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Summary 

In order to be able to investigate the infiuence of increasing interface roughness on the spin
valve effect in sputtered Co/Cu systems, we have designed spin-valve systems consisting of 
three Co layers. One pair of Co layers is antiferromagnetically coupled, and the other layer is 
decoupled by a Cu layer. Magnetisation measurements have shown that this design enables us 
to switch the system between the parallel and antiparallel contiguration of the magnetisations 
by applying a field. 

We have introduced interface roughness by artificially creating regionsof intermixed Co-Cu 
at the Co/Cu interfaces. We have observed a decrease ofthe magnetoresistance with increasing 
intermixed Co-Cu thickness. This decrease was the same for intermixing at one or at both 
interfaces. Interpretation of the magnetoresistance with the Camley-Barnas model has shown 
that the observed behaviour can be explained by assuruing spin-independent scattering in 
the intermixed Co-Cu layers. Due to different results from samples sputtered in different 
deposition runs, however, we havenotbeen able to establish the relative contributions of bulk 
and interface spin-dependent scattering to the spin-valve effect in our CofCu systems. 

From measurements of the saturation magnetic moment, we have found that Co atoms 
in the intermixed Co-Cu regions do not display a loss of magnetic moment, which is in 
disagreement with the literature on Co-Cu solid solutions. 

lll 
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Chapter 1 

Introduetion 

1.1 General introduetion 

For about ten years, it has been possible to fabricate high quality thin metallic multilayers. 
A multilayer is made up of single films, each of which can be as thin as only a few atomie 
monolayers. The predicate 'high quality' refers to good stucture and thickness control: layers 
can be grown epitaxially with a high degree of crystallinity, and the number of defects at the 
interfaces of different materials is reduced; the layer thickness control extends to the atomie 
monolayer regime and the interfaces between the respective layers display little geometrical 
roughness, which means that they are very flat. 

Of partienlar interest are magnetic multilayers, ferromagnetic layers separated by non
magnetic layers (see figure 1.1 a). Because of the good thickness and structure control in 

(b) 

NM 

Figure 1.1: (a) Schematic representation of a multilayer. Arrows denote the magnetisation 
directions in the ferromagnetic layers, here in antiparallel alignment. (b) A single sandwich 
structure, or trilayer, consisting oftwo ferromagnetic layers separated by a nonmagnetic layer. 

multilayer growth, various new phenomena have been discovered. In 1986 it was found [1] that 
multilayers consisting of ferromagnetic layers separated by nonmagnetic layers showed antifer
romagnetic coupling for certain thicknesses of the nonmagnetic spaeer layer. This means that 
in zero magnetic field the magnetisations of the ferromagnetic layers align antiparallel with 
respect to each other. lt is possible to overcome this antiferromagnetic coupling by applying 
a field. When the magnetic field is large enough, the magnetic moments of the ferromagnetic 
layers will align parallel to the applied field. In 1988 it was discovered [2] that this transition 
from antiparallel to parallel alignment coincides with a large rednetion of the electrical resis
tance of the structure. More research has shown that in general the coupling oscillates between 
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2 Introduetion 

ferromagnetic ( magnetisations pref er parallel alignment) and antiferromagnetic ( magnetisa
tions prefer antiparallel alignment) as a function of spaeer layer thickness. Furthermore, this 
oscillatory exchange coupling - as the phenomenon is termed - has been found to exist for 
almost all nonmagnetic transition metals and for the noble metals Cu, Ag and Au. Especially 
for Cu spaeer layers the period of the oscillatory coupling has been investigated. In this case 
a superposition of two oscillations has been found [3], which has been successfully related to 
the topology of the Fermi surface of Cu. 

In all these cases, if we are in the antiferromagnetic coupling regime, the electrical resis
tance of the multilayer is decreased by the application of a field that changes the alignment 
of the magnetisations from antiparallel to parallel. The relative resistance change eau be as 
high as 65% [4] at room temperature and was therefore termed the giant magnetoresistance 
(GMR) effect. This value for the MR (relative resistance change) originates from the record 
breaking system Co/Cu, which is also the system reported on in this study. 

During recent years, much attention has been paid also to the elementary building blocks 
of a multilayer: sandwich structures, or trilayers, consisting of just two ferromagnetic layers 
separated by a nonmagnetic spaeer layer ( see tigure 1.1 b). In the following, we will refer to 
both multilayers and trilayers as belonging to the class of 'spin-valve' systems, a 'spin-valve' 
system being a structure that displays the above mentioned (giant) magnetoresistance effect. 
Further on, we will explain why the term 'spin-valve effect' is better suited than the term 
'giant magnetoresistance effect'. In literature, however, both terms are used as an equivalent. 

The relative resistance change - from now on termed 'MR'- in sandwich structures is 
much smaller than in multilayers that consist of up to hundreds of trilayers. Therefore it is, at 
first sight, far less exciting to investigate trilayer systems. On the contrary, the use of certain 
'tricks' makes the smaller systems very interesting. By the use of an extra magnetic layer, or 
the use of exchange biasing, one of the magnetic layers of the system can he pinned in a certain 
direction, whereas another layer always points in the direction of the field if a relatively thick 
spaeer layer is used to decouple the magnetic layers ( see figure 1.2). In this way, a system 
with a well defined antiparallel contiguration can he switched to the parallel contiguration 
by applying a magnetic field, whereas in multilayer systems it is very difficult to achieve the 
ideal antiparallel contiguration because the antiferromagnetic coupling is very sensitive to the 
spaeer layer thickness, and the system will always be partially coupled ferromagnetically. So, 
the sandwich structures are interesting systems for fundamental scientific research. 

Because of the large or 'giant' resistance change they display when a magnetic field is 
applied, spin-valve systems are of great technologkal interest. They are very suitable eaudi
dates for innovations in sensitive magnetic sensor technology. One can think of applications in 
magnetic information storage systems, such as computer hard disks or audio and video tapes. 

The fundamental interest -in spin-valve systems is concentrated in two areas of research. 
One area considers the conditions under which a usabie antiparallel contiguration can be 
achieved (using AF-coupling, exchange-biasing or materials with different coercive fields). 
The other area of interest is the investigation of the electrical resistance change of spin-valve 
structures. From a technologkal point of view, it is important to realise a combination of a 
large MR using only a small field. 

The origin of the spin-valve effect is known tobespin-dependent scat tering. 1t is generally 
accepted that the spin-valve effect in, for instance, Fe/Cr multilayers arises from interfacial 
spin-dependent scattering. In NiFe/Cu systems, on the contrary, the spin-valve effect is known 
to arise from bulk spin-dependent scattering. For Co/Cu-based systems, however, it is not 
fully established whether the spin-valve effect is mainly due to spin-dependent scattering at 
the Co/Cu interfaces or to spin-dependent scattering in the Co layers (bulk). The research 
presented in this report was undertaken with the aim of finding out whether the origin of the 
GMR effect in Co/Cu-based systems is bulk and/or interface spin-dependent scattering. The 
method of investigation is to introduce artificial roughness at the Co/Cu-interfaces. 

In the following it will be explained what we understand by spin-dependent scattering, 
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Figure 1.2: Two different ways of obtaining a perfect antiparallel alignment of magnetic layers: 
(a) Exchange biasing. The antiferromagnetic layer (e.g. FeMn) on top ofthe spin-valve system 
biases the neighbouring ferromagnetic layer in a certain direction. If the field H is increased 
above the biasing field, the parallel contiguration will result. (b) Antiferromagnetic coupling 
toa third ferromagnetic layer. In this case, parallel alignment will result if the field energy of 
the layer that points opposite to the field surpasses the coupling energy, represented by JAF, 
where J is negative. 

and how it leads to the appearance of the spin-valve effect. Then, three types of models to 
describe the spin-valve effect will be introduced in outline. Finally, we will recapitulate the 
aim of our investigations. 

1.2 The origin of the spin-valve effect 

As we have noted above, the spin-valve effect is known to arise from spin-dependent scattering, 
which takes place in the ferromagnetic metals and/or at the interfaces. We will regard a very 
simple picture of electron scattering in metals. At low temperatures the conduction electrans 
of a metal will scatter mainly from impurities and defects. In layered systems, we have bulk 
scattering inside each metallic layer which can be viewed as arising from defects. Scattering 
at the interfaces of different metals, on the other hand, can be viewed as impurity scattering, 
because there will be a certain degree of intermixing of the atoms of the respective layers. 
In any case, in the low temperature regime, all quantum states below EF will be occupied 
and since impurity and defect scattering are elastic the electrans can only scatter to states 
in the immediate vicinity of the Fermi level. It follows that the scattering probability is 
proportional to the number of states available forscattering at EF, i.e. to the density of states 
D(EF)· Since the resistivity is proportional to the scattering probability, we arrive at the 
following important result: 

( 1.1) 

In the case of noble metals, which are aften used as spaeer layer material in spin-valve systems, 
the Fermi level intersects only an s band (see figure 1.3 a). The density of statesinthes band 
is low. lt follows that the scattering probability is low and therefore noble metals are good 
conductors. 

The Fermi level in transition met als, on the other hand, intersects the d band as well ( see 
figure 1.3 b ). The density of states in the d band is very high and gives rise to a high degree 
of scattering of conduction electrans into the d band. This is called s d mixing, and explains 
why transition metals are poor conductors compared with noble metals. The ferromagnetic 
metals Ni, Fe and Co are transition metals also. They are ferromagnetic because they display 
exchange-split d bands for the two electron spin directions (see figure 1.3 c). The densities of 
states at the Fermi level seen by the up- and down-spin conduction electrans are, therefore, 
different. For example, in co balt the down spin density of states D( EF) is approximately 
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Figure 1.3: Simplified representation of the band-structure of (a) a noble met al (e.g. Cu), 
(b) a nonmagnetic transition metal (e.g. Ru) and (c) a ferromagnetic metal (Fe, Co or Ni). 

ten times as high as the up-spin density D( EF ). It follows that the mean free path in a 
ferromagnet is spin-dependent, and we have to modify equation 1.1 to read 

(1.2) 

where Da ( EF) is the density of states for d electrans of spin orientation 0'= j or 1. 
The asymmetry of bulk spin up and spin down scattering is represented by the ratio ab 

of the down-spin to the up-spin resistivity: ab := p! I p T. Equivalently, the asymmetry ab can 
be defined by: ab := >.l I>.!, where >. is the electron mean free path. In the following section 
we will show how spin dependent scattering leads to the appearance of the spin-valve effect. 

1.3 ModeHing the spin-valve effect 

The giant magnetoresistance or spin-valve effect can be considered from different points of 
view. We will briefly review two illustrative models based on a resistor network equivalent. 
Then, we will arrive at the more quantitative models: the Camley-Barnas modeland quantum
mechanical models. The Camley-Barnas model, which is based on the Boltzmann transport 
equation will be discussed more thoroughly in chapter 4, because we have tried to interpret 
our measurements using mainly this model. 

1.3.1 Simple resistor network models 

Limit ing case resistor models 

Now that we know that the resistivities for up- and down-spin electrans are different in a 
ferromagnetic metal, we can discuss the qualitative behaviour of the spin-valve effect using 
a simple equivalent network of resistors. Let us consider a spin-valve system consisting of 
two ferromagnetic layers separated by a nonmagnetic spaeer layer. Suppose we can switch 
the contiguration of the magnetic moments of the ferromagnetic layers between parallel and 
antiparalleL If follows from equation 1.2 that an electron of a given spin, travelling in the 
spin-valve, sees regions of different local resistivities. The distribution of such regions in a 
spin-valve system is shown schematically in figure 1.4 for the two configurations, parallel and 
antiparalleL There are three different resistivities in the spin-valve shown in figure 1.4: the 
resistivity of the nonmagnetic spaeer layer Ps, which is the same for both spin orientations, 
and the resistivities p~ and pt for the two different spin orientations with respect to the 
magnetisation direction in the ferromagnet. All these resistivities are determined according 
to equation 1.2 by the corresponding densities of states at the Fermi level. 

It is known (5] that the probability of electron scattering in which the orientation of the 
spin changes (spin-flip scat tering) goes to zero at low temperatures. lt is, therefore, justified 
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Figure 1.4: Distribution ofthe local resistivities p seen by spin up and spin down electrans in 
a spin-valve. 

to assume that the current carried by up-spin electrans is independent of the current carried 
by down-spin electrons. This conduction in parallel by two independent currents is known as 
the 'two currents model'. 

