/S.

The energy levels of the defect are now Em=-Um/S, where the integer 

m =-S,-S+l,...S . We may write

C/(0) = |U, + U 2| = + U\ + 2U JJ2 cos6 

where 6 is the angle between the layer magnetisations. The free energy of 

the spin f(T ,9) may be derived from conventional statistics, and the bilinear 

correction and biquadratic coefficient for N  such loose spins are given by 

J ]  = N [ f ( n )  -  /(0)] / 2, J 2 =  4 1 / ( 0 )  + ! / ( * ) -  f i n  / 2)].

It is the term f(n/2) which leads to orthogonal ordering. There is now 

experimental evidence to support this model as describing the mechanism of 

biquadratic coupling in the Fe/Al system[99].
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3.2.4.3 Thickness fluctuations

Another mechanism which is of importance in real multilayered 

structures was also first treated theoretically by Slonczewski[100], If there are 

thickness fluctuations in the spacer layer then the value of h  is not a constant 

across the area of our prototypical magnetic trilayer sandwich. If these 

coupling fluctuations are so great that there are regions which are positively 

coupled and others which are negatively coupled then we must perform a 

detailed micromagnetic calculation in order to determine the lowest energy 

state.

(a) (b

Figure 3.6 The effects of mixed-sign coupling caused by thickness 

fluctuations. The curved arrows represent the sense of the coupling. In (a) 

the lateral length scale of the fluctuations is long, and the exchange 

stiffness within a Co layer cannot prevent the coupling being satisfied 

everywhere. In (b) the exchange stiffness is effective over the shorter 

distances and the moments are frustrated.

In general there are two possible cases. Let us suppose that the 

multilayer roughness is in the form of terraces as shown in the diagram 

above, which are of length L. The thickness fluctuations cause changes in the 

bilinear coupling constant from terrace to terrace of magnitude 2AJi. If L is 

very large then the intralayer exchange stiffness A is unable to maintain a 

constant direction for the magnetisation within a layer, and it is possible for 

domains to form. In this case the coupling is satisfied everywhere and a low 

energy state is attained.
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If however the length scale L is short, then the exchange stiffness 

within a layer will not allow such a rapid variation in the direction of M. In 

this case the moments in the layers are frustrated, and an energy minimum 

can be found when the moments are orthogonal. We may write the effective 

value of the biquadratic coupling constant as

r _  2Z,(A/ , ) 2 ^  coth(/rD. / L)

2 " ~~̂  h  4  '

for magnetic layers 1 and 2, of thickness D. This assumes L is much 

greater than the spacer thickness. In fact there will be small amplitude static 

spin waves in both magnetic layers, as the local bilinear coupling will relax 

the moments slightly away from their average directions. It is also possible 

for more complex arrangements of spins to arise[101 ].

One peculiar feature of this model is that J2 increases for wider terraces, 

which correspond to increasing structural perfection. This has been observed 

by experiment! 1021.

3 .3  M in im u m  E n e r g y  C a l c u l a t io n s

Faced with such an array of complex theoretical schemes, it is often 

convenient to discuss experimental results in terms of a simple 

phenomenological model. Such a model can be used to extract from the raw 

data numerical results for the quantities of interest such as the saturation 

magnetisation, coupling energies and anisotropy constants. This allows 

comparison between experiments without reference to theory, as well as 

testing the theories themselves.

We proceed by writing down the total energy of the system as a sum of 

the various contributions of the all the effects present in the multilayer. For 

thin films it is sensible to discuss the energy per unit area of film, denoted e. 

This energy is then minimised to determine the exact magnetic configuration 

in a given field. As the field is varied, the system will follow the path of 

minimum energy, and we will be able to trace out magnetisation and 

magnetoresistance loops. This is the approach used in the well known
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Stoner-Wohlfarth model for small particles[103].

3.3.1 The Zeeman term

Any magnetic dipole m has an energy of interaction with an applied 

field H  given by called the Zeeman energy. A ferromagnetic body

has a dipole moment per unit volume M, the normal definition of the magnetisation. If 

we wish to calculate the energy per unit area of a thin ferromagnetic film in 

an applied field then we must take into account the film thickness t, and the 

Zeeman areal energy density is given by

^  Zeeman =  ‘ H  •

We have made here the implicit assumption that M is not a function of 

position within the film. For a chemically homogeneous film the magnitude 

of M will indeed be a constant, but we have neglected the possibility that the 

film has broken into domains. Historically it has been believed that it is 

impossible to support a domain wall in a sufficiently thin film[104]. A typical 

Bloch domain wall, where the local magnetisation vector rotates in the plane 

of the wall, will generate a large number of free poles on the surfaces of a 

thin film. This is energetically unfavourable. However this may be avoided 

by the use of Neel walls, where the local direction of M rotates perpendicular 

to the wall plane, but in the plane of the film. However for extremely thin 

films (t<100A) the wall width increases to very large values[105]. Single 

domain states have been inferred from hysteresis loops for various 

systems[106,107,108], and directly observed Co/Cu(100) films magnetised in 

plane[109].

For the purposes of this calculation we will assume that each magnetic 

layer forms a single domain. This is valid for reasonably large areas of 

multilayer, and is anyway necessary in order to make the problem tractable.

3.3.2 Demagnetising effects

A uniformly magnetised ferromagnetic body will have magnetic charges 

at its surfaces. These free poles will generate a demagnetising field Hj, which
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for an ellipsoidal body will be exactly anti-parallel to the magnetisation. The 

demagnetising factor is defined as N=-Hd/M. The magnetostatic energy of a 

body is given by - j ju 0 jH d - M d V , where the integration is performed over 

the volume of the ellipsoid.

We may consider a thin film as an extreme case of an oblate ellipsoid. 

In this case the demagnetising factors are zero for a field applied in the film 

plane, and unity for a field applied exactly perpendicularly. We may then 

generalise the areal demagnetising energy density as

Z dem az =lAV(M-n)2, 

where n is a unit vector normal to the film plane.

This means that there is a shape anisotropy, with a hard axis normal to 

the film, and an easy plane in the film plane. We may write the volume 

anisotropy constant K=YiIM)M2. Again there are implicit assumptions: we have 

assumed that the film is uniform in representing it as an ellipsoid where 

the minor axis diameter has gone to infinity. Non-uniform films will have 

more complex behaviour as free poles may be generated on the surfaces. A 

full discussion is given by Dove[110],

3.3.3 Anisotropy

It is possible to induce an anisotropy in a ferromagnetic film by a 

number of means. Firstly oblique deposition can cause there to be an easy 

axis along the projection of the deposition direction in the film plane. This 

topic was never fully resolved, but may be due to the canted microstructural 

voids discussed in chapter 2 f i l l ] ,  or an internal strain[112], and oxygen may 

play some role[113]. This effect is not usually as apparent in sputtered films 

as in evaporated ones due to the spread in deposition angles caused by the 

sputter gas. It has however been observed, in films where the gas pressure is 

high and there is likely to be a zone 1 microstructure which contains 

voids[114].

Also growth of the film in an applied forming field can cause there to 

be an induced easy axis in this direction[115]. It is not necessary that this
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field be magnetic[116], although this is usual, for practical reasons. Again the 

exact reasons are unclear. It is possible to induce an anisotropy in a 

ferromagnet by annealing in a field[117], and the condensation of adatoms 

onto a substrate has many of the characteristics of a fast quench.

This type of anisotropy can be described by a term like

e umaxid  = - ^ ( " » a ) 2,

where a is a unit vector along the easy axis and m is a dimensionless unit 

vector parallel to the magnetisation direction. Values of Ku> 0 are assumed, as 

this will lead to the required easy axis, rather than plane.

A second type of anisotropy takes effect at the ferromagnet-spacer 

interfaces. This is termed surface or interface anisotropy, and is largely due 

to the reduced symmetry at the surface[118], although the altered electronic 

structure caused by the overlayer plays a role[119]. This takes the functional 

form

£  surface = - K X m  h ) 2 ,

where Ks is the surface anisotropy constant. This anisotropy has an easy axis 

perpendicular to the film plane for Ks>0. It can dominate over the 

demagnetising term for sufficiently small film thicknesses, as it has no t 

dependence, resulting in perpendicular alignment even in zero field. For a 

Co/Cu interface the anisotropy is usually not strong enough to support an 

easy perpendicular direction, as it can be for systems such as Co/Au and 

Co/Pd[120],

The subject of magnetic anisotropy is both broad and deep and many 

important effects have been neglected here as being largely irrelevant to the 

special case in hand. I here has been no mention of magnetocrystalline 

anisotropy as it is zero in permalloy and fcc-Co (though not hep), which H88J 

generally takes higher symmetry orders than uniaxial, nor of magnetostriction 

induced anisotropy. A near book-length review of anisotropies in ultra thin 

magnetic films is given by Heinrich and Cochrane[121],
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3.3.4 Interlayer coupling

3.3.4.1 Heisenberg bilinear coupling

We may represent the coupling of the normal Heisenberg form between 

two layers in the usual way,

where m; represents a dimensionless unit vector in the direction of M in 

layer i. The coupling constant /i has dimensions of energy per unit area, and 

is a purely phenomenological parameter. The sign convention used is that 

positive values of /i correspond to ferromagnetic coupling, and negative 

values to antiferromagnetic coupling. It should be noted that this exchange 

energy is shared between a pair of layers.

3.3.4.2 Biquadratic coupling

Biquadratic coupling has an areal energy density of the form

E  biquadratic =  " - ^ 2  1 '

where the symbols have similar meanings to those in the bilinear expression 

given above. Again J2 is a phenomenological parameter, without reference to 

its possible cause, either intrinsic or extrinsic. The sign convention is that 

positive values lead to collinear coupling, and negative values to orthogonal 

coupling. The energy is again shared between a pair of ferromagnetic layers.

3.3.5 Emergent behaviour

All of these terms interact in complex ways. The Zeeman term alone 

will align the magnetisation into the field direction for arbitrarily small fields, 

and this will result in the magnetisation switching sharply and 

discontinuously from +MS to -Ms as the field passes through zero. It is 

however rare to find a magnetic system which puts up so little resistance to 

the applied fields energy requirements.