The magnetoresistance is defined by 

(1.3) 

To calculate the MR we only have to describe the spin-valve system according to the two 
currents model by an equivalent network of resistors. This is easily done in two physically 
important limiting cases: 

1. The mean free path in each layer of the spin-valve is much shorter than the thickness of 
the in di vid u al layers (À -+0). N ote that in our experiments the current is passed in the 
direction parallel to the layer planes ( Current In Plane, CIP-measurement ). Because of 
the short mean free paths, very few electrans rnaving through one layer will reach the 
neighbouring layer. It follows that electrans from different layers flow in their respec
tive resistor channels and that the equivalent resistors should be added in parallel. In 
figure 1.5 it can be seen that there are the same numbers of resistors of each type in 

(a) (b) 
FM NM 

Figure 1.5: Equivalent resistor networkin the limit of short mean free paths fora spin-valve 
in the antiparallel (a) and in the parallel (b) configuration. MR=O in this case. 
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the parallel and antiparallel configurations, which means that Rp=Rap and there is no 
magnetoresistance in this limit (MR=O). 

2. The mean free path in each layer is much longer than the thickness ofthe layer ( À-+oo ). 
We are close to this limit if the spin-valve is composed of layers with a small number 
of atomie planes since mean free paths in metals are of the order of tens or hundreds 
of interatomie distances. In this case, electrans sample equally layers with low and high 
resistivity and, therefore, in our equivalent network, resistors should be placed in series. 
The two spin channels are still in parallel according to the two currents model. Now, 
in the antiparallel configuration, the set of resistors in series in the spin up and spin 
down channel will be equal, whereas in the parallel configuration the spin up channel 
will 'short circuit' the network (see figure 1.6). In this case the MR is very large if the 
ratio a: of the resistivities for up- and down-spin electrans is large. For example [6], in a 
spin-valve, taking o:b:=p~/ p~=8, Ps=P~ and taking equal thicknesses of magnetic and 
spaeer layers, we find a magnetoresistance MR as large as 75%. In real systems MR 
will be lower because buffer and capping layers will be present, allowing a portion of the 
current to be shunted through these layers. 

(a) (b) 
FM NM 

<'t 
" ','{'\ ,,h; 

< ~,'f;.:: <-::? 
', <i"!if:i,~ f:<i<-Y,o 

{t~~~' _, :t~,:': : 
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Figure 1.6: Equivalent resistor networkin the limit of long mean free paths fora spin-valve 
in the antiparallel (a) and in the parallel (b) configuration. In this case Rp<Rap, so, MR=f=O. 

A thickness dependent resistor model 

Assuming the mean free path of spin up electrons, À T, to be of the order of the magnetic layer 
thicknesses and À! to be small compared to À T, we can describe the MR by a model that gives 
insight in the role of the electron mean free paths, in contrast to the model described before, 
which was only valid in limiting cases of very short or very long mean free paths. 

If the spin-dependent scattering is of bulk nature, increasing the magnetic layer thickness 
means increasing the 'active' region that is responsible for the spin-valve effect. Beyond a 
certain thickness, however, we will reach a point where the spin up electrans (the ones with 
the longer mean free path) farthest away from the spaeer layer will not be able any more to 
'cross over' to the other magnetic layer without scattering. This means that the electrans in 
this part of the structure will not contribute to the spin-valve effect. Increasing the thickness 
even more will only lead to extra shunting by this 'inactive' part, and will decrease the MR. 

Examining the behaviour of the spin-valve effect as a function of one of the magnetic layers 
in a trilayer system, as described above, is also very usefull if we want to obtain information as 
to the nature of the spin-dependent scattering that is responsible for the spin-valve effect. If 
the spin-dependent scattering is of an interfacial nature, then increasing the thickness - the 
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interface being formed already - will only decrease the MR because of the increasing amount 
of shunting through the magnetic layer. 

With the use of figure 1. 7 we will explain the behaviour of the MR as a function of the 
magnetic layer thickness in the case of bulk spin-dependent scattering, because it is easier to 
model with an equivalent resistor network than the case of spin-dependent scattering of an 
interfacial nature. A schematic representation of the spin-valve system is shown in the figure. 
For parallel alignment of the magnetisations the spin up electrous have a long mean free path 
everywhere in the structure. The 'short circuit' caused by the relatively long mean free path 
À l of the spin up electrous leads to a state of low resistance. For antiparallel alignment of 
the magnetisations, both species of electrous are strongly scattered in either one or the other 
magnetic layer, viz. in the layer where the electron spin is opposite to the magnetisation 
direction. The short circuit no longer exists, leading to a state of higher resistance. 

In experiments on spin-valve systems often the thickness of one of the ferromagnetic layers 
is varied. In systems where bulk spin-dependent scattering is predominant, the MR will 
increase at small magnetic layer thickness and decrease beyond a certain thickness ( see right 
part of figure 1.7), showing that the MR arises from an 'active part' of the ferromagnetic 
layer, the thickness of which is indicated by the position of the maximum in the MR. This 
thickness of the 'active part', to, is directly related to the long er of the two mean free paths 
in the magnetic layer. 

FM NM FM 

0.06 

0.05 

0:: 
::;; 

so 

R 

10K 

100 ISO 200 

Magnetic layer thickness {Äl 

Figure 1.7: Variation of the magnetoresistance versus the thickness of one of the ferromag
netic (FM) layers. On the left a schematic representation ofthe structure is shown, indicating 
the active and inactive regions for the spin-valve effect. At the upper right, an equivalent re
sistor network ( depicted in the parallel configuration) is proposed: By increasing the magnetic 
layer beyond the 'active' part, the equivalent resistor of the 'inactive' part, R1 , wiJl decrease, 
allowing a Jarger portion of the current to be shunted. At the lower right, a fit according to 
this resistor model is shown. 

The underlying assumption that electrans from the 'inactive part' cannot take part in the 
spin-valve effect leads us to placing equivalent resistors for the active and inactive parts in 

ll 1 Th R ...l1!..fu_ d R (Ro+f1Ro)Rl I t• h · · h d fi · · para e . us, p= Ro+R
1 

an ap= Ro+t1Ro+R
1

• nser mg t ese expresswns m t e e mtwn 
of the MR, equation 1.3, we expect the MR to behave according to 

MR( ) [1- exp( -tM/t0)] 
tM ex [1 + (tM/Grest PM)] ' 

( 1.4) 

where tM is the variabie thickness of the ferromagnetic layer, PM its resistivity and the conduc
tance G of the total structure is taken to increase linearly with the magnetic layer thickness: 
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G = Grest + tM/ PM· The numerator in equation 1.4 describes the contribution from bulk 
scattering of spin up electrons, and the denominator takes into account the shunting effect. 
The low-temperature magnetoresistance data in figure 1. 7 is fitted according to this equation 
and yield an active layer thickness to = 20 Á. 

1.3.2 Models based on the Boltzmann transport equation 

The Boltzmann transport equation is a classica! equation that describes how a disturbance of 
the equilibrium electron distribution - in this case caused by an electric field - propagates 
through a metal. Work of Fuchs and Sondheimer based on the Boltzmann transport equation 
has led to the understanding of the resistivity of thin films. In 1989, Camley and Barnas [7, 
8) have applied this theory to multilayer systems. spin-dependent mean free paths >..u are 
incorporated to describe bulk spin-dependent scattering, replacing the function of the spin
dependent resistivities pu in the resistormodels. Now, in contrast to the resistor models, 
there is also the possibility of descrihing interface spin-dependent scattering. This is clone 
by introducing coefficients of spin-dependent reflection and transmission at the interfaces. In 
fact, one of the first successes of the theory was the description of the spin-valve effect in 
Fe/Cr systems, which display a high degree of interface spin-dependent scattering and nearly 
no bulk spin-dependent scattering. Nevertheless, a lot of approximations have been made. 
For instance, the coefficients of reflection and transmission are nat angularly dependent. 

An impravement of the theory was presented by Rood and Falicov [9), introducing trans
mission and reflection coefficients that are dependent on the angle at which the electrans 
approach the interfaces and, furthermore, the coefficients are determined implicitly by phys
ical parameters, instead of being phenomenological parameters that can be adjusted at will 
to fit the data. Because we don't control certain specific difficulties of the theory as proposed 
by Rood and Falicov, we used the 'original' Camley /Barn as approach, which is treated in 
chapter 4. 

1.3.3 Quantummechanical roodels 

In 1992, Zhang, Levy and Fert have introduced a quantummechanical model [10) to calculate 
the conductivity and magnetoresistance of magnetic multilayers. They state that the main 
drawback of the semiclassical approach (based on the Boltzmann transport equation) is that 
one treats the scattering of conduction electrans due to the roughness of the interfaces ( or 
surfaces) differently from scattering in the layers (bulk). As we noticed above, the interfacial 
scattering is iudeed treated phenomenologically by introducing coefficients that represent the 
proportions of electrans transmitted, reflected and diffusively scattered from the interfaces. 
An essential difference with the semiclassical model is the representation of the electron by a 
wave packet having (spin-dependent) scattering probabilities at every bulk lattice plane and 
at the interface planes. So, in this model, the interface and bulk spin-dependent scattering 
are described on equal footing. 

The quantum model of Zhang, Levy and Fert describes the magnetoresistance in su
perlattices ('infinite' multilayers) and cannot be used to interpret the magnetoresistance in 
complicated spin-valve sytstems. Recently, the model has been succesfully applied to describe 
the magnetoresistance in Co/Cu multilayers [11). 

1.4 The aim of our investigations 

As stated in the general introduction, we want todetermine if the spin-valve effect in sputtered 
Co/Cu systems is of bulk or interfacial nature. In our group, two types of Co/Cu spin-valve 
systems are investigated. Bath types were mentioned above, and were displayed schematically 



1.4 The aim of our investigations 9 

in figure 1.2. In this report, however, only measurements on the type that uses AF coupling 
to a third magnetic layer ( figure 1.2 a) are interpreteeL 

A common way to find out if bulk or interface spin-dependent scattering is predominant, is 
to increase the thickness of the ferromagnetic layers. In this way, the interfacial contribution 
to the scattering processes is made less important, and the MR will decrease if interface 
spin-dependent scattering is predominant, whereas there will be a maximum in the MR if 
bulk spin-dependent scattering is most important (as shown in figure 1. 7). If both bulk and 
interface spin-dependent scattering are present, it will be difficult to seperate both effects on 
the MR. Therefore, we have adopted an alternative approach: Making the interfaces more 
important by artificially increasing the intermixed region at the interfaces. The process of 
creating these intentionally intermixed regions is described in section 2.1.1. 

In chapter 3 the design of the samples is explained. Because the systems are designed to 
have a very specific magnetic behaviour (a pair of AF coupled layers and a decoupled or 'free' 
layer ), magnetisation measurements are performeel to campare with theoretica! magnetisation 
curves. Magnetisation measurements, all performeel with the fluxgate magnetometer, are also 
important to determine the magnetic properties of the intermixed Co-Cu regions. Results of 
the magnetisation measurements are presenteel in section 5.1. 

Of course, the main part of our investigations consists of determining the dependenee of 
the magnetoresistance on the interface 'roughness' or intermixed interface layer. The magne
toresistance is determined by simple resistance measurements as a function of the magnetic 
field, as described in section 2.2.2. The results of the magnetoresistance measurements are 
interpreted according to resistor models, introduced in section 1.3.1, and the Camley-Barnas 
model, that will be explained in section 4.3. Results are presenteel in section 5.2-5.4. 

From literature, we know that we can expect both spin-dependent interface scattering and 
spin-dependent bulk scattering. There is no agreement, however, to which contribution is the 
most important. To verify this statement, one can have a look at a selection of publisheel 
interpretations of meaS'Iuements on Co/Cu spin-valve systems (appendix A). The interpre
tation of measurements with the Camley-Barnas model by Dieny [12], for instance, shows 
that bulk spin-dependent scattering is more important than interface spin-dependent scat
tering. Recent interpretation of the MR of Co/Cu multilayers with a quantummechanical 
model [11], however, have shown that the interface contribution is more important than the 
bulk contribution to the magnetoresistance. 

More specifically, how do we expect the MR to behave as a function of increasing inter
mixing at the Co/Cu interfaces? In literature, there is one account of investigation of the 
influence of artificial intermixing on the giant magnetoresistance. In the artiele [13], a de
crease of the MR from 27% to 4% is reported if an intermixed region of only 1.5 Á is forn1ed 
at the interfaces, which is very remarkable. Elsewhere [14, 15], it is stated that scattering 
at the Co/Cu interface is 'catastrophic', and therefore spinindependent. From the decreas
ing magnetoresistance as a function of annealing temperature it is concluded that annealing 
increases interface scattering. 

In the final chapter 6, we will campare our results - presented in chapter 5 - with 
these reported results. In the next chapter, measuring techniques and sample preparation 
will he described. The design of the samples will he described in chapter 3. Theory on 
magnetisation curves and on the modelling of the magnetoresistance in spin-valve systems, 
using the Camley-Barnas model, will he presented in chapter 4. 



10 



Chapter 2 

Sample preparation and measuring 
techniques 

In this chapter, the sample preparation technique and the magnetisation and magnetoresis
tance measurement setup are briefly described. 

2.1 Sample preparation 

2.1.1 Sputter deposition 

Our samples are prepared by sputter deposition. In the sputtering process material is dis
lodged and ejected from the surface of a target due to bombardment by energetic particles. 
The material then condenses on a substrate which faces the target and farms a thin film. 
The bombarding particles are usually ions of an inert gas - in our case Ar ions - to avoid 
chemical reactions at the target and substrate. Our samples have been sputtered in a high 
vacuum (HV) Magnetron Sputter Deposition apparatus at Philips Research Laboratories in 
Eindhoven. A schematic representation of this sputtering apparatus is shown in figure 2.1. 
The substrate holder can be rotated to position a substrate alternately facing one of three 
different targets. Sputtering from two targets at the sametime (co-sputtering) is nat possible. 
The resulting layer thicknesses are determined by the time the shutter is open. Deposition 
growth rates are of the order of a few Á per second. 

Another technique that is used in scientific research laboratoTies to grow stacks of thin 
metallic layers is molecular beam epitaxy (MBE). With MBE a thin film is grown by thermal 
evaporation of material from a target and subsequent condensation on a substrate at UHV 
{lo-10-10-11 Torr ). The main advantages of using MBE as compared to sputter deposition 
are the in situ control of growth rates and the possibility of making sharp interfaces and 
single-crystalline films. Due to small growth rates, however, sample production is rather slow. 
Consiclering industrial applications, the sputter deposition processis more usable. Moreover, 
the largest values of the GMR in Co/Cu based systems were nat found for MBE-grown struc
tures, but for structures that were fabricated with the relatively simple sputtering process [17]. 

Our samples were grown under the following conditions: The background pressure is in 
the order of 10-7 Torr (HV), while the Ar pressure during sputtering is held constant at 
7 ·10-3 Torr. The films are deposited on 4 x 12 nun2 Si02 substrates. The growth rate of the 
individual films is 1 or 2 Ájs. Conventionally, samples are grown in deposition runs of ten 
samples. lt is important to realise that samples that have been deposited within one run have 
only small relative deviations in layer qualities and thicknesses. Differences can be larger in 
samples from separate runs because each run always has slightly different growth conditions. 

11 
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Figure 2.1: (a) Schematic setup of the sputter deposition apparatus. (b) Detail of a target 
(figure from {16}). 

2.1.2 lntroducing artificial roughness 

Using sputter deposition, we do not obtain sharp interfaces between individuallayers: there 
is always an intermixed region of 5 to 10 Á. By increasing the thickness of the intermixed 
region of Co and Cu at the Co/Cu interface(s) we try to establish whether bulk or interface 
scattering processes are predominant in Co/Cu spin-valve systems. 

Th ere are several ways to increase the thickness of the intermixed Co-Cu region or, in other 
words, to increase the roughness ofthe Co/Cu interfaces. One possibility is annealing (keeping 
the sample at elevated temperatures for some time) after, or during, deposition. Annealing 
can lead to extra roughness or intermixing if the components at the interface have a good 
miscibility. Reports on the effect of annealing on Co/Cu interfaces or Co-Cu alloys are nat 
consistent with one another. Hall et al. [14, 15] report that annealing of Co/Cu multilayers 
leads to extra roughness at the interfaces, whereas from work on Co-Cu alloys [18, 19, 20] it 
can be concluded that annealing will lead to a demixing of Co and Cu. 

We want to he able to fabricate series of samples in which intentionally intermixed regions 
are introduced, having reproducible thicknesses. Therefore we try to artifîcially create these 
intermixed regions during the fabrication of the samples. One methad that can be used to 
increase the intermixed region at an interface of two materials is co-sputtering: sputtering 
from two targets at the same time. In our specific sputtering apparatus, however, this is nat 
possible. Therefore, we have chosen to artificially increase the intermixed region of Co and Cu 
at the Co/Cu interface(s) by sputtering alternately a 1 Á thick 'layer' of Co and a 1 Á thick 
'layer' of Cu at the Co/Cu interface. Bulk atomie distauces are 3.545Á for Cu and 3.615Á 
for Co (fee) [21]. Therefore, the region of Co-Cu produced in this way is expected to be fairly 
alloy-like. 
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2.2 Magnetisation and resistance measurements 

2.2.1 The fluxgate magnetometer 

Magnetisation measurements forma substantial part of the research presented in this report. 
By measuring the magnetic moment as a function of the applied magnetic field, we obtain a 
magnetisation curve. From differences between plateaus in the magnetisation curve, and from 
the field at which transitions between the plateaus take place, we can derive the thicknesses of 
magnetic layers (if the saturation magnetisation is known) and the coupling strength between 
the magnetic layers. On the other hand, if the thickness of a magnetic layer is known, the 
saturation magnetisation can be obtained from a measurement of the saturation magnetic 
moment. 

All magnetisation measurements have been performed with a fluxgate magnetometer that 
has been designed and built in our group. In the fluxgate magnetometer, the position of 
a sample is modulated sinusoidically between two piek-up coils. In contrast to a vibration 
sample magnetometer (VSM), the piek-up coils are part of a superconducting circuit. The 
current that is induced by the magnetic material on the sample is detected by the fluxgate 
galvanometer, and is a measure of the magnetic moment of the sample. The functioning of 
the fluxgate galvanometer is described in detail in [22]. 

The sample support is positioned in a flowcryostat, which allows measuring in the tem
perature range 1.5-210 K. The magnetic field is supplied by a superconducting magnet, and 
can be varied from -8 to +8 Tesla. The magnetic field can he applied perpendicular to, or 
in the plane of the layers. The specifications of the fluxgate magnetometer are described 
extensively in [23]. In tigure 2.3, an example of a fluxgate measurement is shown, together 
with a magnetoresistance measurement at the same sample. 

2. 2. 2 Magnetoresistance measurements 

The resistance measurements are perforn1ed with a lock-in measuring technique at 80 Hz, 
using a four-probe geometry. The maximum magnetic field that can be applied is 1.5 T. The 
temperature can be varied between 3 K and (in principle) 500 K using a small flowcryostat. 
Measurements have been performed at room temperature and at 10 K. The original set-up, 
allowing room temperature measurements only, is described in [24]. 

The four-probe measuring contiguration is depicted in tigure 2.2. The sample support uses 
four pressure cantacts at tixed relative positions. The outer contacts, placed 10 mm apart, 
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Figure 2.2: Measuring geometry for the magnetoresistance measurements. 
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serve as current lead~, while the voltage difference is measured between the inner contacts, 
that are 5 mm apart. The resistance is determined by dividing the measured voltage difference 
by the applied current. An example of a resistance measurement on a 'reference' sample is 
shown in figure 2.3, tagether with a magnetisation measurement. lt can be seen that the 
resistance in the parallel contiguration is smaller than in the antiparallel configuration. The 
magnetoresistance measurement on this specific sample has yielded a MR of 6.1 %. 

Figure 2.3: (a) An example of a magnetisation measurement with the fluxgate magnetometer. 
Plateaus of parallel and antiparallel contiguration can be seen clearly. (b) The correspond
ing resistance measurement. The plateaus of parallel and antiparallel contiguration in (a) 
correspond toplateaus in the magnetoresistance measurement. 

lt is common practice to present magnetoresistance results in terms of sheetconduc
tances Go. The measured conductance is simply the inverse of the resistance: G = 1/ R. 
In termsof conductances, the MR is defined as: MR=~G/Gap· To allow comparison between 
measurements using different sample sizes or contact configurations, the measured conduc
tance is 'normalized' to the conductance that would he obtained for a square sample with 
a homogeneaus current distribution, the so-called sheetconductance, Go. In our measuring 
configuration, the sheetconductance is obtained by multiplying the measured conductance 
with a factor 5/4, the distance between the voltage cantacts being 5 mm, and the width of 
the sample being 4 mm. Detailed calculations (25] have shown that the factor 5/4 ( = 1.25) 
should be 1.256 in fact, but this is a negligible difference. 



Chapter 3 

The design of the samples 

As was noted in the introduction, we are investigating the influence of interface roughness on 
the spin-valve effect in Co/Cu. In order to observe the spin-valve effect, a system is needed 
that can he changed from the parallel to an antiparallel configuration under appliance of a 
field. Using a system that has exchange coupled magnetic layers is a common possibility. 

It has been known since 1990 that the coupling between ferromagnetic layers separated by 
almost any non-ferromagnetic transition metal or noble metal spaeer layer oscillates between 
ferromagnetic and antiferromagnetic as a function of the spaeer layer thickness [26]. By 
choosing a specific thickness of the spaeer layer it is possible to create a system that consists 
of AF coupled ferromagnetic layers. The coupling strength, however, is very sensitive to the 
spaeer layer thickness. Roughening the interfaces between ferromagnetic and spaeer layers 
will, therefore, affect the coupling strength which also influences the spin-valve effect. This 
means that AF coupled multilayers are not suited to investigate the influence of interface 
roughness on the spin-valve effect. 

Therefore we want to use a system of decoupled layers wherein the spin-valve effect is 
not affected by any influence of the interlayer coupling. The only thing needed to decouple 
the ferromagnetic layers is a spaeer layer that is 'thick enough', because according to RKKY
theory the amplitude of the oscillatory coupling decreases quadratically with increasing spaeer 
layer thickness [16]. But how to he able to switch a system of two decoupled ferromagnetic 
layers from the antiparallel to the parallel configuration by applying a magnetic field? There 
are several ways to achieve this. 

Two methods were already mentioned in section 1.1 (see figure 1.2). In our group, both 
systems are used. The simpler method uses exchange biasing with FeMn to keep one of the 
layers pinned in a certain direction. The other method we are using is to antiferromagnetically 
couple one of the layers to a third ferromagnetic layer. In this report, emphasis lies on the 
latter method. For completeness, we also mention the possibility of using magnetic layers 
with different coercive fields. 

The structure ofthe system we will refer to as our 'reference' system (see figure 3.1 a) is as 
follows: 200 Á Ru / 75 Á Co / iRu ÁRu / 25 ÁCo / tcu ÁCu / 100 ÁCo / 10 Á Cu / 30 Á Ru, 
grown on Si02 substrates. The Cu thickness tcu is chosen such that there is no interlayer 
coupling between the 25 Á and the 100 Á Co layers. The Ru thickness tRu is chosen such that 
there is a maximum AF coupling of the middle (25Á) Co layer to the thicker, lower, (75Á) 
Co layer. Optimum thicknesses have appeared to he iRu=6 Á and tcu=40 Á. 

The structure of the system with exchange biasing (see figure 3.1 b) is: 30Á Ta / 
100 Á Co / 40 Á Cu / 50 Á Co / 100 Á FesoMnso / 20 Á Ta, grown on Si(100) substrates. 
Here, also, the Cu layer decouples the two Co layers. The FeMn layer keeps the 50 Á Co layer 
pinned in a certain direction. If the magnetic field exceeds the exchange biasing field, the 
magnetisation of the biased Co layer will reverse its direction parallel to the field direction. 

We will now explain the behaviour of the AF coupled system (figure 3.1 a). Because of 
the antiferromagnetic coupling across Ru, the magnetisations of the two lower Co layers ( the 
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Figure 3.1: (a) The spin-valve system using AF coupling toa third magnetic layer. (b) The 
spin-valve system using exchange biasing. 

AF system) will point in opposite directions at zero magnetic field. When a small magnetic 
field is applied, the magnetisation of the decoupled upper layer will of course he parallel to 
the field direction. In the AF system the thicker of the two layers will also he parallel to 
the field, because this is energetically favourable. So the middle layer will have its magneti
sation direction opposite to the field direction which gives us the antiparallel contiguration 
of the magnetisations, depicted in figure 3.1 a. To obtain the parallel contiguration of the 
magnetisations we only have to increase the magnetic field which will lead to a rotation of 
the magnetisation of the middle layer parallel to the field direction. 