3.3.5.1 Anisotropy & hysteresis

The effect of anisotropy is not only to align the magnetisation in zero
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field, but also affects the shape of the M-H loop. This is true of shape 

anisotropy, as well as the various intrinsic and induced effects. When a field 

is applied in a hard direction it has to do work against the anisotropy term to 

rotate the magnetisation vector, and this means that a finite field value is 

required to saturate the magnetisation. This field value Hs is given by

Ho Mt

However the system never leaves the global minimum in the energy 

landscape. This means that the system follows the same path as the field is 

both increased and reduced. However if the field is applied along an easy 

axis then the system can remain in a local minimum as the system is brought 

back from saturation. This results in hysteresis, the state of the system is not 

only determined by the current set of parameters, but also by previous sets. 

Only a discrete set of easy directions (e.g. uniaxial) will cause hysteretic 

behaviour, rather than, say, an easy plane. Of course another cause of 

hysteresis in real systems is the presence and pinning of domain walls, 

which we have neglected here.
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Figure 3.7 The predictions of the Stoner-Wohlfarth model for a single 

thin film with an in-plane easy axis, with the field applied at various 

angles in the plane. The reduced field is expressed as H/Ku. 

3.3.5.2 Interlayer coupling

If we have a number of uncoupled magnetic films then we may 

minimise their energies individually before summing the resulting individual 

magnetisation vectors to find the total moment of the sample. For an 

ensemble of identical films then we need only calculate the properties as a 

function of field for one of them, and then multiply the results by N. If our 

experiment is one such as MOKE where we are unable to measure the total 

moment, but only ratios such as M(H)/MS, then even this is unnecessary, and we 

need only calculate the properties of one film.

If we allow interactions between adjacent films then we introduce cross­

terms into the energy. Let us first of all suppose that we ferromagnetically 

couple every pair of magnetic layers. If the layers are all identical, as we 

previously supposed, then there will be no difference in the calculated 

magnetisation loop, as the layer magnetisations were always parallel
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anyway, without the coupling requiring them to be so. It is impossible to tell 

from magnetisation loops if identical layers are uncoupled, or positively 

coupled. On the other hand, if films with different individual magnetisation 

loops are coupled ferromagnetically, then there will be some averaging of the 

two hysteresis loops.

On the other hand, if we couple the films antiferromagnetically and first 

of all assume that there is no anisotropy, then at zero field the films 

magnetisation vectors will lie antiparallel and the total magnetisation of the 

sample will be zero (for an even number of magnetic layers). In order to 

saturate the sample the applied field must do work against the coupling 

energy, and a finite field is required to saturate the sample, given by

H -  2 J '
1 MoM '

for a pair of ferromagnetic layers where /i is negative. In a superlattice where 

each layer is coupled to two others, J\ is twice as effective, and the 

numerator is 4/j.

The form of the magnetisation loop is a straight line, as for a uniaxial 

system magnetised in a hard direction. This is not coincidental - suppose Mj 

makes an angle 0i with H, similarly for M2. By applying the energy 

minimisation condition that ^- = 0 , = 0 it is possible to show that in this

case the moments close symmetrically about the field direction, i.e. di=-&2 . 

For a particular magnetic layer the field is working against a term like cos20, 

producing identical behaviour.
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Figure 3.8 The results of numerically simulating the effect of varying 

the bilinear coupling constant for a pair of lnm  thick Co layers also 

displaying orthogonal coupling. For large positive or negative bilinear 

coupling the remanence returns to unity or zero respectively.

If we have also an anisotropy then the above symmetry considerations 

apply only in the case that the field is applied along a symmetry axis of the 

anisotropy. For a hard axis the loop is again a straight line, but if we apply 

the field along an easy axis then the system may again find itself in a local 

minimum, and hysteresis will result. This is generally not important in the 

sputtered samples which will be discussed in this thesis, and is covered in 

more detail by Bloemen et al[ 122].
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Figure 3.9 The results of numerically simulating the effect of varying the 

biquadratic coupling constant for a pair of lnm  thick Co layers also 

displaying bilinear coupling.

The behaviour of the biquadratic term is more complex, as it has two 

equivalent energy minima. Let us suppose that /i=0 and consider a pair of 

coupled magnetic layers with Jz<0. In zero field the moments will lie at 90° to 

one another, and the net magnetisation will be V2/2 of the saturated value. In 

the absence of anisotropy the above symmetry considerations apply, and as 

the field is increased the moments will close towards the field direction until 

saturation is reached. We may modify the zero-field interlayer angle by now 

making Ji slightly positive or negative, which in turn will affect the 

saturation field, now given by the above expression for pure bilinear 

coupling but replacing Ji with the total effective coupling constant (/1+2/2). If 

\J,\>\J2\, then the bilinear term again dominates, and the remanent fraction

is again zero (/i<0) or unity (/i>0). This behaviour is more easily understood 

by reference to the phase diagram given below, where these two states are 

represented by the regions AFM1 and FM respectively. The non-collinear
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ordering for large negative /2 is represented by region NC.

J2

" n

ji = - 2/2

Figure 3.10 Phase diagram of magnetic multilayers in zero field exhibiting 

bilinear (/I) and biquadratic (/2) coupling. After Ustinov et al (ref 123).

For /2>0, the ordering is collinear, but neither parallel or antiparallel 

orientations are favoured, except by the bilinear term. This means that there 

are two minima, and it is possible for hysteresis to result, as the system 

cannot reach the global minimum. The distinction between regions AFM2 

and AFM3 in the phase diagram is whether the system gets back to the 

global minimum before or at zero field. However values of /2>0 have never 

been observed experimentally.

A thorough and instructive explanation of the effects of these two forms 

of coupling was published recently by Ustinov et «/[123], to whom the above 

phase diagram is due.
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3 .4  S u m m a r y

The topic of indirect exchange coupling has been extensively studied in 

recent years, since the advent of UHV deposition techniques which allow 

careful and controlled preparation of high-quality samples. It now seems 

clear that the topology of the Fermi surface of the spacer is of importance in 

determining the period of the oscillations in coupling. However there are still 

a number of unexplained aspects of the problem.

The role of disorder is unclear - the RKKY formalism, the quantum well 

scheme, and calculations based on reflection coefficients all rely on crystalline 

order to derive the observed long oscillation periods. The effect of grain size 

in multilayers was first pointed out by Bobo et al[ 124]. They found the grain 

size estimated by X-ray analysis in their Fe-buffered samples was 

approaching 20A yet still displayed reasonable GMR and oscillations. There 

are also a number of experimental results on coupling across alloy 

spacers[125,126,127,128|, but theoretically disorder is difficult to treat. There 

have been some attempts to calculate the effects of substitutional 

disorder[129], but there is an overwhelming body of work on sputtered 

multilayers grown for their GMR properties, which suggests that the 

coupling phenomenon is universal, and not predicated on high quality 

epitaxy.

There have also been observations of oscillatory coupling across 

semiconducting[130] and amorphous-Si spacers[131], which pose severe 

theoretical problems. Bruno has attempted a treatment of ordered insulating 

spacers[132], and finds the correct temperature dependence, but does not 

find oscillations. This calculation relies on the properties of a complex Fermi 

surface, and a full description of this, as well as the unified theory described 

above was recently published in a long paper[133].

The mathematics of minimising the energy are typically not trivial. 

Stoner and Wohlfarth gave an analytic solution of the problem of a single 

domain with uniaxial anisotropy, and their approach was extended by 

Fujiwara and Parker to cover the case of 2N  layers with identical uniaxial
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anisotropy, with bilinear and biquadratic couplingf 134].

In general it is easier to solve the problem numerically, which allows for 

more generality in the conditions which are to be solved for, with arbitrary 

anisotropies and couplings in a set of layers which need not be all like. This 

may be completed in not too long a period of time on even an i486-based 

PC, and in a matter of seconds on a fast RISC workstation. This allows the 

parameter space of the problem to be searched rapidly, and a large number 

of curves to be generated to be fit to the experimental data.
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4 . G ia n t  M a g n e t o r e s is t a n c e  a n d  

O sc illa t o r y  E x c h a n g e  C o u p l in g  in  

Co/Cu M u ltila yers

4 .1  In t r o d u c t io n .

In this chapter the initial results obtained on the Co/Cu samples first 

grown will be described. A few very early results will be presented showing 

how the Meissner trap was an essential aspect of producing good quality 

GMR samples. In order to characterise the system well, measurements of the 

coupling and GMR as a function of Co layer thickness, Cu layer thickness 

and number of bilayer repeats were carried out. Large giant 

magnetoresistances were obtained at the first and second coupling peaks, 

which were well defined.

4 .2  Im p r o v in g  t h e  v a c u u m

A large number of samples were grown once the sputtering system was 

brought back to a usable state, with a wide variety of sputtering rates, 

working gas pressures, substrates and thicknesses of layers. Very few 

exhibited any GMR, and for those few which did the magnitude was of only 

a few percent.

The later modification of adding the Meissner trap was crucial in 

achieving a large GMR. Samples grown at base pressures of more than 

~5xl0'7 Torr showed consistently poor GMR ratios. There is then a rapid rise 

until below ~ lx l0 7 Torr good results are achieved for the proper layer 

thicknesses. The Meissner trap lowers the pressure through just this range, 

once the additional gas load of the localised heating of the running 

magnetrons is taken into account.
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Figure 4.1 The effects of ihe use of the Meissner trap on the GMR and 

MOKE loops of two {Co(9A)/Cu(9A)}x25 multilayers grown under 

otherwise identical conditions.

In Fig 4.1 the difference the cold trap makes is illustrated by comparing 

the GMR and MOKE loops of a pair of typical Co/Cu multilayers grown 

under otherwise identical conditions. The GMR for a sample grown under 

poor vacuum conditions without the trap being used has a GMR ratio of only 

4%, and the MOKE loop shows it to have a ferromagnetic character. A 

sample grown whilst the trap is filled with flowing liquid nitrogen has a 

GMR ratio of over 40%, has a much smaller remanence. It is apparent this 

sample exhibits marked antiferromagnetic interlayer coupling. It is 

interesting to note that it was not necessary to use any buffer layer to 

achieve this large GMR. The sample was grown directly onto the native oxide 

layer of the Si wafer. The relative magnitudes of the magnetoresistance are 

what would be expected from the relative remanent fractions measured by 

MOKE. The saturated resistivities of the two samples are too similar to 

explain the difference in ARJR. The importance of a clean vacuum to large 

GMR is immediately evident. Experience over the growth of large numbers 

of multilayer samples shows that H20  is particularly damaging, in accord 

with others [135].
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Basic x-ray analysis of such a pair of samples at Leeds by the low and 

high angle techniques described in Chapter 2 revealed no obvious structural 

differences. The low angle Bragg peaks were distinct, and good quality 

Kiessig fringes were observed. At high angles no texture could be discerned. 

Further structural analyses were undertaken at other sites to attempt to 

determine the microstructural effect of the residual gases which were 

contaminating the poor sample.

Frequency (MHz)

Figure 4.2 Nuclear magnetic resonance spectra of a pair of Co/Cu 

multilayers grown with and without the use of the Meissner trap.

Nuclear magnetic resonance experiments were performed at ICPMS- 

GEMME in Strasbourg by C Meny and M Malinowska. Zero field NMR was 

performed at 1.5K with a broadband automated spectrometer in order to get 

information on the bulk and interface short range structure. The NMR 

spectra for the two samples are shown in Fig 4.2. There are no differences in 

the spectra indicating that the interfaces have the same short range 

morphology in both samples. The main peaks indicate that the bulk Co is 

fcc-like, whilst the extended low frequency part of the spectra indicates that 

both samples have intermixed interfaces. First analyses shows that the
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amount of intermixing at the interfaces is about 1.5 full Co atomic planes 

suggesting that the interfaces are of quite good quality. (A perfectly flat 

interface would contain 1 atomic plane.) However it was not possible to 

reproduce the shape of the NMR spectra with a step interface model, nor 

with a simple diffuse interface model[136J. To simulate the NMR spectra it 

was assumed that the Co layers are composed of clustered Co atoms 

separated by a random CoCu alloy containing about 60% of Co. The height 

of the clusters is about 6 atomic planes and the surface area occupied by 

clustered Co atoms follows this sequence: 12%, 83%, 92 />, 92 /o, 83 /o, 1 2 /o. 

Such a model has been previously used[137]. This particular structure of the 

Co layers (in particular the reduced magnetisation in the alloyed part) may 

play an important role in the magnetotransport behaviour of those samples.

0/20 Scan

Detector Angle (°)

Figure 4.3 Low angle X-ray scans performed at the Daresbury synchrotron 

source. The blue curves are those from a high-GMR good vacuum 

sample, the red curves those of a poor vacuum low-GMR sample.

Further detailed analysis of such a pair of samples was undertaken 

using synchrotron X-ray diffraction. No measurable differences were 

detected. The small difference in Bragg peak positions represents a small
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difference in bilayer period, but is not significant enough to explain the 

drastic drop in GMR. The second Bragg peak is missing as the Co and Cu 

layers are of almost equal thickness. Both low angle and transverse scans 

showed that the rms conformal roughness in both cases was ~1.0A, with a 

total rms roughness of ~1.4A. This represents an unusually high degree of 

correlation for sputtered samples. This is reflected in the very low amounts of 

diffuse scatter observed.

Figure 4.4 X-ray rocking curves (transverse scans) through the first 

superlattice Bragg peak shown in the 0/20 scans.

In short it was found that the layers were very smooth, and what little 

roughness was present is remarkably conformal. No texture was detected. 

The Co layers are in the form of large Co clusters, separated by a Co rich 

alloy. However despite there being no obvious structural differences the 

magnetic and magnetotransport properties were markedly affected by the 

presence or absence of residual gases during growth.
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4 .3  C o u p l in g  O s c il l a t io n s

4.3.1 Characterising the system

Once the system was producing samples that exhibited a respectable 

GMR, the work moved on to a fuller characterisation of the Co/Cu 

multilayers being grown. This is a system that has been investigated by a 

large number of groups around the world, and so represented a good 

benchmark by which to judge the deposition machine. Two series of samples 

were grown in which the thickness of both the copper spacer and cobalt 

layers were varied, also the effect of varying the number of bilayer repeats 

was investigated.

4.3.2 Texture and micro structure

There have been a wide variety of studies on sputtered Co/Cu since the 

discovery of the coupling oscillations and very large giant magnetoresistance 

effect in this system[138,139]. A number of workers have sought to identify 

those conditions under which the GMR is large, and in particular there has 

been much work attempting to associate a particular texture or crystal 

orientation with large GMR ratios. Although the earliest discoveries of high 

GMR in this system by Parkin were in (111) textured samples, a number of 

workers then suggested that the absence of (111) texture was a pre-requisite 

to a large GMR effect. Pollard, Grundy and co-workers found in common 

with a number of others that an Fe buffer layer of between ~50 and 100A 

was necessary to achieve a large GMR, and that samples grown on such a 

buffer exhibited reduced (111) texture[140j. They later grew Co/Cu on S i( ll l)  

wafers which had been progressively etched to expose bare the Si beneath 

the surface oxide layer. They found that the GMR ratio dropped from it's 

high initial value as the etching energy was increased, and this correlated 

with the a rise in (111) texture in the metal film[141]. Suzuki et al found that 

the use of an Fe buffer layer reduced (111) texture, and found that the GMR 

ratio rose in line with the quantity of (220) texture[142]. However Honda et al
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made a positive correlation between high GMR and the presence of (200) 

texture[143].

A full structural characterisation of a number of samples was carried out 

at Daresbury by T Hase, B Tanner and C Lehmann from the University of 

Durham, building on the initial X-ray work performed here at Leeds. The 

results of this extended structural characterisation will be reported here, since 

the microstructure determined from these X-ray scans has an important 

bearing on the discussion of the magnetic properties of the samples.

Low-angle X-ray reflectivity and diffuse scattering experiments were 

performed on station 2.3 at the Daresbury Synchrotron Radiation Source[144] 

with a slit-limited instrumental resolution of 40 arc seconds. High angle 

diffraction scans were also performed at the SRS using a Soller slit detector 

collimator and on a conventional Bragg-Brentano powder diffractometer 

using CuKa radiation and a curved crystal graphite monochromator.

D e t e c t o r  A n g l e  (°)

Figure 4.5 Low angle reflectivity data from the SRS for the Co/Cu 

multilayer taken with an X-ray wavelength of 1.48A. The modulation is 

caused by CuO as the layers are uncapped. There is a single multilayer 

Bragg peak visible at 4.5°.

Fig 4.5 shows the low-angle X-ray results for both the specular and 

diffuse components of the scatter for a sample of the form
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{Co(10A)/Cu(10A)}20. The specular results show very good Kiessig fringes 

extending up to about 8 degrees and a single multilayer Bragg peak. This low 

rate of fall of intensity with scattering vector indicates a very low surface and 

interface roughness. Longitudinal (offset 9-20) diffuse scans were measured 

using an offset of -0.1°. These results show very low diffuse scatter 

consistent with a very small roughness. The presence of a clear Bragg peak 

in the diffuse scatter indicates that much of the roughness is correlated 

throughout the multilayer stack. Born wave analysis of transverse scans 

(rocking curves) give a correlated roughness of 1.0 ± 0.5A. The second order 

multilayer Bragg peak is again absent as the Co and Cu thicknesses are very 

close. These results are very similar to those presented above on early 

samples.
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Figure 4.6 High angle x-ray diffraction data for Co/Cu multilayers 

performed with Cu K„ radiation at the Dept of Chemistry, University of 

Durham. Blue triangles: A sample grown on Si(OOl) with 50 bilayer 

repeats. The FWHM of the (111) Cu/Co peak is 0.459°, which gives a minimum grain 

size of 210A. (High resolution data obtained at the SRS raises this limit to 250A). Red 

squares: A sample grown on Si (111) with 25 bilayer repeats.

Fig 4.6 shows the high angle (0-20) diffraction data for the same 

sample. The (111) Cu/Co Bragg peak is small but well defined. The 

compromise peak was fitted to a Lorentzian giving a FWFIM of 0.765 and a
o

lattice parameter of 3.5804A which is close to the expected value (3.579A) for 

a 50:50 Cu/Co multilayer. The inverse of the FWHM in reciprocal space 

reveals the grain size to be approximately 140A. The laboratory d-20 scan of 

another sample is also shown. This sample was grown on an (001) oriented 

Si substrate and has a smaller FWHM, giving a minimum grain size of 210A.
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Sam ple A ngle (°)

Figure 4.7 Rocking curve of a Co/Cu multilayer through the high angle 

Bragg peak. The position of the detector is held constant at the 26  value 

for the Bragg peak, whilst the sample is rotated through the specular 

reflection position. The FWHM of this curve is ~16°.

Rocking curves of similar samples taken at the SRS show that the 

spread of (111) oriented grains around the surface normal is of the order of 

16° FWHM (Fig 4.7). This explains the low intensity in the laboratory data, 

as at any one time only a very small fraction of the grains are diffracting the 

X-ray beam. This rocking curve width is extraordinarily large. This is the 

reason for initially detecting no texture, as only a few grains are diffracting 

the beam at any one time, due to the wide spread of orientations.

These results suggest an unusual microstructure. The width of the 

rocking curve shows that the distribution of (111) directions extends to about 

8° in every direction around the film normal. The grains are quite large, 

~200A, as measured by the width of the high angle Bragg peaks. One might 

speculate that the Co/Cu interfaces might follow the rapidly tilting atomic 

planes as they pass from grain to grain, but this does not appear to be the
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case from the excellent low angle data, which suggests exceptional layering 

quality. The rms roughness of the interfaces is too low for them to be so far 

removed from ideal planes, and it seems that the interfaces must pass 

through the grains at small angles to the planes of atoms. This means that 

the interfaces take on the character of vicinal surfaces with a miscut equal to 

the grain tilting angle, with a distribution half-width of 8°. This structure is 

drawn schematically in Fig 4.8.

Co 

Cu 

Co 

Cu 

Co 

Cu

Figure 4.8 Schematic representation of the multilayer microstructure. The 

individual grains are of the order of 200A in diameter, and the angular 

distribution of (111) directions is -16° wide. The layer interfaces are close 

to ideal planes, passing through the grains at small angles the atomic 

planes.

One might suppose that the interfaces tilt a little toward the {111} 

planes inside each grain, as this would correspond to correlated roughness, 

but the rms amplitude of this roughness would still have to be of the order 

of only 1A.

4.3.3 Spacer oscillations

One property of Co/Cu multilayer systems is the strong oscillations of 

the coupling with respect to the Cu spacer thickness due to the good band
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matching between the Cu and minority-Co d-bands. This coupling oscillation 

results in a series of peaks in the GMR as the Cu spacer layer is made 

thicker. Parkin's original results showed four antiferromagnetic maxima in 

the GMR curve, although the fourth peak was very weak.

0 10 20 30 40 50 60

t (A)Cu '

Figure 4.9 The GMR as a function of the thickness of the Cu spacer. 