In short, the Co/Cu/Co system is decoupled to he free to introduce artificial roughness 
at the Co/Cu interfaces and the Co/Ru/Co system is needed to he able to investigate the 
spin-valve effect, i.e. to he able to switch between a parallel and an antiparallel contiguration 
of the magnetisations. In section 4.1 we will descibe how the theoretica! magnetisation curves 
are to he calculated. 

lt is important to note here that the spin-valve effect displayed by the Co/Ru/Co part 
of the system (MR ~ 0.2% at low temperatures) is very small as compared to the spin-valve 
effect of the Co/Cu/Co part (MR ~ 7% at low temperatures ). Because it is so small, and 
because it is approximately constant in all samples, we can neglect the contribution of the 
AF coupled system to the spin-valve effect. Effectively, we only measure the spin-valve effect 
of the CojCujCo part, which is the part of the system we are manipulating to investigate the 
infiuence of roughness on the magnetoresistance. 

The reason for this very small spin-valve effect of the Co/Ru bilayer can he understood 
partly from the relatively large ( ~ 8%) lattice mismatch, resulting in less perfect growth in 
which defects can lead to a considerable amount of spin independent scattering. A typical 
phenomenon in Co/Ru systems is the reduction of the saturation moment. This indicates 
changes in the d bands of Co andjor Ru at the interfaces and can possibly explain the 
relatively small spin-valve effect in our Co/Ru/Co system [16]. 



Chapter 4 

Theory 

First, we present the theory descrihing the magnetisation behaviour of our samples. Then, 
going from a simple description of electrical conductance in metals ( section 4.2), we present 
the Camley-Barnas description of conductance in spin-valve systems, that is based on the 
Boltzmann transport equation (section 4.3). 

4.1 Theoretica! magnetisation curves 

In chapter 3 we have discussed the design of the systems we have used. We have stressed the 
importance of decoupled Co-layers in the Co/Cu/Co part of both systems. 

The emphasis lying on the samples with AF coupling to a third magnetic layer, we will 
now discuss the magnetisation behaviour of these samples. To explain the behaviour of our 
system of MI/Ru/ M2/Cuj M3, we will split it into two subsystems, the M1 / 6 Á Ru / M2 
partand the M2 / 40Á Cu/ M3 part, where M1=75Á Co, M2=25Á Co and M3=100Á Co. 
The former is our antiferromagnetically coupled part of the system whereas the latter consists 
of decoupled Co layers. The spin-valve effect of the AF coupled part is very small compared 
to the spin-valve effect of the Co/Cu/Co sandwich, as was mentioned in chapter 3. 

To calculate the magnetisation curve, we need the energy expression for the AF coupled 
sandwich structure Co/Ru/Co. In this case, there is only a field termand a coupling term: the 
layers are grown in the ( 111) direction; therefore, there is no change in the magnetocrystalline 
anisotropy during the in-plane rotation processes, and the anisotropy term can be left out. 
The energy expression reads as follows: 

( 4.1) 

Here, the magnetic field H is applied in the plane of the film and the augles of the magnetisa
tions M1 and M2 with respect to the field are denoted by lh and fh. The magnetic layers M1 
and M2 with thicknesses t1 and t2 are coupled antiferromagnetically with a strength J ( J is 
negative here, because of antiferromagnetic coupling), having saturation magnetisations M51 
and M5 2, which, in this case, are the same. 

Because of the strong antiferromagnetic coupling the magnetisations will be in the antipar
allel configuration at low fields. At higher fields the coupling energy will be smaller compared 
to the field energy and the magnetisations will point parallel to the field (see figure 4.1 a). 
The fields H1 and H2 at which the rotation process from the antiparallel to the parallel con
figuration, and vice versa, starts, can be derived from the stability condition [16]: The system 
becomes unstable when 

=0 (4.2) 
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For the antiparallel contiguration ( with 81 = 0 and 82 = 1r) substitution of equation 4.1 in the 
stability condition 4.2 gives instability at the field 

(4.3) 

When lowering the field, coming from saturation (with (Jt = fh = 0), the contiguration becomes 
unstable at the field 

(4.4) 

During the transition from antiparallel to parallel alignment a rotation process takes place in 
which both Co layers participate. The angles of both magnetisations with respect to the field 
can be found from absolute mimimum energy calculations and are shown in tigure 4.1 a. The 
theoretica} magnetisation curve is shown in tigure 4.1 b ( solid line ). Returning to our original 
system of MtfRu/ M2/Cu/ M3 we have to put layer M3 (a lOOÁ Co layer), which is decoupled 
from the other magnetic layers by a 40 Á Cu layer, on top of the MtfRu/ M2 system. Because 
layer M 3 is 'free' (i.e. decoupled) its magnetisation will always point in the direction of the 
field. The theoretica} magnetisation curve of the total system is shown in tigure 4.1 b ( dotted 
line). 
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Figure 4.1: (a) Angles of magnetisations of layers M1 and M2 as a function of the field H 
( M1 is three times larger than M2). (b) The solid line represents the magnetisation curve of 
the CojRujCo system in (a). The behaviour of the CojRujCojCujCo system is shown by 
the dotted line. 

4.2 Electrical conductance in metals 

In this section the development of the theory of electrical conduction in metals will be briefiy 
reviewed. The familiar relaxation time approach will be considered and the Boltzmann trans
port equation will be deduced. In the last section of this chapter, the Boltzmann transport 
equation will he applied to spin-valve systems and the approach of Camley and Barnas will 
be discussed. 
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4.2.1 Brief historica! overview 

A fi.rst theory for thermal and electrical conductance in metals was proposed by P. Drude in 
1900 [27, 28). Drude applied the highly succesful kinetic theory of gases to metals. A metal was 
considered to he a gas of electrans that can move freely between heavy and immobile positive 
particles. In agreement with this simple picture we shall assume that when atoms of a metallic 
element are brought tagether to farm a metal, the valenee electrans become detached and are 
able to move freely through the metal, while the metallic ions remain intact and play the role 
of the immobile positive particles in Drude's theory. The Drude model assumes that in the 
absence of external fields the conduction electrous follow straight lines with constant velocity 
between two collisions. In external fields the electrans move as determined by Newton's laws, 
neglecting the fields of the ions and the other electrons. This is known as the free electron 
approximation. In the Drude model collisions are attributed to the electrans bouncing off 
the impenetrable ion cores. This is far off the mark, but it is essential that the collisions are 
instantaneous events that change the velocity of the electrans abruptly. lt is assumed that an 
electron experiences a callision with a probability per unit time 1/ T. The time T is known as 
the relaxation time, the average time between two collisions. The velocity of an electron after 
a callision is not related to its speed just befare the collision. lt is randomly directed with 
a speed appropriate to the temperature prevailing at the place where the callision occured. 
In other words, it is only through the electrons' collisions that thermal equilibrium with the 
surroundings is achieved. 

According to Ohm's law the electrical conductivity of a metal is defined as the propor
tionality constant between the current density j and the electric field E that is responsible for 
the current: 

j = aE ( 4.5) 

Furthermore, the current density on a microscopie scale is given by: 

j = -nev, ( 4.6) 

where n is the electron density and v the average electron velocity. 
We assume that after a callision an electron moves in a random direction. In a time dt 

every electron acquires an additional velocity -eEdtjm in the direction of the field. Because 
the average time between two collisions is the relaxation time T, the average net velocity of 
the electrans is v = -eErjm. Substituted in equation 4.6, Ohm's law (equation 4.5) gives 
for the conductivity a: 

ne2 r 
a=--

m 
(4.7) 

This is the simplest approximation for the bulk conductivity of met als. In a me tal the electron 
density is typically of the order 1022 to 1023 conduction electrans per cm3 • Relaxation times 
T are of the order 10-14-10-15 secoud at room temparature. 

Later, the theory of the conductivity of metals was extended on a quantum-mechanical 
basis by Sommerfeld. In this framework the classica! Maxwell distribution is replaced by the 
Fermi-Dirac distribution, still holding to a free electron theory. lt was Bloch who fonned a 
theory for independent electrans that behave according to a one-electron Schrödinger equation 
with a periadie potential. The famous Bloch theorem states that the eigenstates of this one
electron Hamiltonian have the farm of a plane wave times a function with the periodicity of 
the crystallattice. A Bloch electron accupies an energy level with quanturn numbers n and k. 

In the Drude model the origin of the electron scattering was unknown. Drude assumecl 
that the electrans scattered from the immobile, heavy ions. It was clifficult, however, to stick 
to this picture when the existence of mean free paths as long as thousancls of atomie spacings 
at low temperatures was discovered. Bloch theory rules out the possibility of scattering at 
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the metallic ions on theoretica! grounds: Bloeh-electron levels are stationary solutions of the 
Schrödinger equation that takes the ion potentials into account. If an electron has a certain 
mean velocity (v ex lh(k)jäk), then that velocity will persist forever. The conductivity of a 
perfect periadie crystal is therefore infinite. 

In reality, metals have a certain resistivity because impurities and imperfections (lattice 
defects) that can scatter the electrans will always he present. Furthermore, the conductivity 
of metals will remain fini te because of therm al vibrations (phonons) of the i ons w hich produce 
temperature-dependent distortions of the periodicity of the ion potential. These deviations 
are also capable of scattering the electrans and are the souree of the temperature dependency 
of the resistivity of metals. 

After this elementary outline of electrical conductance in metals, the Boltzmann transport 
equation will he derived. First, the relaxation-time approximation will he introduced. 

4.2.2 The relaxation-time approximation 

In the relaxation-time approximation we continue to assume that the electronk system is 
driven toward local thermadynamie equilibrium by collisions. This means that the electron 
distribution in a region about r will nat be changed by collisions if we have the equilibrium 
Fermi-Dirac distribution f 0 (r,k,t) appropriate toa local temperature T(r): 

0 1 
f (r,k, t) = exp [én(k) -JL(r)/k8 T(r)] + 1 

( 4.8) 

The approximation rests on the assumption that the distribution of electrans emerging from 
collisions does nat depend on the structure of the nonequilibrium distri bution fuction f( r, k, t) 
just prior to the collision. Operating within this approximation, the following formula [29] for 
the change of any distribution of electrans f(k) will he valid: 

(dj(k))scatt. = _J(k)- /
0
(k) := _g(k) ' 

dt T T 
( 4.9) 

where g(k) is the disturbance from the equilibrium distribution of electrons. 

The relaxation-time approximation will he used to simplify the Boltzmann transport equa
tion that is derived below. 

4.2.3 Derivation of the Boltzmann transport equation 

The distribution of electrans f(k, r, t) can he calculated from the structure of the distribution 
function a time dt before. If no collisions occur between t - dt and t the electrans will move 
according to the semiclassical equations of motion: 

r = v(k), Tik= F(r, k) ( 4.10) 

An electron at r, k was thus at (r- v(k) dt), (k- Fdtjli) a time dt before. If we also take 
into account the effect of collisions, we then have: 

äf 
/(r, k, t) = f(r- v(k)dt, k- Fdtjli, t- dt) + ( Bt )scatt. (4.11) 

In the limit of dt --+ 0 the Boltzmann transport equation appears, which- after simplification 
of the last term according to the relaxation-time approximation- reads as follows: 

8! + v·8f + F·~ 8j = _g(k) 
ät är Ti äk r 

(4.12) 
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The Boltzmann transport equation applied to the bulk of a metal 

Applying the Boltzmann transport equation to the bulk of a metal gives us the simplest case. 
The electronic distribution is then not a function of position and we can disregard the second 
term in the above equation. If we are dealing with a time-independent situation the first 
term can also be left out. Wh en applying an electric field in the x- direction this leaves ( using 
lik= mv): 

-eEx 8f(v) g(v) 
m T 

( 4.13) 

Applying the Boltzmann transport equation to metallic thin films 

In contrast to the case of bulk metals, in a thin film the disturbance g of the equilibrium 
electron dis tribution is dependent on position due to ( diffusive) scattering at the surfaces of 
the film. When applying a field Ex to a film that is finite in the z-direction a first order 
approximation ( %f ~ ~) yields: 

8g(z, v) -eEx 8f0 (v) g(z, v) 
Vz + -- = - ::.....:.._c__...:... 

8z m 8vx T 
( 4.14) 

This equation will be used in the following to calculate the conductance of a stack of thin 
films. 

4.3 Electrical conductance in spin-valve systems 

The Boltzmann transport equation can be used to describe the magnetoresistance in spin
valve systems. Because of the large number of free parameters, certain approximations are 
required. We will adopt the approach of Camley and Barnas. An exhaustive review of the 
theory can be found in [30]. 