Each inset shows a MOKE image corresponding to the indicated sample. 

Note that the field scale in the first inset is different to the remaining
o

three. There are clear oscillations with a period of about 10A and clear 

regions of AF and F coupling.

Figure 4.9 shows the room temperature magnetoresistance for 

multilayers with a constant thickness of Co(llA.) plotted as a function of the 

Cu spacer thickness. The insets show longitudinal MOKE curves for various 

samples measured at the same temperature. The GMR data show that there 

are clearly two peaks and a marked rise towards a third, corresponding to 

regions of antiferromagnetic (AF) coupling with regions of ferromagnetic (F) 

coupling in between. The period of this oscillation closely matches that
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reported for other sputtered samples of Co/Cu. The magnitude of the GMR is 

high as any in the literature, rising to 130% at 4.2K for the first maximum 

and such a sample has almost zero remanence.

Figure 4.10 The magnetically saturated resistivity and change in the 

resistivity as a function of the Cu spacer layer thickness. The solid line 

is a fit given by p = 129/tCu + 7. (Units as on the graph).

The resistivity of the layers as a function of the Cu thickness is shown 

in Fig 4.10. The magnetically saturated data follows a Fuchs-Sondheimer- 

type behaviour with an extrapolated value of the Cu resistivity of about 

7^iQcm. The oscillatory component is seen to be entirely in Ap.
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Figure 4.11 Constant energy contours in the (110) plane, including the 

Fermi surface, marked in blue. The dashed line marks the first Brillouin 

zone boundary. The [111] direction spanning vector is marked by the 

vertical red line, and the paler vectors represent rocking the Fermi surface 

by 8° in either direction. The change in length of the spanning vector is 

immediately apparent. Energy contours taken from Edwards et al.[145].

Some discussion of these oscillations is now in order - the period of the 

coupling is measured to be a little over 10A, which lies comfortably within 

the region spanned by various other published results. We must of course 

pay attention to the orientation of the sample, and compare our samples to 

those most alike - in this case (111) oriented multilayers. However only a 

small fraction of the grains in this case are truly (111), with the remainder 

taking up some close orientation. We recall from Chapter 3 that the period is
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determined by a spacer Fermi surface spanning vector which lies parallel to 

the layer normal. For (111) Cu this presents an additional complication, as 

the Fermi surface necks lie in the (111) directions. This means we cannot 

simply draw our vector across the Fermi surface in the usual fashion, but 

must draw it at an angle across an adjacent neck.

We must rotate the Fermi surface by up to 8° in order to assess the 

effects of the misaligned grains. If the layers were (001) oriented (for 

example), then this would have little effect, as in this region the Fermi 

surface is near spherical, and the extremal vector length would hardly vary at 

all. When this operation is performed in the ( i l l )  direction though then large 

changes in the spanning vector length can occur, as the Fermi surface is 

highly distorted from a free-electron-like spherical form in these neck 

regions. This is illustrated in Fig 4.11. The (111) plane has threefold 

symmetry, and the spanning vector will lengthen or shorten, depending on 

whether the tilt is towards either (110) or (100) respectively.

How should this be interpreted? Each individual grain now contains Co 

layers coupled with a different period, depending on that particular grain's 

orientation. As the Co layers are expected to be continuous across a number 

of grains due to the low roughness we may expect that some averaging of 

the distribution of periods may take place in order to determine the 

oscillation which is displayed macroscopically in Fig 4.9. It is found that due 

to the particular shape of the Fermi surface, that the long period tail of the 

distribution is somewhat dominant, and will tend to shift the average to a 

slightly longer period than that expected for a purely (111) sample. This is in 

accordance with the data.

4.3.4 Magnetic layer oscillations

As discussed in Chapter 3 there have been a number of predictions that 

the magnitude of the interlayer exchange coupling should oscillate as a 

function of the thickness of the ferromagnetic layers. Experimental 

investigations have focused on the two most widely studied magnetic
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multilayer systems: Co/Cu and Fe/Cr but the results are inconsistent. For 

each system, some observe the predicted oscillations, whilst others do not. 

For the Co/Cu system, Qiu et al.[146] did not find any such oscillations, 

whereas by contrast, Bloemen et al.[147] reported oscillations with a period 

of 6-7 A of Co. A similar situation exists for the Fe/Cr system. Okuno and 

Inomata[148] reported "oscillatory exchange coupling as a function of the Fe 

layer thickness". However, in the subsequent studies of Schad et a/. [149] for 

the Fe/Cr system it was found that that "None of the transport properties 

shows any indication of oscillatory behaviour."

W A)

Figure 4.12 The magnetically saturated resistivity and change in the 

resistivity as a function of the Co thickness. The solid line is a fit 

given by p = 94/ to  + 12. (Units as on the graph).

First of all examining these transport properties, Figure 4.12 shows the 

thickness dependence of the saturated resistivity as a function of the Co 

thickness in a series of sputtered Co/Cu samples. Extrapolating this data 

gives a thick-film resistivity value for Co of 12fiOcm. Also plotted in this 

figure is the variation of Ap = p(0) - p(Bs) where the main source of 

uncertainty is the width of each sample, as these samples were not prepared 

through contact masks. Within the limits of our experiment there are no 

oscillations as a function of the Co thickness.
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Of course the magnitude of the GMR does not depend on the 

magnitude of the coupling, but the strength of the interlayer exchange 

coupling can be determined by measuring the magnetic field that saturates 

the magnetoresistance. We recall from Chapter 3 that in the absence of 

anisotropy, that the expression for the saturation field of a multilayer is,

/IqA-it Co

We are justified in neglecting the anisotropy, as magnetometry 

measurements of the samples showed no sign of anisotropy for any 

thickness of the magnetic layer. Moreover, the near (111) texture revealed by 

the high-angle x-ray scans indicates that there is little to support the 

existence of in-plane anisotropy[150], despite the presence of the forming 

field during growth. Hence, the saturation field Hs directly gives the 

strength of the exchange coupling energy }\. For a constant value of /i 

(independent of tCo), a plot of 1 /Hs vs tCo will yield a straight line whose slope 

equals HqM /4]i . However, if the magnitude of ]i oscillates with tc0r such a 

plot will exhibit oscillations in 1 /Hs around the straight line.
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Figure 4.13 Inverse saturation field Hs as a function of the thickness

best fit to the orange-peel coupling model, as described in the text.

The experimental data is shown in Fig 4.13. For values of tc0 between 8 

and 20A the data fits well to a straight line. For high and very small Co 

thicknesses the data points lie above the position of such a line, indicating 

weaker than expected coupling. At low thicknesses this is due to the layers 

becoming so thin that they are discontinuous, indicated by the magnitude of 

the GMR dropping rapidly towards zero at these thicknesses. The reason for 

the weaker coupling at large thicknesses is more complex.

Many years ago, Neel[151] discussed what has become known as 

orange-peel coupling relating to the free poles on the surfaces of magnetic 

films which are not perfectly flat. This topological coupling has since been 

studied by a number of workers[152,153j. The model orange-peel structure is 

a two-dimensional sinusoidal wave, characterised by roughness amplitude cr 

and wavelength Atomic force microscopy measurements confirm the 

presence of wavy surface roughness for the thicker magnetic layers and the 

X-ray analysis of the samples has shown us that much of this roughness is

of the Co layers for Co/Cu multilayers. The red curve is the
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correlated throughout the multilayer stack.

----------------------------------- ►

Figure 4.14 Magnetostatic interactions between the free poles formed 

on the surfaces of wavy magnetic layers interact across the spacer 

layer, causing ferromagnetic coupling. This is referred to as orange- 

peel or topological coupling.

The effect of this wavy structure is to generate magnetic poles on 

neighbouring magnetic layers. When the waviness is in-phase, i.e. the 

roughness is conformal, these poles then couple the layers ferromagnetically, 

thus reducing the effective strength of the antiferromagnetic exchange 

coupling.

This coupling energy is proportional to the square of the roughness 

amplitude, which for the present analysis, we assume to increase linearly 

with thickness. Thus we write the effective coupling

J e f f  ~  J l  -  I  o p t

where f\ is the true antiferromagnetic exchange coupling energy and Jop 

is the correction term due to the orange-peel effect. Inserting this into the 

expression for Hs gives the final expression to be compared with the data,

i = v M

H s 4 ( J x- J  t1 ) v 1 op 7

The values of t and Hs are measured, M is given by its handbook value 

(1.4 MA/m for Co at room temperature), and the values of /i and Jop are
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determined by fitting to the data. The particular question of interest here is 

whether one gets a good fit using a constant value of /i- The results of the 

fit are also given in Fig. 4.13, and the agreement is good. In particular, there 

is no sign of any oscillations. The error bars increase for samples having 

thicker magnetic layers because the correspondingly smaller values of Hs 

imply a larger experimental uncertainty. But for samples with the thinner 

magnetic layers, the error bars are very small, and the results are therefore 

quite reliable. The accuracy with which we can define relative layer 

thicknesses in a series of samples is determined by X-rays to be 0.5A. 

Therefore if there were oscillations in our samples as a function of Co 

thickness, we should have seen them.

One can obtain the value of /i from the fit to the data shown in Fig. 

4.13 initial slope, fi ~ 0.25 mj/m2 which is in agreement with the values 

previously reported for Co/Cu multilayers by Mosca et al. [154](~ 0.3 mj/m2) 

and by Parkin et al. [155](~ 0.15 mj/m2). The derived value of fop implies the 

following values for the wavelength  ̂ and the roughness amplitude a  of the 

orange-peel wave: £ = 140 A, a  ~ 12% of bilayer thickness. These values are 

consistent with the grain size deduced from both the X-ray scans and the 

atomic force microscope imaging of the top surfaces of our samples.

4.3.5 Total film thickness

There are also insights to be gained from varying the thickness of the 

entire sample by depositing different numbers of bilayers[156]. The minimum 

here is two, in order that there be a pair of magnetic layers to interact. The 

GMR was found to rise steeply up to around 15 bilayers where there is a 

knee in the curve, above which the slope is much more shallow. A sample 

with only 2 bilayers has a room temp transverse MR of only 0.1%, increasing 

to 71% for a sample with 100 bilayer repeats.
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Number of Bilayers

Figure 4.15 Giant magnetoresistance as a function of the number of bilayer 

repeats for {Co(10A)/Cu(10A)}xN at room temperature. Inset is the Fuchs- 

Sondheimer straight line fit to the size-dependent resistivity data also at 

300K.

The Fuchs-Sondheimer fits to the data indicate that the resistivity of a 

multilayer with an infinite number of repeats would be 21.1fji2cm in the 

saturated state, and 37.3|jX2cm at zero field - a GMR ratio of 77%. The 

associated mean free paths determined from the fit are £ sal=311A  and 

^o=52A. Like Plaskett and McGuire[157], we found that the GMR increases 

rapidly for total thicknesses below, £ 0 and then has a more gentle upward 

drift. From the simple resistor network model of GMR these values imply 

^t =594 A whilst £ ±=27 A. Despite being more than a factor of 20 greater 

than £ i the GMR ratio is still less than 100%.

* t ( 0  is the mean free path for spin t  (4) electrons
4.4 CONCLUSIONS

The quality of the samples is remarkably good - the best GMR observed 

at room temperature in a sample grown in this sputtering system was 75%,
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with values of 65-70% being achieved routinely. Three complete periods of 

the Cu spacer coupling oscillation were observed, with the remanence of a 

sample grown at the first antiferromagnetic peak being very close to zero. 

These results compare favourably with the best published results on CoCu 

multilayers.

I he microstructure of the samples as determined by X-ray analysis is 

unusual - there is a weak (111) texture, but the rocking curve width is very 

large, a FWHM of 16°. Prom this we may determine that the grains are 

~200A in diameter, and have their {111} directions distributed within ~8° of 

the film normal. However the layering structure is of very high quality, with 

a total rms roughness of ~1.5A, with an rms correlated roughness of ~1.0A. 

This represents ultra-smooth layers, and an unusually high degree of 

correlation from on layer to the next. We deduce from these two pieces of 

information that the likely form for the interfaces within a grain is similar to 

that of a vicinal surface, with the interfaces making a small angle with the 

atomic planes.

Thus it has been shown that it is not necessary to have a well defined 

crystallographic texture to achieve long-period oscillations in the coupling, as 

many theoretical models require. Instead it is important that the layer 

thicknesses are well defined, and that the layers are smooth.

However despite the strong oscillations as a function of Cu thickness, 

no oscillation is observed for varying the Co layer thickness. The question 

arises as to whether or not there should be oscillations in these samples. 

Consulting Fig 4 in the paper by Barnas[158], we see that for a band splitting 

of 2eV the expected period is about 3A, but in fact these oscillations are 

severely damped so that only 2 large peaks are visible below 10A and 

virtually none above. We conclude that we should not expect to see 

oscillations as a function of the Co thickness in these samples.
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5 . B iq u a d r a t ic  C o u p l in g  &  

R e s id u a l  G a s e s

5 .1  In t r o d u c t io n

5.1.1 Background gases

In the previous chapter we briefly discussed the dire consequences of 

not using the liquid nitrogen trap on the magnetic and transport properties 

of multilayer Co/Cu samples. To recap, it was found that using the trap 

improved the base pressure by about an order of magnitude, principally by 

condensing out water vapour. Under these superior growth conditions, the 

GMR ratio of a typical Co/Cu multilayer increased from <5% to >50% at the 

first AF-coupling peak. Examining the magnetic properties by means of 

MOKE, it was found that the remanent fraction had dropped sharply from 

>90% for the poor low GMR samples to as low as <5% in the best cases with 

the use of the trap.

In an attempt to determine what the underlying morphological causes 

of these large changes might be, the samples were subjected to a detailed 

structural analysis by NMR and X-ray diffraction. The results were presented 

in the previous chapter, but for the moment it is necessary to recall only that 

no microstructural differences were found in the samples by either 

technique. The exact causes of the reduction of GMR by residual gases 

remain unknown.

Beyond the obvious assertion that a cleaner vacuum produces better 

samples the literature on the effects of background gases on GMR structures 

is not abundant. Yoshizaki and Kingetsu measured the GMR and 

crystallographic texture of Co/Cu multilayers grown in a baked and unbaked 

chamber[159]. They observed that the GMR of samples grown under UHV 

(baked) conditions had a larger GMR due to both a reduced saturated
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resistivity due to less oxidisation of the samples, and also better 

antiferromagnetic coupling.

Kagawa et al also made a study of oxygen incorporation in sputtered 

Co/Cu multilayers[160]. They found that there was a sharp drop in GMR 

above a base pressure of about 10* Torr, not too much higher than in the 

present work. This was due to 0 2 absorption. They also found that an Fe 

buffer layer absorbed O2 and supposed that the GMR was improved by this 

mechanism. In the Leeds sputtering system we have not found that Fe 

buffers improve the GMR at any base pressure; in fact the converse is true. 

One might suppose that if this were to be the only purpose served by a 

buffer that a I i  layer would serve best. In general however studies 

attempting the use of other buffershave not met with success.

Both of these studies found that the largest amount of oxygen was 

incorporated into the earliest parts of the structure close to the substrate - the 

offered explanation being that a fresh coating of metal on the chamber walls 

would getter residual gases during later stages of the deposition. This is 

contrary to findings in the present study, as one might suppose that in 

growing a long series of samples that the later samples would incorporate 

less gas - however samples seem to remain consistent throughout the length 

of a run.

5.1.2 A selective probe

As structural analysis techniques had failed to yield any information on 

the origin of the large changes in GMR caused by the residual gases, a 

selective probing technique was adopted to attempt to discover which parts 

of the sample were most susceptible to damage by these gases. Whilst 

growing in a good vacuum with the cold trap operating the residual gases 

are at low partial pressures, and good quality clean samples can be prepared.

If the growth is paused at a specific point in the multilayer stack, and the 

substrate moved away from the deposition source for a period of time then 

gas can be allowed to condense onto the surface of the growing film. When
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growth is resumed the film will incorporate this gas much as if this specific 

region of film had been grown in a much poorer vacuum.

This technique allows a specific part of the sample to be 'gas-damaged', 

and we may investigate the effects of the background gas atoms wherever 

we choose in the stack. We may also choose to perform this action in every 

period of a multilayer structure, to determine the effects of gas atoms on e.g. 

the spacer layers, or the interfaces.

5 .2  P r o b in g  t h e  m u l t i l a y e r  s t r u c t u r e

clt
We chose to absorb residual gases ̂ various different parts of the 

multilayer structure - into the centre of every Cu layer, every Co layer, in 

every interface, and every other interface. A sample without any pauses in 

growth was also grown as a control sample. Every break was of 10s away 

from the source. This corresponds to ~0.1 Langmuir exposure to the 

damaging gases such as H2O and O2. The sticking coefficients of the various 

gases on Co and Cu surfaces could not be found in the literature. However 

we may be certain that these gas exposures are not sufficient to achieve 

monolayer coverage. The coverage is likely to be only ~0.1 monolayers of 

gas atoms at each point where growth was halted.

A series of samples of the form {Co(10A/Cu(10A)}x20 were grown on 

(001) Si wafers. As previously the native oxide layer was preserved on the 

wafer, and no buffer layer was used. The samples are on the first AF peak of 

the coupling oscillation. The four different types of gas-damaged sample are 

illustrated below in Fig 5.1. The sample grown without breaks in growth as a 

control will be referred to as the clean sample.
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Figure 5.1 The residual gas damage was inserted into a number of 

multilayers of the form {Co(10A/Cu(10A)}x20 grown on (001) Si wafers. 

The pale blue lines marked on the samples indicate the points in the 

stack at which the gas-damage was caused.

The room-temperature GMR and MOKE results for these samples are 

shown in Figs 5.2 and 5.3. The colours of the curves correspond to the 

colours in the label panels of Fig 5.1. We have been able to use our model 

described in Chapter 3 to fit to the data and extract the values of the 

coupling constants. As is common, we have assumed that Ap is proportional 

to (1 - cos0), where 0  is the angle between the magnetisation vectors of 

adjacent magnetic layers.

The observed GMR ratio correlates with the remanence as measured by 

MOKE, with the exception of the sample with the impurities in the middle of 

the Co layer. We will discuss the other samples and then touch on this point 

briefly below. All the samples had similar values of saturated resistivity, 

20±2|i£2cm.
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Figure 5.2 The GMR of the various samples at room temperature. The 

clean sample is seen to possess the largest GMR ratio of all but for the 

sample with damaged Co layers.

The pure sample can be seen to have a remanence almost zero from 

the MOKE data - hence this sample should posses the largest possible GMR 

for a given set of transport parameters. In the fits to the data all 

magnetoresistances are expressed as fractions of this value (AR/R = 47%).
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Figure 5.3 MOKE loops of the various samples at room temperature. The 

clean and Co damaged samples are seen to have a remanent fraction of 

very close to zero.



104

Since the curves have symmetry and exhibit no hysteresis we show 

only one half of the MR loop, and one quadrant of the magnetometry data, 

although in all panels of Fig 5.4 both forward and backward sweeps are 

shown. The model does not predict the high field tail of the 

magnetoresistance well as it does not take into account small effects such as 

the ordinary magnetoresistance. The values of the coupling constants used in 

modelling the pure sample were Ji = -0.14 mjm'2, and J2 = -0.02 mjm-2, and 

the fits are shown in Fig 5.4(a). In this sample the bilinear coupling is 

dominant, as shown by the almost straight MOKE loop, and the parabolic 

convex form of the GMR response. We have assumed that the 

magnetisations within each layer are uniform, and that non-collinear 

coupling may occur, these assumptions will be justified later in this chapter.

(a) (b) (c)

H (Oe)

Figure 5.4 Fits to the data using the numerical model described in Chapter 

3. The panels are (a) the clean sample, (b) the interface damaged sample, 

and (c) the spacer damaged sample. In each of the three cases both the 

GMR and MOKE data were fitted simultaneously using a single set of 

parameters. The bulk value of Ms for Co was used.

Interface results (shown in Fig. 5.4(b)) are modelled with /i = -0.18mjm’2 

and J2 = -0.09mjm 2. Here we have a larger biquadratic term - there is an 

appreciable remanence, indicating that the antiferromagnetic coupling is no 

longer perfect. Fig. 4(c) presents the results for the sample where the
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impurities are in the middle of the spacers. Here there is considerable 

remanence , indicating poor antiferromagnetic alignment in zero field. A 

purely biquadratically coupled sample would have a remanent fraction of 

V2/2, and would display a GMR of half that of a perfectly antiferromagnetic 

sample. These values are very nearly what we measure, and we are able to 

calculate the solid line shown using f t = +0.01 mjm'2, and J2 = -0.15 mjm'2. 