4.3.1 Applying the Boltzmann transport equation to spin-valve systems 

In spin-valve systems, the disturbances g have to be split into a gl and a gl part according 
to the two-current model, because of the presence of ferromagnetic layers. Because of the 
boundary conditions at the interfaces and surfaces g(f is split in gf. and g~ to discriminate 
between electrans rnaving up and down with respect to the z-axis. The salution g±(z, v) of 
the Boltzmann transport equation for metallic thin films (equation 4.14) reads: 

, &JO ~z 
g±(z, v) = er(fE. v -

8 
x [1 + F±(v) exp (-(f-

1 

-

1 

)] 
Ev T Vz 

( 4.15) 

The current density in the x direction is obtained by integrating the product of V x and g( z, v) 
to v: 

(4.16) 

The local conductivity a(z) follows from equation 4.5 (j = aE). The sheetconductance Gis 
obtained by integrating the local conductivity over z for the whole structure. 

The functions F± in the expressions for g±(z, v) are determined from boundary conditions 
at surfaces and from matching the g-functions at the interfaces. Those boundary conditions 
at the surfaces of the system read as follows: 

gf. = p(f gr;_ 

gr;_ = p(f gf. 
at the bottam surface, 

at the top surface, ( 4.17) 
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where the coefficients pa are the so-called Fuchs specularity factors. In the pa = 0 case 
we have totally diffusive scattering: the electron distribution will resort to the equilibrium 
distribution when the electrans scatter at the surface. In the other extreme, when pa = 1, 
the disturbance of the equilibrium electron distribution will remain the same apart from a 
reversal of the z-component of the velocity. By stating pa = 1, we simulate a superlattice: an 
infinite number of stacks of the spin-valve system. 

At the interface ofmaterials A and B (see figure 4.2) we can write the boundary conditions 
as follows: 

u Ta u +Ru u 
9A- = 9B- 9A+ ' 

u Tau +Ruu 
9B+ = 9A+ 9B- ' (4.18) 

where Ta is the coefficient of coherent transmission and Ru is the coefficient of specular 
refiection. Note, however, that T + R =/:- 1. There is always the possibility of diffusive 
scattering, with a coefficient D, so, T + R = 1- D. To describe the antiparallel configuration 
we only have to interchange gl and g! somewhere in the nonmagnetic spaeer layer (where rl 
and r! are equal). 

Figure 4.2: (a) Definition of the coefficients of diffusive reileetion D, specular reileetion R and 
transmission T at the interface between two materials. 

4.3.2 The approach of Camley and Barnas 

In the artiele [7] in which this theoretica! description of the spin-valve effect is stated for the 
first time - by R.E.Camley and J. Barnas in '89 - many approximations have been made: 

• Quantum corrections to the conductivity are negligible; therefore the electron trans
port in thin metallic films can be described in terms of the phenomenological Fuchs
Sondheimer theory [31]. 

• The relaxation-time approximation has been used. 

• Mixing of the current of spin-up and spin-down electrans by spin-flip processes is ne
glected, which seems to be reasanabie at low temperatures. 

• A first order approximation (g := J0 - J ~ J0
) of the Boltzmann transport equation 

has been used. 

Simplifications concerniug the parameters are the following: 

• The effective mass of the electrans is independent of spin-direction. 

• The specularity factorpis a constant. 
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• Any angular dependenee of coefficients Tu and Ru is neglected. 

• Diffraction effects that may occur at the interface of materials A and B with different 
electron Fermi veloeities VF are neglected. 

• Coefficients Ru and Tu for electrans crossing the interface from A to B and from B to A 
are the same. 

• The free-electron gas approximation is used, where À u = vFTu, and effective electron 
masses m* and Fermi veloeities vF are equal in all materials. 

In the Camley-Barnas calculations always Ru= 0 is used -logica! if the potential-step at the 
interface is neglected - and most aften also p=O (rough surface approximation). 

In the end, the parameters that contribute to the spin-valve effect (if we take p = R = 0 
indeed) are the spin-dependent electron mean free paths >,u and the spin-dependent transmis
sion coefficients Tu. lt is obvious that the contribution that arises from bulk spin-dependent 
scattering is represented by the asymmetry in À l and >.1, with parameter ab:=À i I >.1. The con
tribution of interface spin-dependent scattering is accounted for by an asymmetry in Tl FfNM 

and Tl F/NM• with parameter ai:=TT ITl. 

4.3.3 Presentation of magnetoresistance data 

We remark here that data of magnetoresistance measurements can be presented in different 
ways. For instance, we could present the dependenee of the spin-valve effect on the thickness 
of one of the magnetic layers by displaying Rp and MR:=~RI Rp. As argued by Dieny [12] and 
later by Parkin [17], it is better to present magnetoresistance data by displaying ~G and G. 
In this way, MR is given implicitly, because MR:=~RI Rp=~GIGap· The advantage of dis
playing ~G insteadof MR is the fact that any spin-valve system F Miltspaeer N MI F M2, with 
ferromagnetic materials F Mt, F M2 and nonmagnetic spaeer layer N M with thickness tspacer, 
has its own, specific saturation value (for 'large' magnetic layer thicknesss) of ~G. Unlike the 
MR, as defined above, the ~G is independent of the thickness of possible buffer of capping 
layers. Therefore, we will present our magnetoresistance measurements and calculations ( see 
chapter 5) by displaying G and b.G. 
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Chapter 5 

Results 

First, we present the results of the magnetisation measurements ( section 5.1 ). Then, we arrive 
at the magnetoresistance measurements. We show the dependenee of the spin-valve effect on 
the intermixed region of Co-Cu (section 5.2) and our attempts at interpreting the measure
ments using resistor models (section 5.3) and using the Camley-Barnas model (section 5.4). 

5.1 Magnetisation 

We have performed magnetisation measurements to characterise our spin-valve system. From 
the magnetisation curves we have inferred that there are well-defined plateaus where the 
magnetisations align parallel and antiparalleL From the magnetic moments of these plateaus 
in the two stabie configurations we have determined the thicknesses of the magnetic layers. 
From those layer thicknesses and from the transition fields between the paralleland antiparallel 
configurations, we have determined the coupling strength of the Co/Ru/Co system. Finally, 
we have established that the Co atoms in the intermixed regions at the Co/Cu interfaces 
display no loss of magnetic moment. 

5.1.1 The magnetisation curve 

A typical magnetisation curve of a 'reference' sample is shown in figure 5.1. The structure of 
the reference samples ( with no intentionally mixed interfaces) is as follows: 200 Á Ru / M1 / 

6Á Ru/ M2 / 40Á Cu/ M3 / 10Á Cu/ 30Á Ru, where Ml=75Á Co, M2=25Á Co and 
M3= 100 Á Co. Here, M 1 and M2 are coupled antiferromagnetically across the 6 Á Ru layer. 
M3 is decoupled from M2 by the relatively thick ( 40 Á) Cu layer, and will therefore always 
point parallel to the field direction. 

The measurement is started at the positive saturation field, where the magnetisations of all 
three Co layers, M1 , M 2 and M 3 , are aligned parallel to the field direction. Lowering the field, 
we arrive at a field H2 where the transition to the antiparallel configuration begins. At this 
transition layer M2 rotates opposite to the field direction. However, bath layers M1 and M 2 

are involved in the rotation process. At the field H1 we reach the antiparallel configuration. 
Now, the magnetisation of M2 points opposite to the field direction and M1 is back in its 
original state, pointing parallel to the field direction.At zero field, all magnetisations reverse 
their direction, and the antiparallel configuration will still he prevalent. Increasing the field 
in the negative direction will result in the same curve in the negative direction, leading to 
negative saturation, finally. 

From the magnitude of the magnetic moments at the parallel and antiparallel plateaus, 
we can derive magnetic layer thicknesses. We have used M

5
c0 =1.79 T [32], which means that 

1 Á of Co on our 4x 12 mm2 samples corresponds toa magnetic moment of 6.84 · 10-6 mAm2. 
From the thicknesses of the magnetic layers of the AF coupled system and the transition fields 
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H1 and H2, we have obtained the AF coupling strength JRu between M1 and M2 according 
to equation 4.3 and 4.4. 

Having determined the AF coupling strength and magnetic layer thicknesses, we can cal
culate a theoretica! magnetisation curve ( solid curve in figure 5.1) from mimimal energy 
calculations [16]. From the difference in magnetic moment between the plateaus ( t1 +t2 +t3) 
and (t1-t2+t3) and between (-t1+t2-t3) and (-trt2-t3)- shown in the figure- we have de
termined the thickness t 2 of layer M2. U sing this value, we have determined the thickness 
of (t1+t3) from the step around zero field between configurations (trt2+t3) and (-t1+t2-t3). 
In order to determine JRu, we need the thicknesses t1 and t2. We have derived t1 from the 
value of ( t 1 +t3) by assuming the ratio of t 1 to t3 to he the same as the ratio of the nomina! 
thicknesses 75 ÁllOO Á. 
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Figure 5.1: Magnetisation curve of the reierenee system: 200 Ru I t1 Co I 6 Ru I t2 Co I 
40 Cu I t3 Co I 10 Cu I 30 Ru, with t1 =75, t2=25 and t3=lOO (thicknesses in A). A theoretica] 
curve, which is obtained from minimal energy calculations, is given by the solid line. Arrows 
indicate the direction of the magnetisations of layers M1 , M2 and M3 at the plateaus. 

The results we have obtained from magnetisation measurements at a number of samples 
are tabulated in table 5.1. The nomina} thicknesses of M1 and M2 are tl=75Á and t2=25Á, 
respectively. Deviations from the nominal thickness range from -8.0% to +2.1% for t 1 and 
from -8.0% to +6.4% for t2, and are within the accuracy of ±10% in sputtering thickness. It 
can he seen that the coupling strength JH2 , determined from H2 is higher than the coupling 
JH1 , determined from H1. This is thought to arise from a spread in the coupling strength 
due to thickness variations of the Ru layer. As to the transition field H 1 , the more weakly 
coupled regions will cause the transition from antiparallel to parallel to start at a smaller 
field already. Consiclering the transition field H2, the stronger coupled regions will cause the 
transition to the parallel configuration to he completed at a higher field. Apart from causing 
the experimentally determined transition fields H1 and H2 - and therefore JH1 and JH2 -

to he too small or too large, respectively, the spread in JRu also causes a smoothing of the 
onsets of the transition (around H1 and H2) as can heseen in figure 5.1. Taking the average 
(last column intable 5.1) of JH1 and JH2 , we find that JRu = -1.18 ± 0.06mJm-2. 

At similar structures (200Á Pd I 30Á Co I tÁ Ru I 70Á Co I 30Á Pd), Bloemen [16] has 
measured the coupling across Ru at room temperature, and has obtained: JRu = -0.82 mJm-2 

for tRu = 6Á, and JRu = -1.02mJm-2 for tRu = 7.5Á. The coupling strength we found at 
T=210 K is 44% higher than the value reported by Bloemen for tRu = 6 A. The formula 
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Table 5.1: Fora number of samples, thicknesses of Jayers M1 and Mz and coupling strength J, 
found from the thicknesses and transition fields (as demonstrated in ligure 5.1), are shown. 

t1 [A] tz [A] JH1 [mJjm2] JH2 [mJjm2] Jav[mJjm2] 
72.1 24.5 -0.972 -1.51 -1.24 
71.6 23.2 -0.924 -1.28 -1.10 
73.7 24.9 -0.967 -1.36 -1.16 
69.0 23.7 -0.967 -1.25 -1.11 
71.1 23.0 -0.978 -1.48 -1.23 
76.3 25.0 -0.890 -1.41 -1.15 
76.6 26.6 -1.086 -1.40 -1.25 

descrihing the temperature and thickness dependenee of the coupling, cited by Bloemen, 
prediets J(210 K) to be only 2% higher than J(RT). 

We can conclude by the observation that we now know that our spin-valve systems behave 
the way they were designed to: there is a well defined plateau at which the magnetisations 
are in perfect antiparallel alignment while layers Mz and M3 are decoupled, whereafter- by 
increasing the magnetic field - a smooth rotation process takes place to achieve perfect 
parallel alignment. The decoupling of layers M 2 and M3 enables us to adapt the interfaces 
M 2 jCu and M 3 jCu by intermixing, without affecting the transition between the parallel and 
antiparallel configurations. 

5.1. 2 The magnet ie behaviour of Co-Cu 

Another matter of interest can be investigated using magnetisation measurements. In sys
tems such as Co/Ru and NiFejCu the weakening of the spin-valve effect is explained from 
the existence of non ferromagnetic layers at the interface. In chapter 3 we already remarked 
that Co atoms at the Co/Ru interface lose their magnetic moment, and form so-called dead 
layers [16). When intermixed with at least 50% of Cu, NiFe heemnes non ferromagnetic [33). 
To investigate if intermixed regions of Co and Cu behave similarly, we have performed mea
surements to determine the saturation magnetic moment of samples with increasing degrees 
of artificially intermixed layers at the Co/Cu interfaces. 