This is a very surprising result. In most multilayer studies there is much 

emphasis on the interface quality as being a very important aspect of a good 

GMR sample. We have found here that it is the purity of the spacer, rather 

than damage at the interfaces which determines the quality of the AF 

coupling.

When the impurities were placed in the middle of each Co layer, a 

reduction in saturation field and a small rise in GMR ratio were observed. 

One might speculate that the impurities had caused the formation of 

magnetically dead regions inside the Co, reducing the average value of M s, 

in turn reducing H s. One might also speculate that the small but repeatable 

rise in GMR ratio is due to impurity atoms causing additional spin- 

dependent scattering, as they are embedded in a ferromagnetic matrix. 

Another possible explanation suggests itself. In the early 1970's Varma and 

Hoffman grew Fe films by UHV evaporation, and found that ultrathin Fe 

films grown sequentially, rather than continuously had a superparamagnetic 

behaviour above ~80K, as determined by Mossbauer spectroscopy[161]. This 

indicates that the individual Fe layers are "at least partially magnetically 

isolated. If we were to have regions in a gas-damaged Co layer which were 

not coupled by direct exchange interactions we might expect to see small 

fluctuations in magnetisation direction around zero field which would cause 

a small GMR enhancement.

The same experiment has also been undertaken using spin-valve 

structures of the form Co/Cu/Co/FeMn. The FeMn layer exchange-biases the 

adjacent Co layer so that it is fully saturated in zero field[162]. The 

antiparallel alignment of magnetic layers required for GMR is now
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independent of interlayer coupling. The GMR ratio AR/R of all these samples 

was found to be in the range 5.8±0.2%, whether or not the sample contained 

impurity gas atoms, or their whereabouts in the structure. This demonstrates 

further that the large changes in GMR ratio seen in the multilayer samples 

are due entirely to changes in the nature of the interlayer coupling.

5 .3  B i q u a d r a t ic  c o u p l i n g

5.3.1 Nott-collinear ordering

In the previous section we assumed that the magnetisation vector is a 

constant within each magnetic layer in order to apply the numerical model 

outlined in Chapter 3. In order to achieve a non-zero remanence, the 

magnetisation vectors must be allowed to take up a non-collinear state at 

zero field; i.e. biquadratic coupling must be present.

Few published results in the literature on Co/Cu multilayers prepared 

by sputtering exhibit the linear, zero-remanence magnetometry behaviour 

predicted by a straightforward Fleisenberg bilinear coupling term. There is 

typically a measurable remanent fraction, although it can be very small, and 

also significant curvature in the M -H  plot. The form of these M -H  loops has 

been interpreted in terms of pin-holes [163], or extended linear defects in the 

Cu spacer layers[164]. In these models there are small regions around the 

spacer defects where the coupling is ferromagnetic, causing a localised 

rotation of the moments over these regions. The moments are no longer 

antiparallel in zero applied field in the neighbourhood of these defects. This 

has much in common with the Slonczewski model described in Chapter 3. 

The exchange stiffness within a Co layer is too strong to allow the 

magnetisation to fracture into domains, but will allow some dispersion of the 

moments. There have now been observations of 90° configurations of spins 

in zero applied field (e.g. in Fe/Cr[165], NiFe/Ag[166], and Co/Cu[167]), and 

the theoretical basis for biquadratic coupling is sound. In particular the 

results below will be interpreted in terms of the Slonczewski thickness
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fluctuation model described in Chapter 3.

In order to determine if the assumptions about biquadratic coupling 

made above are justified, further samples were grown under the conditions 

where the biquadratic coupling is strongest - when the gas damage is in the 

middle of the spacer layer.

5.3.2 Results and Discussion

Two series of multilayers were prepared with variable Cu spacer 

thickness in the range 7-12A, that is ranging over the first antiferromagnetic- 

coupling (AF) peak. All multilayer samples were of the form 

{Co(10A)/Cu(tc„)}x50. Each series was grown in a single batch. There was a 

break in growth in the middle of each of the spacer layers. In the first series 

(referred to as A) the substrate was moved away from the magnetron, and 

then returned immediately to allow the completion of the Cu layer. In the 

second series (B) there was a longer 10s pause to allow the freshly deposited 

metal surface to be contaminated by residual gas atoms. Exposure was of 

the order of 0.1 Langmuir, hence coverage is clearly still in the sub­

monolayer regime.

Figure 5.5 The room temperature GMR of Co/Cu multiayer grown with 

a very short (series A), and a longer pause (series B) in the middle of 

each Cu spacer layer.
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A comparison of the GMR ratios achieved in each series of samples is 

shown as a function of copper spacer thickness in Fig 5.5. The series A 

samples with the short breaks in the spacers compare very well with similar 

Co/Cu multilayer samples where there are no breaks and the spacer layers 

are of continuous pure copper. In particular both have a peak GMR ratio of a 

very similar value, -65% , and very low remanent fractions of <10%. Also 

both have comparable saturation fields. The shape of the MR curves with 

field are very similar, with a convex peak. We chose to use series A, rather 

than a series with unbroken spacers, as our control experiment as the 

preparation conditions are identical in every way to series B, but for the 

length of time spent away from the magnetron. However there were no 

noticeable differences between series A and samples grown without pauses.

The series B samples with 0.1 L of residual gases in each spacer have a 

significantly lower GMR, close to one-half the value for the first sample at 

the Cu AP-peak. In addition the shape of the MR curve is significantly 

different, the sides of the peak around H =0 are concave. The saturated 

resistivities of these two samples are both 20 ± 1 ^Qcm, suggesting that the 

decrease in GMR ratio is not due to significantly higher spin-independent 

scattering. MOKE loops for the two samples on the AF peak, show that the 

series B sample has a significantly higher remanence. Meanwhile that of the 

series A sample is close to zero, indicating good antiferromagnetic coupling.

I he different shape of the MR curve suggests that the coupling is of a 

different form to that seen in a series A sample. If the higher remanence of 

the sample and the drop in GMR ratio were simply due to a lower 

antiferromagnetically coupled volume fraction, then the shape of the GMR 

peak would be the same, but with a smaller height. This suggests that the 

coupling of the samples is no longer of a pure bilinear form.

When we consider that the GMR depends on -cos©, and from the 

discussion in Chapter 3 we recall that in the absence of symmetry-breaking 

anisotropies 0=20 (6  is the angle between magnetisation vector and field), it
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can be seen that the zero-field GMR ratio Apo/ps is expected to be 

proportional to -(M 0/M s)2 [168]', i.e. the dependence on remanence is 

parabolic. The common observation that the GMR of an individual sample 

varies quadratically with the magnetisation is for the same reason; that 

magnetisation depends on half the angular difference between the moments, 

which determines the GMR. This parabolic behaviour will only hold for 

layers which are uniformly magnetised, with the vectors 0  apart, as we have 

assumed in our model. Suppose we have a sample where a non-zero 

remanence is achieved by having only a fraction AF-coupled, and the 

remainder having a parallel alignment. In this case the intralayer exchange 

stiffness is not sufficient to keep the layers uniformly magnetised, and the 

GMR ratio will now vary linearly with M  if we add the regions in series. This 

linear type of behaviour has been observed previously in sputtered 

Co/Cu[169]. We associate the linear behaviour with collinear coupling which 

is not uniform across the sample, and the parabolic behaviour with non- 

collinear ordering at zero field.

The value of M 0/Ms for a ferromagnetically coupled sample which 

exhibits no GMR is 92%. We attribute this to the sample breaking into 

domains, and so we assign any remanence less than this value to non­

ferromagnetic coupling. Such samples will exhibit a GMR. Plotting the 

remanence against the MR ratio for all the samples of both series A and B 

(Figure 5.6), we see the expected parabolic dependence is followed fairly 

well, evidence for non-collinear arrangements of spins in neighbouring Co 

layers at zero applied field. There are only two samples which fall on the 

dashed straight line, these are both from series A. These samples are likely 

to have coupling fluctuations over a longer lateral scale. PPowever it will be 

noted that every sample from series B appears to follow the solid parabolic 

curve, showing that the mechanism for reducing the GMR in series B is not 

adjacent collinear domains forming, but uniformly magnetised layer 

moments lying at an angle to each other when the field is removed.
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M /M0 s

Figure 5.6 - The dependence of zero-field magnetoresistance upon 

remanence for all the series A and series B samples which exhibit a 

GMR. The solid line is the parabolic dependence predicted by the 

biquadratic coupling model with uniformly magnetised layers. The straight 

line is what would be expected for adjacent collinearly arranged regions 

separated by domain walls.

In Fig 5.7 we show the results of fitting our MOKE and GMR data and 

extracting the values of ]i and Jj, as a function of the Cu spacer layer 

thickness. In panel (a) we show the results for series A, and we see the 

expected behaviour for /i, with a minimum broadly centred near tCu = 8.5A, 

corresponding to the first Cu peak. 1 o either side of the peak mixed coupling 

occurs. It is likely that in this crossover region there will be parts of the 

sample which exhibit coupling constants of opposite sign, resulting in a 

strong biquadratic term. This is very similar to what is observed in the 

centra] part of series B. The bilinear term /i is very close to zero, but the 

remnant of the antiferromagnetic peak can still be discerned. Biquadratic 

coupling overwhelms the antiferromagnetic peak in these samples, similar to
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the large values of J2 seen in the crossover from positive to negative sign 

coupling in series A. It seems that there are such large coupling-fluctuations 

over the surface of the samples in series B that it is never possible for strong 

antiferromagnetic coupling to occur. The best that can be achieved is the 

very weak AF peak seen in Fig 5.7(b), and biquadratic coupling dominates 

even at this spacer thickness, just as on the edges of the AF peak in series A.

(a> (b)

fcu  (A ) tcu (A )

Figure 5.7 The value of the bilinear and biquadratic coupling constants as 

a function of Cu spacer thickness for (a) series A samples and (b) series B 

samples, as determined by fitting MOKE and MR loops by following the 

path of least energy.

Initially one might therefore suppose that the biquadratic coupling is 

described by the thickness fluctuation model. This would be supported by 

the fact that when we performed this experiment on two series of samples 

grown over the 2nd Cu AI-coupling peak at 22A  these samples did not 

show significant differences: the highest GMR achieved in this series A was 

28.8% for {Co(10A)/Cu(22A)}x25, with a very short break in growth in the 

centre of each spacer; for series B, with a 10s break in growth in the centre of
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each spacer the highest GMR was 27.2% for a similar sample. The 2nd peak 

is usually found to be much broader than the first[170], and so small 

thickness fluctuations will probably lead to very little mixed coupling of the 

kind which can cause a strong biquadratic term.