Wh en increasing the intermixed region in steps of 2 Á from 0 to 12 Á, magnetisation 
measurements have shown no decrease of the saturation magnetic moment. In order to besure 
that our methad of alternately sputtering 1 Á Co and 1 Á Cu 'layers' has really resulted in an 
intermixed Co-Cu region, we have examined the samples by low-angle X-ray measurements. A 
low angle 0-20 scan is measured and compared with a profile that is simulated by a computer 
program. Mass densities, thicknesses and roughness of the layers are inputparameters of the 
program, and by adjusting the thicknesses, the optimum fit is pursued. 

From these X-ray measurements, the geometrical roughness - a measure of the fiatness 
of the interface between two layers - appeared to he 3-4 Á for alllayers, except for the Ru 
capping layer (roughness of about 7 Á), which appeared to be partly oxidized. 

Thicknesses of the intermixed Co-Cu regions, obtained from simulation of the 0-20 pro
files, are compared to the nominal thicknesses in table 5.2. We see in the secoud column 
that the 0-20 scans have been simulated by assuming a mixed region whose thickness cor
responds very well to the nominal thickness ( tco-Cu =2·n ). The simulation procedure is not 
very sensitive to the Co-Cu thickness, however ( accuracy ±3 Á ). 

lt is possible, of course, that we did oversee the decrease in the saturation magnetic 
moment with increasing intermixing, due to the low fraction of intermixed Co-Cu compared 
to the total amount of Co. To be completely sure about this, we have designed samples 
consisting of multilayers of Co / Co-Cu / Cu with different Co-Cu fractions and constant 
total thickness. As shown in figure 5.2, here also, no loss of magnetic moment was found, 
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Table 5.2: Comparison with nomina] thickness of the Co-Cu thickness obtained by low-angle 
X-ray measurements. The sample structure was as follows: 200Ru / 75Co / 6Ru / 25Co / 
(40-n) Cu/ n·(1Co+1Cu) / (25-n) Co/ 10Cu / 30Ru (thicknesses in A). 

N ominal thickness tco-Cu .X -ray 

0 · ( 1 A Co + 1 A Cu) OA 
2 · ( 1 Á Co + 1 Á Cu) 4±3 Á 
5 · ( 1 Á Co + 1 Á Cu) 9± 3 Á 

even when nearly all Co atoms are part ofthe intermixed Co-Cu layer. Evidently, the magnetic 
behaviour of intermixed Co-Cu layers is different from that of intermixed NiFe/Cu layers.The 
measured magnetic moments at saturation were even a little higher than the expected value, 
with a maximum deviation of +4.2 %. This deviation is within the usual accuracy of ±10% 
in sputtering thickness. 
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Figure 5.2: The saturation moment of Co/Cu multilayers with different fractions of inter
mixed Co-Cu regions. The dotted line corresponds to the expected bulk magnetic moment 
of the total Co contents in the multilayers. Sample structure: 200 Ru / 6x [( 40-n) Cu/ 
n·(1 Co+ 1 Cu)l(25-n) Co] I 10 Cu I 30 Ru (thicknesses in A). An intermixed region of 46 
corresponds to n=23, so that for the corresponding sample practically all Co is intermixed 
with Cu. Note the scale of the y axis. 

As we now ascertained that Co-Cu is ferromagnetic, we expect it to display spin-dependent 
scattering. To investigate this we have introduced this material in our spin-valve system, 
replacing the free (i.e. decoupled) Co layer by mixed Co-Cu layers with different compo
sitions: 25x(3ÁCo+1ÁCu), 50x(1ÁCo+1ÁCu) and 75x(1ÁCo+3ÁCu). The middle, 
AF-coupled, Co layer was left unchanged because replacing it with Co-Cu might change or 
destray the AF-coupling. Besides measurements of the spin-valve effect, also magnetisation 
measurements were performed. 

These magnetisation measurements, shown in figure 5.3 had a surprising outcome: Even 
when the free layer was composed of 25 x (1 Á Co+3 Á Cu) - or, alternatively, Co0 .25 Cu0.75 -

it was still ferromagnetic, with a magnetic moment corresponding to the value of bulk Co. In 
other words: the magnetic behaviour of the 25 x ( 1 Á Co+3 Á Cu), 50 x ( 1 Á Co+ 1 Á Cu) and 
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Figure 5.3: (a) Magnetisation curves of samples wherein the free layer, M3 , has been replaced 
by a mixed layer of Co-Cu in different compositions (see legend). Sample structure: 200 Ru I 
75 Co I 6 Ru I 25 Co I 40 Cu I free layer I 10 Cu I 30 Ru (thicknesses in A). Expected 
saturation moments, according to the saturation magnetisation of bulk Co (Ms =1. 79 T), are 
given by the dotted lines. (b) A plot of the saturation moment per nomina] Co thickness 
versus Co concentration shows that the Co atoms display no loss of magnetic moment when 
intermixed with Cu. The dotted Jine corresponds to the expected value of 68.4 Am. 

25 x (3 Á Co+ 1 Á Cu) layers was indiscernable from the behaviour of simple 25 Á, 50 Á and 
75 Á Co layers, respectively. 

In literature it is stated that there are no thermodynamically stable solid solutions of 
Co-Cu. They can be made by sputtering, co-sputtering or coevaporation. there are three 
accounts of extensive investigations on Co-Cu solid solutions. The most recent investigations 
were done in 1991 by Kief et al. [34] and Childress et al. [19, 20]. Kief et al. have shown 
that the magnetisation of randomly substituted CoxCu1_x alloys decreases linearly with in
creasing noble metal component. The alloys were produced by coevaporation of Co and Cu. 
Childress et al. have produced CoxCu1_x alloys covering the whole range of Co concentrations 
x by sputtering from a single target of Co-Cu on liquid nitrogen caoled substrates. They state 
that the equilibrium phase diagram only allows Co concentrations x < 0.05 and x > 0.95. By 
sputter deposition, however, they can create single phase fee metastable alloys up to x = 0.80. 
Beyond this concentration, a mixture of the fee and hcp phase can be found. In contrast to 
our findings, their measurements show a monotonous decrease of the magnetic moment per 
Co atom with decreasing Co concentration (see figure 5.4 a). Furthermore, it is shown that 
the CoxCul-x alloy is not ferromagnetic anymore below x = 0.30. They cite a suggestion in 
literature which states that a Co atom needs at least two Co nearest neighbours to retain a 
magnetic moment. 

Knelier [18] reports on Co-Cu solid solutions created by simultaneous evaporation of Co 
and Cu on a cold substrate. In figure 5.4 b it is shown that the magnetic moment per Co 
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Figure 5.4: (a) Solid circles: Saturation magnetisation of sputtered CoxCu1_x alloys as a 
function of the Co concentration x, in units of emu/g of Co (1 emu ::=1 mAm2 ). Open circles: 
Magnetisation under an applied field of 5 T ( ligure taken from {19}). (b) Spin moment of 
Co-Cu alloys versus electron number, respectively Cu concentration. Open triangles: As 
deposited. Solid line: theoretica} (figure from {18}). 

atom reaches zero at x = 0.33 after a monotonous decrease with increasing Cu concentra
tion. Camparing our results with these reports, we will have to conclude that the structure 
of our intermixed regions of n·(l A Co+l A Cu) is different from that of the Coo.sCu0 .5 al
loys as prepared by Knelier and Childress et al. This might be explained by the fact that 
alternately sputtering one A of Co and Cu produces a less random alloy. In contrast to the 
reports reviewed above, our substrates were nat caoled to low temperatures, but kept at room 
temperature. To explain the fact that the Co atoms retain their full magnetic moment (even 
in the case of Coo.2sCuo.7s), we presurne that the Co atoms can arrange in clusters. Part of 
the work by Childress et al. [20] is about intentionally producing small Co particles in a Cu 
matrix through annealing of CoxCu1_x alloys. The average diameter of the Co grains grows 
up to a few hundred Angströms under annealing, whereafter the particles begin to coalesce. 
During the annealing process, an enhancement of the magnetisation due to clustering of the 
Co atoms is observed. The saturation magnetisation of the Co particles, however, does nat 
reach the value for bulk Co, and decreases with decreasing Co concentration x. Childress et al. 
explain this from both the inclusion of Cu atoms in the Co grains and, as x decreases, from 
the growing number of nonmagnetic Co atoms at grain interfaces and in the Cu matrix. This 
explanation is not accounted for by our findings. 
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5.2 Dependenee of the MR on the intermixed region 

The main purpose of our study is to determine the influence of the interface layer or inter
mixed region of Co-Cu on the magnetoresistance of Co/Cu spin-valve systems. Befare we 
stuclied spin-valve systems with intentionally intermixed Co-Cu layers at the interfaces, we 
have optimized the 'virginal' system. We have varied the Ru thickness to find the maximum 
AF coupling, and the Cu thickness to find the value at which the surrounding layers are 
decoupled (see chapter 3). 

In this way we have designed the following structure, that we have called our reference 
system: 

200ÁRu I 75ÁCo I 6ÁRu I 25ÁCo I 40ÁCu I lOOÁ Co I lOÁCu I 30ÁRu. 

Then, we have introduced artificially intermixed Co-Cu layers at the Co/Cu interfaces to 
see how this affected the spin-valve effect. The Co-Cu layers were introduced in a range of 
thicknesses up to 36 Á in two different ways: 0-36 Á at the interface of the Cu layer with the 
free Co layer (figure 5.5 b), or 0-18Á at each side ofthe Cu layer (figure 5.5 c). lt should he 
noted that the tot al thickness of the system stays the same: the Co-Cu regions replace equal 
partsof the Co and Cu layers that form the interface. In figure 5.5 a the variation of Gp, !lG 
and MR with Co-Cu thickness is shown, in the case of intermixing at one interface and at two 
interfaces. 
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Figure 5.5: (a) Room temperature (RT) and low temperature (LT) measurements ofthe spin
valve effect performed at samples with an artificially mixed region of Co-Cu, created at one (b) 
or two ( c) Co/Cu interfaces. The total Co-Cu thickness shown in the picturesof our spin-valve 
sytem (hatched layers) corresponds to the maximum intermixed region, tco-Cu =36 A. 

From the decrease in Gp we infer that the resistivity of Co-Cu is higher than the average 
of the resistivities of Co and Cu, because the intermixed Co-Cu is taking the place of Co and 
Cu. The decrease of !lG, the most relevant parameter for the spin-valve effect (as noted in 
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section 4.3.3), shows that the spin-valve effect in our Co/Cu/Co system is diminished by the 
intermixed region. The behaviour of G and D.G results in a decrease in MR from 6.5% to 
2.7% at low temperature (10K) and from 3.6% to 1.4% at room temperature (remember that 
MR:= D.G/Gap)· As expected, the sheetconductance G and the D.G are bath higher at low 
temperatures than at room temperature, due to larger mean free paths at low temperatures. 

The most striking observation is, however, that the dependenee of both Gp and D.G on 
the thickness of the intermixed Co-Cu region is almost the same, whether the intermixed 
region is introduced at one Co/Cu interface or at two interfaces. The curve of 'two interfaces 
intermixed' is a little above the curve of 'one interface intermixed' for bath Gp and D.G, but 
the curves have the same slope. 

A first intuitive condusion would he that the interface apparently doesn't matter much to 
the spin-valve effect: creating 'extra interface' at one side or at bath sides of the spaeer layer 
would definitely make a difference if the spin-valve effect was of an interfacial nature. 

We will try to interpret these measurements with simple resistor models (sec. 5.3) and 
with the Camley-Barnas model (sec. 5.4). 

5.3 Interpret at ion of the measurements using simple resistor 
models 

One shortcoming of the resistor models that were discussed in section 1.3.1 is that interface 
spin-dependent scattering cannot he modeled in a straightforward way. 

Bulk scattering, on the other hand, can he modeled easily, using the asymmetry in the 
resistivities forthespin up and spin down channel in the ferromagnetic layers as a fit parameter 
and inserting thicknesses and resistivities of the various layers of the spin-valve stucture in an 
equivalent resistor model. 

As we noted in section 1.3.1, there are two limiting cases in which a very simple resistor 
network model can he applied: the case in which the mean free paths of the conduction 
electrans are much smaller than the thicknesses of the layers and the case in which the mean 
free paths are much larger than the thicknesses of the layers. 