However a closer examination of Fig 5.7 reveals that the strength of the

biquadratic coupling found from our model is very similar in both panels.

I he large change is in fe, which goes from being strong enough to be

dominant in the centre of panel (a) so that in the system is just inside the

phase A FI. Meanwhile in the central part of panel (b) the value of fe is very

close to zero. I his is subtly different to the results presented in the previous

section, where fe was much closer to zero in the clean sample. The results in

this section seem to indicate more that the damage in the spacer layer does

not cause the biquadratic coupling, but reduce Ji to a level where fe is 

dominant.

Therefore it is difficult to reconcile the results shown in Fig 5.7 with the 

thickness fluctuation model -  it is hard to see how there can be the same 

amount of mixed-sign coupling in both sets of samples when the measured 

values of the bilinear coupling energies are so different. However no other 

model offers an easy interpretation of the data -  intrinsic models predict 

coupling orders of magnitude weaker. The temperature dependence of 

biquadratic coupling due to loose spins is very rapid, and this is examined in 

the next section.

5 .4  T e m p e r a t u r e  E f f e c t s

5.4.1 Temperature dependence of indirect coupling

The theories of indirect exchange coupling described in Chapter 3 have 

primarily concerned themselves with correctly predicting the oscillatory 

behaviour, and in particular the period. These theories also often have an 

associated temperature dependence of the coupling energy, and there have 

been various predictions of the behaviour of the coupling above the
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theoretical ideal of 0K[171,172], However this aspect has received markedly 

less experimental attention.

We have been able to locate in the literature studies on the temperature 

dependence of the coupling of Fe through Crfl73], Al[174], Cu and Ag[175] 

and Mo[176] spacers, variously reporting the temperature dependence of J lr 

and/or J2. I he behaviour of /j with temperature has also been measured in 

the strongly coupled Co/Ru system[177] as well as very recently for 

Co/Cu[178J. Therefore the temperature dependence of both Jx and J2 were 

investigated in our Co/Cu samples exhibiting both kinds of coupling. A pair 

of samples from the top of the GMR peak were chosen from series A and 

series B, both with the same Cu thickness.

5.4.2 Saturation Magnetisation

1 he magnetisation loops of these two samples were measured using a 

SQUID magnetometer with the field applied in the layer planes at Michigan 

State University. The magnetisation loops were measured out to ±4T in order 

to give a large saturated region where the diamagnetic background signal 

could be measured. This was a straight line and subtracted off. The

slope of the line was found to san^  large positive and negative fields.

The measured saturation magnetisation M s for each of the samples is 

shown in Figure 5.8. We ha ve fittedrhe data with a curve of the form 

Ms{T)=M 0{ l - a T ) .  We find that M 0 is a little less than the bulk handbook 

value of 1.422x106 A/m. We might attribute this to the microstructure of the 

Co layers, as revealed by 59Co NMR, where it was found that a fraction of 

the magnetic layers consisted of a ferromagnetic CoCu alloy. This would 

reduce the effective moment of those Co atoms in the alloy, although it is 

difficult to quantify if this exactly explains the reduction in moment. Other 

intermixture at the interfaces between the large pure Co platelets and also 

the extreme thinness of the Co layers may play a role here.

Qiu et al. [179] predict that an antiferromagnetically coupled multilayer 

should have n =2 in the above expression. Our curve of best fit has n= 2.04, a
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remarkably good agreement, despite us having used a magnetometer to 

measure Ms, rather than a zero-field technique such as the Mossbauer 

measurements Qiu et al. performed to confirm their prediction. Using the 

same function to fit the biquadratic sample we find that the value of n is 

2.93, very close to a cubic behaviour. Qiu et al. predict and measure the 

normal Bloch law (that n=3/2) for ferromagnetically coupled samples and also 

find a quasilinear / dependence for M s in uncoupled layers as predicted[180].

They make no mention of biquadratic coupling, but Brown calculated 

the properties of a bulk ferromagnet with a biquadratic term in the 

Hamiltonian over 25 years ago[181j. Although this does not exactly represent 

our samples a number of qualitative predictions of a general nature are 

made, in particular that Ms decreases as a significantly higher power than in 

the normal Bloch law behaviour.

ligure 5.8 Saturation magnetisation of bilinearly and biquadratically

coupled Co/Cu multilayers with temperature. The solid lines are curves of 
best fit.

Although it is not valid to use the above functional form for M S(T) close 

to the Curie point, we can estimate it by extending the curve to M S(T)=0. We
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find that for the bilinear sample the Curie point is only 540K, less than half 

the bulk value for Co. This is to be expected for such thin Co layers. For the 

biquadratic sample we estimate the Curie temperature to be 500K, lower than 

for the bilinear case, again consistent with Brown's predictions for 

biquadratic exchange.

5.4.3 Temperature Invariant Magnetisation Loops

A remarkable feature of all these M -H  loops is that once the 

magnetisation is normalised and plotted as M (H)/M S, the curves collapse on 

top of each other for all the temperatures measured. This means that the 

samples saturate at the same field independent of temperature, and also 

show a common remanent fraction. In order to understand the implications 

of this result we must first of all examine the various energy terms involved 

in coupling across a non-magnetic spacer.

M-0H (T)

Figure 5.9 Normalised magnetisation loops of bilinearly coupled sample 

at various temperatures. All loops collapse onto a common curve.

In Fig 5.9 we show the normalised SQUID loops for the bilinear sample 

at the different temperatures measured. Fig 5.10 shows the same data for the 

biquadratic sample. The saturation field, remanent fraction and shape of the
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curve do not change. The only differences are a small amount of hysteresis 

around zero field at the lowest temperatures. In this field range there is a 

very rapid rotation of the moments, and if the thermal fluctuations are not 

sufficient to allow this movement over pinning defects then the energy will 

have to be found from the applied field. The magnetisation will slightly lag 

the path of global minimum energy predicted by the model given above. 

These deviations are not significantly large however.

If the remanent fraction does not vary with temperature then we can 

see that the ratio of /i and fe must be a constant with temperature, so that 

the zero-field angle between adjacent layer moments does not change as the 

sample is cooled or warmed. The two coupling constants must share a 

common temperature dependence - meaning that jeff=(ji+2j2) has this same 

dependence on temperature.

iy i (T)

Figure 5.10 Normalised magnetisation loops of biquadratically coupled 

sample at various temperatures. All the loops collapse onto a common 

curve.

Celinski et al. found a similar linear behaviour of J2 with /1 in their 

Fe/Cu samples[175], and ascribed J2 to the thickness fluctuation model. At 

first sight the thickness fluctuation model shows a quadratic behaviour,
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M / i2). The full expression for biquadratic coupling in the Slonczewski 

model (see section 3.2.4.3) approximates to

J 2 = —A J] 
n

AJ\/msD
2 A k2/ms J

for the case D /L « 1, where k=n/L. The term in brackets that scales down Ah 

contains the ratio of the fluctuating interlayer exchange (AJi/MsD ) to the 

intralayer exchange (2AlSlM>). They argued that so long as these two 

different exchange interactions have the same temperature dependence, then 

this bracketed term will be a constant with temperature. This requires a 

strong dependence of A on T, which, like Celinski et a l ,  we find rather 

surprising. Again the present data seems not to be consistent with the 

thickness fluctuation model. This linear behaviour is also seen in recent 

measurements by Chesman et al. on Fe/Cr[182],

(a) (b)

-0.4

300

T (K)

Figure 5.11 Temperature dependence of bilinear (/]) and biquadratic (/2) 

coupling constants in (a) Co/Cu multilayer with good spacers and (b) 

damaged copper layers. The broken lines merely connect the points.

We have fitted the SQUID loops by following the path of minimum energy 

in the numerical model, using the measured value of Ms at each temperature. 

The results of this procedure are shown in Figure 5.11. The coupling
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constants are seen to saturate at low temperatures, in common with other 

studies! 18,20]. This was not observed by Chesman et al., and the low 

temperature saturation region is extremely small in the results of Gutierrez et 

al. 1 his saturation at low temperatures is common to theoretical predictions, 

and in particular that of d'Albuquerque e Castro et al[172]. Here the 

temperature dependence of the coupling was calculated for a Co/Cu/Co 

trilayer, and found to be more rapid than would be expected from 

considering only the smearing of the Fermi surface as the temperature is 

raised. Since the Fermi level is very close to the top of the potential well, as 

the temperature is raised the quantum confinement is much less effective, 

and the coupling energy falls more rapidly. The large drop in the coupling 

constant on warming from zero to 300K is similar to that we observe. In the 

weeks whilst this thesis was being written results on the temperature 

dependence of the bilinear coupling in Co/Cu were published[178], with the 

results agreeing broadly with ours and with the predictions of 

d'Albuquerque e Castro et al.

I he constant saturation field with temperature shows that feff shares a 

common temperature dependence with magnetisation so that the ratio Jeff/Ms 

(defining Hs) does not change. Previous measurements of the dependence of 

the interlayer coupling on magnetic moment have been performed, by 

Kubota et al[ 183], and by Kubinski and Holloway[184]. Both decreased the 

moment of the Co layers by alloying, with Ni or with Cu respectively. Both 

groups observed that the interlayer exchange was proportional to the square 

of the magnetisation of the layers.

would normally expect exchange interactions to be independent of 

magnetisation, and so this seems at first to be surprising. It seems likely that 

such a common functional form for J\, fe and Ms stems from some common 

underlying phenomenon, rather than from a direct causal relationship. The 

underlying mechanism is still unknown.
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5.5 C o n c l u s io n s

When investigating the effects of residual gases at different parts of he 

multilayer stack, it was found that the region where the effects of the 

damage was most severe was not the interfaces between the Co and Cu 

layers. Residual gases in the middle of each Cu spacer were the most 

damaging, causing the largest reduction in GMR. Changes in the GMR for 

such samples were driven by changes in the nature of the coupling, with the 

remanent fraction being much larger for samples with a smaller GMR.

The nature of the relationship between the remanent fraction and the 

difference in zero and high field resistivities was found to be parabolic, i.e.