5.3.1 Resistors in series in each spin channel 

Our first approach will consist of a simulation of the spin-valve effect in the latter limit of 
large mean free paths. Because of the large mean free paths, the electrans will experience an 
'effective' resistivity, sampling all layers of the structure equally. Therefore the resistors in 
each spin channel of the equivalent resistor network will have to he placed in series. The 
resulting equivalent resistor networks in the case of intermixing at one and at two interfaces 
are shown schematically in figure 5.6. We have shown the general case where the Co-Cu layers 
can have spin-dependent scattering just like the Co layers. An examination of the differences 
between the resulting resistance of the network in the case of intermixing at one and two 
interfaces shows that there is a difference only in the case of antiparallel alignment. This 
difference does nat disappear if the Co-Cu displays spin-independent scattering, because the 
thicknesses of the Co layers are different in the case of intermixing at one and at two interfaces. 

The parameters we take as constauts are: Pco=7.35 JLS1cm, Pcu=0.4xpc0 =2.94 JLS1cm. 
The resistivity PCo of Co was determined experimentally ( see further [figure 5.11 a]) and the 
factor of 0.4 between resistivities of Cu and Co at low temperatures was chosen because 
approximately this value has been found by Dieny [35, 12] and Rijks [36]. Ta fit the system 
with na Co-Cu inserted, 25 ÁCo + 40 ÁCu + 100 ÁCo + rest ( see top part of tigure 5.6), we use 

as fitparameters o:co ( etc0 :=pb0 / Pbo) and Prest· Resistivities Pbo and Pbo are determined by 

Pco and o:c0 according to the two currents model: 1/ Pco = 1/ Pbo + 1/ Pbo, with Pbo = o:co·Pbo· 
To fit G and D.G as a function of the intermixed Co-Cu thickness, etco-Cu and PCo-Cu are 
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No intermixing 

100Co 

40CU 
25 Co~~~!::=:::j 

rest 

Intermixing at one Co/Cu interface Intermixing at two Co/Cu interfaces 

p 

Figure 5.6: An equivalent resistor network with all resistors in series in both spin-channels. 
A resistor that is depicted large is meant to have a high resistivity. The actual systems are 
simplified to [25Co + (40-t/2)Cu + t CoCu + (100-t/2)Co + rest] (one interface mixed) and 
[(25-t/4)Co + t/2 CoCu + (40-t/2)Cu + t/2 CoCu + (100-t/4)Co + rest] (two interfaces 
mixed), thicknesses in A. 

used as parameters. Here, again, the resistivities are related according to the two currents 
model. 

In figure 5. 7 we show the results obtained with this resistor model. Assuming, as a first 
at tempt, spin-independent scattering in Co-Cu, a fit to both cases at the same time ( one and 
two interfaces intermixed) yields ac0 =9.2 and PCo-Cu::::!6Xpc0 (exact parameters are given in 
the figure caption). The correct trend in Gp and b.G is obtained (see figure 5.7 a). However, 
b..G will be lower in the case of intermixing at two interfaces, while the measurements show a 
more or less similar behaviour (as noted in the preceding section, the Gp and b..G curves for 
two interfaces intermixed are slightly above the one interface-curves, but this is accounted for 
by the higher values at the tco-Cu =0 starting points). 

If we make a fit to both cases seperately, we find that aco is approximately 9, again 
(ac0 =9.3 and 8.8, respectively [see figure caption]). From a fit to the behaviour of Gp and 
b..G in the case of intermixing at two interfaces, we find that aco-Cu::::!l. In the case of one 
mixed interface, however, we find aco-cu=0.4. This means that pljpT < 1 in Co-Cu while, 
on the other hand, pl / pT~ 1 in Co. This existance of such a 'reversed' asymmetry in Co-Cu 
is not inconceivable, as can be seen from tables of scattering asymmetries a in ferromagnetic 
materials containing impurities [5]: scattering asymmetries can exist either way, a > 1 or 
a < 1. The tables contain no entries of data on Co impurities in Cu or on Co-Cu alloys, 
however. 

From the fairly different parameters we neerled to obtain the relatively close fits of fig
ure 5. 7 b, we can see that the parameters are very interdependent. In any case, aco-Cu < a co 
in both cases. Mathou [6] has suggested that, on the basis of the difference in the densities of 
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Figure 5.7: Fits to the model offigure 5.6. (a) A fit to both cases assuming spin-independent 
scattering in Co-Cu. Here, .ó.G1 > .ó.G2, whereas our measurements show the same slope 

of .ó.G vs. tco-Cu· Parameters are: aco=9.2, Prest=26.3, aco-cu=l and PCo-cu=43.5. 
(b) Parameters, obtained for intermixing at one interface: a co =9.3, Prest =26.5, aco-Cu =0.4, 
PCo-cu=30. In the case of intermixing at two interfaces: aco=8.8, Prest=24.5, aco-cu=l.03, 
PCo-cu=43. Parameters kept constant in all calculations are: Pco=7.35, Pcu=2.94, trest=321 
(resistivities in pJJcm). 

states of spin up and spin down bands in Co, the asymmetry in bulk scattering, ac0 , should 
be 8-10. The value we found, ac0 ~9, falls within this range. Mathon has used it, however, to 
calculate the MR of a Co/Cu multilayer with an infinite number ofrepetitions (a superlattice), 
obtaining an MR of about 70% for equal thicknesses of Co and Cu layers. 

5.3.2 Resistor model with a shunt 

We can think of another possible equivalent network for our spin-valve system, though. Start
ing from literature values (see the tables of appendix A), we see that at low temperatures 
we are close to the limit of large mean free paths for Cu ( Àcu =200-400 Á) and for spin up 
electrans in Co (.xf=140-230Á). Because the resistivity of Ru is higher than that of Co, the 
electrans in Ru will have smaller mean free paths than in Co, and we will be close to the 
limiting case of small mean free paths compared to the 200 Á thick Ru layer. 

With this in mind, we can construct an alternative resistor network to model our spin
valve system, consisting of three branches in parallel (see figure 5.8). Two branches stand 
for the spin up and spin down channel in the spin-valve part. The other branch shunts the 
spin-valve part and represents the rest of the structure (mainly a 75 Á Co layer and a Ru 
30 Á top layer and 200 Á buffer layer). 

Figure 5.9 a shows that here, again, the correct trend in in Gp and .ó.G is obtained if 
we assume spin-independent scattering in Co-Cu, with the resulting .ó.G2 smaller than .ó.G1 . 
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Figure 5.8: A resistor network in which the spin-valve part is shunted by the 'rest' of the 
system. {25Co + (40-t/2)Cu + t CoCu + (100-t/2)Co +shunt] (one interface intermixed) 
and [(25-t/4)Co + t/2 CoCu + ( 40-t/2)Cu + t/2 CoCu + (100-t/4)Co +shunt] (twointerfaces 
mixed). 

Now, weneed an asymmetry ac0 as smallas 2.2 only. This small value is obtained because in 
this model, the b.G does not depend on the resistivity of the 'rest' of the structure, represented 
by the magnitude of the shunted current. Using ac0 =8-10 would leadtoa MR in the order 
of 70 %, while the MR to be fitted in our case is only about 6.5 %. 

If we fit each case independently, weneed aco-Cu ~ 0.9 in the case of 1 interface intermixed, 
and aco-Cu~ 1.1 in the case of 2 interfaces intermixed. In both cases the resistivity in Co-Cu, 
PCo-Cu, is 1.8 times higher than PCo· 

5.3.3 Conclusions 

It is clear that the model with a shunt parallel to the spin-valve system is easier to grasp: 
the characteristic parameter for the spin-valve effect, b.G, is not affected by the resistivity of 
the rest of the structure, represented by the shunting resistor in this model; fits to data sets 
that are close to one another, give parameters of approximately the same magnitude. In the 
model with the 'rest' of the structure represented by aresistor in series in each branch, b.G 
depends strongly on the resistivity of the 'rest', and it is hard to interpret the fitparameters. 

We can conclude that the resistor models, although only containing bulk parameters, do 
always show a different behaviour as a function of Co-Cu thickness in the case of intermixing 
at one or at two interfaces ( b.G2 < b.G1 , to be specific ). The observed similar behaviour 
of b:.G1 and b.G2 cannot be obtained with an identical parameterset. We have found that 
the model with a shunt is the more illustrative model and we have been able to explain the 
behaviour of Gp by taking PCo-Cu higher than Pco, and the behaviour of b:.G by assuming 
only a small degree of spin-dependent scattering in Co-Cu ( aco-Cu close to 1 ). 
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Figure 5.9: (a) A resistor model fit to bath cases (one and two interfaces intermixed) at 
the same time, assuming spin-independent scattering in Co-Cu. The model prediets D.G2 < 
D.Gt, again. The parameters we have obtained are: ac0 =2.20, Pshunt=32, (aco-cu=1), 
PCo-Cu =12.5. (b) Fits to bath cases independently. Parameters, obtained in the case of 
intermixing at one interface: a co =2.20, Pshunt =32, aco-Cu =1.12, PCo-Cu =13.2. In the case of 
intermixing at two interfaces: a co =2.25, Pshunt =26, lXCo-Cu =0.89, PCo-Cu =13.2. Parameters 
kept constant in all calculations are: Pco=7.35, Pcu=2.94, tshunt=321 (resistivities in pf!cm). 

The valnes we have obtained for nco and the ratio of PCo-Cu to Pco appear to depend 
strongly on the specific resistor network model that is chosen. We can conclude, therefore, 
that these resistor models are not usabie to obtain any quantitative parameters to interpret 
the infl.uence of the intermixed region on the spin-valve effect. 

In the following section we will try to interpret the measurements using the model of 
Camley and Barnas, that has been introduced in section 4.3.1. 
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5.4 Interpretation of the measurements with the Camley
Barnas model 

From the Camley-Barnas model we expect to be able to describe the spin-valve effect quan
titatively. Our aim is to derive ( spin-dependent) mean free paths of the electrans and/ or 
( spin-dependent) transmission coefficients. As the Barn as model is a low-temperature model, 
we will use the model to fit the low temperature data in figure 5.5 a. 

We will reeall here which input parameters are needed to calculate the spin-valve effect 
with the Barnas model: Mean free paths À of the conduction electrans inside the materials, 
and reileetion and transmission coefficients R and T at the interfaces of two materials. 

In the resistor model calculations of section 5.3 we had incorporated the layers that form 
the spin-valve structure (Co/(Co-Cu)/Cu/(Co-Cu)/Co), and had represented the rest of the 
system by one resistor with an average resistivity. Here, we could do the same thing: replace 
the 200 A Ru buffer layer, the 75 A Co layer and the 6 A Ru spaeer by a layer wherein the 
electrous have some 'effective' mean free path - because this part of the system is known to 
display a negligible part in the spin-valve effect - and do the same thing for the 10 Á Cu and 
30 Á Ru capping layers. 

The advantage of doing this is that we can concentrate on the relevant parameter for the 
spin-valve effect, b..G, and can always fit the sheetconductance G by adjusting the 'effective' 
mean free paths in bottom and top layers we have chosen to replace the 'real' layers. 

The main disadvantage, however, is that we are throwing away information about the mean 
free path in Ru, for instance, in replacing the bottorn part ( and possibly the top part) of the 
structure by a structureless effective medium. Furthermore, the magnitude of b..G, arising 
from spin-dependent scattering in the spin-valve part of the structure, will be dependent on 
the mean free paths of this effective medium and on the transmission and reileetion coefficients 
at the interface with this medium. lf we need a large mean free path in the effective medium 
to fit the sheetconductance, this will result in a relatively large difference between the local 
conductivity in the parallel and the antiparallel contiguration - induced by the spin-valve 
part of the structure- in this medium, bringing about a large contribution to b..G. 

Therefore we take the challenge to simulate the spin-valve effect of our actual system with 
its nominal thicknesses. In our samples with artificially intermixed layers at the interfaces 
we have four different materials (Ru, Cu, Co and Co-Cu) of which the latter two (Co and 
Co-Cu) are ferromagnetic and therefore expected to display spin-dependent scattering. This 
gives us 2 + 2 x 2 = 6 parameters already of bulk mean free paths À to determine. The 
number of interfaces of different kinds we encounter in our samples is five (Ru/Cu, Co/Cu, 
Cu/Co-Cu, Co-Cu/Co, and Co/Ru), where the latter four might possibly display interfacial 
spin-dependent scattering, bringing the number of reileetion and the number of transmission 
coefficients at 1 + 4 x 2 = 9 coefficients to determine. As we have noted in section 4.3.2 it 
is common to set the specularity coefficients p to zero (rough surface approximation), and to 
set all reileetion coefficients R equal to zero (reasonable because we neglect potential steps at 
the interfaces). We remark here that, because all R~ = 0, the coefficient of diffuse scat tering, 
n~, is directly related to r~ by n~ = 1- r~. Under these assumptions we have cut down 
the number of parameters to six mean free paths À and nine transmission coefficients r~. Of 
course, with so many free parameters to be determined, an intelligent fitting strategy is to be 
adopted. 