This indicates that the mechanism by which spacer gas 

damage increases the remanence from a perfect zero is not by breaking the 

sample up into ferro- and antiferromagnetically coupled fractions, but by 

causing non-collinear ordering of the moments by means of biquadratic 

coupling. The magnetisation remains uniform within each Co layer, allowing 

a simple numerical model to be used to fit the data. The values of the 

coupling constants were determined, and values of the bilinear coupling 

constant were found to be in agreement with those in the literature. Values 

of the biquadratic coupling constant were found to be surprisingly large, 

although similarly strong orthogonal coupling has been previously observed 
in a number of other systems.

We have measured the temperature dependence of the saturation

magnetisation (intralayer exchange) and indirect interlayer exchange of

Co/Cu multilayers exhibiting both predominantly bilinear and biquadratic

exchange. We found that the saturation magnetisation does not follow the

usual 1 -l'i/2 Bloch law in either case. The antiferromagnetic bilinear sample

followed a 1-7* behaviour, as predicted theoretically. The biquadratically

coupled sample followed a l-7 li curve, consistent with more qualitative 
predictions by Brown.

Normalised magnetisation loops did not change with temperature, 

implying a common functional form for the saturation magnetisation, and
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both the bilinear and biquadratic coupling constants. The nature of the 

relationships between these three variables is as yet unknown.

It is also not clear to which theoretical model describes the biquadratic 

coupling. I he magnitude of J2 is too large for the models of intrinsic coupling 

to be applicable. Meanwhile, the two extrinsic models proposed also do not 

correctly fit the data in a number of important ways. The data shown in 

l ig5.7 seem to indicate that the thickness fluctuation model is not correct, 

and this is backed up by the linear relationship between Ji and J2 as the 

temperature is varied, which cannot be explained without unreasonable 

assumptions. 1 his temperature dependence also suggests that loose spins are 

not the correct model, as one would expect to see a much faster temperature 

dependence for the biquadratic coupling energy than for the bilinear. This 

linear relationship is a common observation by others, and further theoretical 

clarification seems to be needed.

1 he exact nature of the damage caused by the gas is also unclear. 

Detailed microstructural analyses, as described in Chapter 4, failed to find 

any differences between samples grown in different vacuum conditions, with 

very different magnetic and magnetotransport properties. Others studies 

reported in the literature describe IT2O and O2 as very damaging residual 

gases, causing oxidation of the sample.

ft is also possible that the gas atoms which are adsorbing onto the 

freshly deposited Cu surface during the break in growth are acting as 

surfactants, modifying the growth mode for additional Cu growth. Such 

behaviour is in fact commonplace[185]. Gas atoms have been known to affect 

the growth of thin films quite drastically in the past [186], and to have an 

effect in this way on the roughness and GMR of delicate magnetic 

multilayered structures in particular[187].
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6 . In  C o n c l u s io n

6 .1  S u m m a r y

As stated at the beginning of this thesis the primary objective was to 

build a sputtering system capable of growing a large number of magnetic 

multilayer samples in a single vacuum cycle. Once the initial design and 

construction of the required new hardware and software was completed, we 

set about testing the system by trying to grow samples from one of the most 

widely studied systems in the field - Co/Cu multilayers.

One of the principle advantages of sputtering over evaporation 

techniques is the much larger number of parameters which can be adjusted 

to provide fine control over the properties of the growing film. Naturally in 

the early stages of process development this leads to a wider variety of 

possible starting points in the search for the optimal growth conditions. It 

was the result of many months work to finally produce the first samples with 

a respectable GMR ratio. 1 he critical factor, beyond having the correct target- 

substrate distance, sputtering pressure, gas purity, target current and 

thickness calibrations, was the cleanliness of the initial vacuum. Installation 

of the liquid nitrogen Meissner trap was found to improve the base pressure 

by about an order of magnitude, and the GMR increased by more than a 

similar factor. This is principally due to the traps effectiveness in the 

pumping of that most damaging of residual gases, water vapour. However 

detailed structural analyses were unable to reveal the damage that the 

background gases were causing. However an unusual microstructure was 

discovered using X-ray analysis the individual grains showed poor 

orientation, with {111} directions tilted away from the layer normal with a 

distribution half-width of 8°. On the other hand, the layering was excellent, 

with rms roughnesses on the scale of less than an atomic diameter. This 

implies that the interfaces would have the character of vicinal surfaces, with
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miscuts of up to 8°. 5;Co NMR analysis confirmed the layer smoothness.

Once the system was reliably growing high GMR Co/Cu samples, a 

fuller characterisation of the samples was in order. This system traditionally 

shows strong oscillations as the Cu spacer thickness is increased, and we 

observed three periods of this oscillation before the layers became uncoupled 

at large Cu thicknesses. The period of this coupling is determined by 

spanning vectors across the Cu Fermi surface, which are parallel to the layer 

normal. Our layers are close to {111} oriented, where the Cu Fermi surface 

has necks that connect across the Brillouin zone boundary. Since the Fermi 

surface is highly non-spherical in these regions tilting the spanning vector by 

only 8° to keep it parallel to the layer normal will affect it s length 

drastically. 1 he coupling in each grain will therefore oscillate with a different 

period depending on it's orientation relative to the layers. We propose that 

these periods will undergo some form of averaging process in order to 

produce the strong macroscopic oscillation observed.

I here have also been predictions, and even one or two observations, of 

ferromagnetic layer thickness dependent coupling oscillations. Our attempt 

to observe such oscillations failed - the coupling energy was constant as the 

Co thickness was varied over a wide range. In terms of one particular model 

(due to Barnas) this was not at all surprising - for reasonable values of the 

exchange splitting the oscillations are so severely damped that none can be 

observed for magnetic layer thicknesses greater than a few A.

We return now to the question of residual gas damage. Since no 

structural effects of the damage could be observed, we attempted to at least 

discover which parts of the structure the gas was damaging. To accomplish 

this, we used the novel technique of pausing growth under clean conditions 

part way through the stack, and allowing a small amount of gas to 

accumulate on the sample surface. This allowed us to selectively damage 

different points in the sample, and then measure the effects. Contrary to our 

expectations that the interfaces between Co and Cu would be of paramount 

importance, it was found that the centre of the spacer layer was the place



where damage was most severe.

Using a simple numerical model we were able ,o fl, the magnetometiy 

and C.MK loops of various dean and damaged samples. Most interestingly,

whilst a dean sample exhibited near nerferh hili„near perfect bilinear antiferromagnetic
coupling, a sample with a damaged space,was fittedby assuming that the

coupling was a,most totally biquadratic in nature. Subsequently examining
the C.MR vs. remanence curve of a series of u

- of such samples indicated that the
coupling was indeed of this biquadratic form.

The temperature dependence of the magnetisation and coupling

constants was measured in the range of 5 - 300K. The magnetisation was 
found no, t„ obey the Bloch ,aw< bu( (o fa(| off ^  ^  ^

ant,ferromagnet,cally coupled sample, and like l - f  for a biquadratic sample

Both these behaviours were found to be consistent with th e«y , although

specific predictions for a b iq u a d ra tic^  coupled multilayer have not been 
made.

When the magnetisation loops for a particular sample weK  normalised 

*  was found that for cach sample the loop was independent of temperature. 

Important quantities such as the remanent fraction and the saturation field 

as well as the overall shape of the loop, were unchanged throughout ,he 

empcraturc range. I his has a number of consequences - firstly that 

the bilinear and biquadratic coupling constants have a linear relationship to 

one another. This has been observed by others on a number of occasions in 

other systems, bul is in conflict with theoretical predictions. Secondly a plot 

nterlaycr coupling energy vs. saturation magnetisation would yield a 

straight line - conflicting with both previous observations and the theory.
The causes of this behaviour are unknown.

6 .2  T h e  F u t u r e

I here are still a number of aspects of this work which deserve further 

attention. In particular the exact effects on the microstructure which the 

residual gas atoms have, and how this affects the coupling remain a deep

123
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mystery. I he changes in structure must be very subtle to have escaped  

detection by detailed NMR and X-ray analysis, yet the effects on the 

magnetic properties of the samples are drastic. Differentially pumping the 

RGA head of the sputtering system may allow for real-time background gas 

measurements during growth, and other structural characterisation 

techniques such as transmission electron microscopy may be able to shed 

light on the exact nature of any morphological changes.

I he temperature dependence of the magnetisation in a biquadratic 

sample has yet to be predicted in a quantitative way, and a calculation which 

predicted the observed behaviour similar to those available for ferro- and 

antiferromagnetically coupled samples would be most welcome. The 

observed scaling behaviour between the two coupling constants and the 

magnetisation as a function of temperature also defies explanation at present.

Of course Co/Cu samples are amongst the oldest types of multilayer, 

and along with I e/Cr are doubtless the most widely studied. Nevertheless 

papers on this system are still being published, and the large GMR available 

makes Co/Cu promising for simple position sensing applications. For 

demanding read-head applications however, the vastly superior sensitivity of 

biased spin-valve structures is required. Basic versions of such structures 

have been grown already using the sputtering machine, and the 

development of a usable spin-valve device is an important goal from a 

technological point of view.

6.3 I n c o n c l u s io n

Sputtered Co/Cu magnetic multilayers have traditionally possessed 

good magnetotransport properties, and samples grown by that technique 

over the course of this work have yielded very high magnetoresistances, 

close to the highest reported values in the literature. However much of the 

work reported in this thesis has focused on the interlayer coupling in the 

Co/Cu system. Theoretical models of this coupling usually assume perfect 

crystallinity, with the layers lying along some set of atomic planes with low
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unnecessary, and that smooth layers of well-defined thickness are the

nCCLSSary ........... fOT «“** inlcrlayer coupiing. This sits well with present
broad theoretical ideas, where the multi,ayer is treated like a Fabty-Perot

interferometer, with interfering electron wave-functions giving rise to the

oscillatory coupling. There have been attempts to deal with some specific

orms of disorder theoretically, but a full and comprehensive treatment is for 
the future.

I Respite the huge research effort invested in the magnetic thin-film field

over the previous decade, interest in the area remains as intense as ever. In
excess of a thousand papers on some aspect of the topic are published

yearly. I his ,s in no small way due it s broad appeal. A number of very

fundamental questions about ultrathin magnetic structures remain

unanswered. Meanwhile new phenomena sueh as the GMR, which will

celebrate only the tenth anniversary of its discoveiy next year, will find

commonplace technological applications in the data storage and sensor

industries with the turn of the millennium. The demand for research in this

area remains strong across the board, and doubtless more new physics 
remains to be discovered.
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