5.4.1 The fitting strategy 

Before the series of samples with one artificially intermixed Co-Cu region and the series with 
two Co-Cu regions were measured, different series of samples had been prepared and measured 
to fully characterise our spin-valve system. All series of samples are depicted schematically 
in figure 5.10. The series with a varying thickness of the uncoupled Co layer (5.10 b) is of 
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Figure 5.10: Schematic drawing ofthe four types of samples: (a) The AF-coupled Co/Ru/Co 
system, (b) the series with varying thickness of the Co-layer, ( c) the series with artifi.cial 
intermixing at one Co/Cu interface and ( d) artifi.cial intermixing at both Co/Cu interfaces. 

extreme importance, because the behaviour of b.G as a function of the thickness of one of 
the magnetic layers leads to the determination of important parameters: The Co thickness at 
which b.G saturates is related to the longer of the two mean free paths, and the magnitude of 
the saturation of b.G is related to the asymmetry in the mean free paths, ab := À T / ..Xl, and to 
the asymmetry in the transmission coefficients, ai := TT jTl. Furthermore, we can determine 
the conductivity of bulk Co from the plot of Gp versus the Co thickness. The slope of the 
curve tends to the value of the Co bulk conductivity, ac0 , at larger Co thicknesses, as we can 
see in figure 5.11. From the Gp versus tco plots we have found: a~~= 13.6± 0.6(f!Á)-1 

[LT] and a~~lk = 6.2 ± 0.1 (f!Át1 [RT]. Following the same procedure, Rijks et al. [36] have 
found a~~= 19.8 ± 0.8 (f!Át1 at low temperatures. 
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Figure 5.11: Plot ofthe sheet conductance in the parallel contiguration against the thickness 
ofthe uncoupled Co-layer (a) at low temperatures (10K) and (b) at room temperature. 

The samples which consist of only the AF coupled Co/Ru/Co system (5.10 a) display a 
MR of only about 0.2 %. Calculations with parameters obtained from the series with varying 
Co layer thickness (5.10 b) will have to be in accordance with the small MR (as compared 
to the magnetoresistance of the Co/Cu/Co part) of this Co/Ru/Co system, toa. We can 
reduce the contribution to the total spin-valve effect of this AF coupled part by making the 
transmission coefficients at the Co/Ru interfaces smaller, or by assuming a small mean free 
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path in Ru. 
When we have obtained parameters that are in agreement with bath systems, we can pra

eeed to finally obtain parameters concerning Co-Cu from the series with increasing intermixed 
region (5.10 c and d). 

To tackle the problem, we have adopted two different approaches: 

1. U sing only bulk spin-dependent scat tering, assuming no interface scattering by taking 
T 17 = 1 at all interfaces (sec. 5.4.2). We take this approach for the same reason that led 
us to regarding resistor models: from our results (figure 5.5) the Co/Cu interface does 
not seem to be important; it is the total Co-Cu thickness that matters. 

2. Trying to fit the data with ac0 = 14 and a?o/Cu = 5, which are the parameters that 
Dieny used to fit data on Co/Cu systems [12] (sec. 5.4.3). Because our model will appear 
to have toa many free parameters, we piek out this fitparameters to investigate the effect 
of interface spin-dependent scattering in the systems with intermixed Co-Cu regions. 

5.4.2 Assuming only bulk spin-dependent scattering 

We first follow the approach that takes into account no interface scattering whatsoever. We 
set the transmission coefficients equal to 1 at all interfaces (remember, however, that we 
assume perfectly diffusive scattering at the surfaces [p = 0]). For the series with varying Co 
layer we can use >.bo and À~0 as fitparameters for different sets of (>.cu,ÀRu)· Increasing Àcu 
or increasing ÀRu will bath lead to an increase in G and /j.Q, The increase in /j.Q arises from 
the fact that the 40 Á Cu layer as well as the 6 Á Ru layer are used as spaeer layers between 
Co layers. The range to choose ÀRu from is very limited, however, because taking ÀRu to be 
as large as, or larger than the thickness of the layer (i Ru = 6 Á ), would lead to a relatively 
large contribution to the MR of the Co/Ru/Co part. 

We have obtained a mean free path as small as ÀRu=2.6 Á, needed for the MR to be con
sistent with the Co/Ru/Co samples (fig. 5.10 a). It follows that the optimum least-squares fit 
is obtained using the parameterset Àcu=500 Á and ÀRu=2.6 Á, which leads to >.bof >.6

0
=96/0. 

So, an extrema} asymmetry aco in the mean free paths is needed to fit /j.G, Increasing >.6o 
to 6, keeping the sum (À l + À 1 )co constant - thus obtaining aco = 14 (Dieny [12]) - would 
keep the fit of Gp intact, but /j.Gsat would decrease by about 25%. We have to put up with 
the fact that, explicitly taking all T 17 =1, we arrive at the extrema} asymmetry in the mean 
free paths. In figures 5.12 and 5.13 we show the fit to the data of the AF coupled system and 
the varying Co layer system with the parameters we have obtained. 

Now, we want to praeeed by keeping the above parameters constant, using >.bo-Cu and 

>.t-cu as fitparameters for the series with a varying thickness of the intermixed Co-Cu 
region. Here we encounter a problem: The valnes of /j.G for the samples with the same 
structure (tc0 =100Á in the varying Co layer series and tco-cu=O in bath varying intermixed 
layer series) do not match. /j.G(tco-cu=O) is 35% higher than /j.G(tc0 =100). The difference 
in Gp is much smaller: Gp(tco-cu=O) is 7% lower than Gp(tc0 =100). 

Where we have already obtained extrema} asymmetry in the mean free paths of Co from 
the varying Co layer series, we now need to simulate a /j.Q which is 35% higher. The only 
way to do this is toabandon the valnes of >.bo and >.bo· From a fit to the average Gp and /j.Q 

of the one interface and two interface cases for tco-cu=O, we obtain >.bof >.b
0
=240/0.45. 

Finally, using these parameters, we obtain aco-cu=88.2/47.8=1.85. Explicitly assuming 
spin-independent scattering in Co-Cu yields Àco-cu=99.6. Bath fits are shown in figure 5.14. 
We can see that the fit assuming spin-independent scattering (5.14 b) is not much worse than 
the optimum fit (5.14 a). 
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Figure 5.12: Measurements on two samples consisting of the Co/Ru/Co system, having the 
structure depicted in (a), are presented in ( c). The dotted Jin es re present a least-squares fit to 
the data. The parameters we have obtained are mentioned in the text and in the caption of 
tigure 5.13. The local conductivity in the parallel and antiparallel contigurations is plotted in 
(b) as a function ofz, the distance from the bottam ofthe structure. The sheetconductance GP 
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plot. The b..G is represented by the area between the solid and the dotted line in (b ), which 
is very small in this case. 
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5.4.3 The effect of spin-dependent interface scattering 

Our second approach was to take nco=14 and a:o/Cu=5 from the start. We have used the 

exact parameters of Dieny: Àb0 / Àb0 =140/10Á and Tl jT!=l.0/0.2 at the Co/Cu interfaces. 
This time we have used the parameters ÀRu, TcofRu and Àcu to fit the average Gp and b..G 
at the tco-Cu =0 starting points of the series with increasing intermixed regions. We don 't 
go through the procedure of fitting the series with varying thickness of the Co layer again, 
because we have seen that the Gp and b.G values don't match the values in the corresponding 
samples in the series with varying intermixed region. This time, we are mainly interested in 
the effect of asymmetries in the transmission coefficients at the various interfaces. 

From a fit to the datapoints at tco-cu=O we have obtained ÀRu=10 Á, TcofRu=O. 75/0.75 
and Àcu=795Á. In figure 5.15 we can see the effect ofintroducing spin-dependent scattering at 
the Co/Cu interfaces: b.G rises with 19% if we rise ai from 1 (5.15 a) to 5 (5.15 b ). Fits were 
obtained keeping the above parameters constant, explicitly taking ).!=).l (spin-independent 
scattering) in Co-Cu. 
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Figure 5.15: (a) Calculation of Gp and b.G where there is no asymmetry in the transmission 
coefficients at the Co/Cu interfaces. (b) Assuming ni=Tl jT!=l.0/0.2 =5. Iftco-Cu > 0 the 
Co/Cu interface(s) disappear(s) and a step in b.G can be seen, because at the newly formed 
interfaces, (Co-Cu)/Cu and (Co-Cu)/Co, all transmission coefficients are equal to one. 

In figure 5.16 we show calculations, assuming the same interface asymmetry as at the 
Co/Cu interface (nï=5) at all possible interfaces (at (Co-Cu)/Cu, at (Co-Cu)/Co and at 
both). 

The best fit we have obtained is shown in 5.16 b. In this case, there is spin-dependent 
interface scattering only at the (Co-Cu)/Co interface(s). Then, not only the spin-dependent 
scattering of bulk nature, but also the interface spin-dependent scattering is affected by the 
Co-Cu layer, because the interface(s) surround the Co-Cu layers with increasing thickness. 
Therefore, we obtain a mean free path in Co-Cu which is relatively large to prevent a too 
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strong decrease of f).G as a function of the Co-Cu thickness. In this case Àco-Cu is even 
slightly higher than Àco (Àc0 =75 Á), which is very improbable. 

The fits in figures 5.16 a and c show the situation where there is an asymmetry at the 
interfaces (Co-Cu)/Cu. Now, the interfaces are within the Co-Cu layers, surrounding only 
the Cu spaeer layer. Therefore, f).G doesn't decrease as fast as in case (b ), and the resulting 
Àco-Cu is smaller. 

If we campare figures 5.16 a and c, we can conclude that introducing an asymmetry at the 
(Co-Cu)/ Co interface results in a negligible difference. 

TcoCu/Cu = 1.0 I 0.2 TCoCu/Cu = 1.0/1.0 TcoCu/Cu = 1.0 I 0.2 

(a) TcoCu/Co = 1.0 I 1.0 (b) Tcocu/Co = 1.0 I 0.2 
(c) TcoCu/Co = 1.0 I 0.2 

Àcocu = 43.5 Àcocu = 78.9 Àcocu = 42.4 

0.40 
.. .. .. 

.. .. .. .. .. 
• .. • • • • .. • 

";"c: 0.35 
. .. • .. 

• • 
cff • 

• 
0.30 

.. .. .. .. .. 
• meas. 1 int. mixed • meas. 1 int. mixed ·. • meas. 1 int. mixed 

• .. meas. 2 int mixed · .. .. meas. 2 int. mixed ·-.• .._ meas. 2 int. mixed 
0.020 .. .. - calc. 1 int mixed .. .. .. .. 

~ - calc. 1 int mixed - calc. 1 int. mixed 
~'c · · calc. 2 int mixed ···•··· calc. 2 int mixed · · · · · · · calc. 2 int. mixed ... .. .. .. 
C) 0.015 .. • . .. .. 
<l -.. _ 

• • .. .. • -.... 
0.010 •. .. -... ·----- .... . • • • --~---- ....... • • • .. • .. 
0.005 

0 10 20 30 40 0 10 20 30 40 0 10 20 30 40 

Co-CU thickness [A] Co-Cu thickness [A] Co-Cu thickness [A] 

Figure 5.16: Fits to the data of both series ofintermixing at one and at two Co/Cu interfaces. 
At the Co/Cu interfaces, TT jTl=l.0/0.2. Plots (a)-(c) are obtained for different transmission 
coefficients at the (Co-Cu)/Cu and (Co-Cu)/Co interfaces, as indicated on top of each plot. 

Parameters kept constant: ..\hofÀb0 =140/10, ÀRu=lO, Àcu=795, TJ:ofRu=TáofRu=0.75 and 

all other transmission coefficients are equal to one (mean free paths in A). 

5.4.4 Conclusions 

Our original plan was to take into account all systems from different series to be able to 
obtain fitparameters progressively, starting with the simplest systems and continuing to the 
more complex ones. We have found that samples that are produced in different series ( deposi
tion runs) can lead to different results. This complicates the fitting procedure tremendously, 
and makes it hardly useful to take different series into account using the same parameters. 

Assuming only bulk spin-dependent scattering, from the behaviour of f).G versus tco we 
have found that Àb0~95 Á. 

To fit the series with increasing thickness of the intermixed Co-Cu layers we have needed 
an extrema} ac0 , with Àc0 =120Á, and obtained a bulk scattering asymmetry aco-Cu=1.85, 
with Àco-cu=68Á. The fit we obtained by explicitly stating aco-cu=l (spin-independent 
scattering) was nearly as good, with Àco-cu=99.6 Á. 

From the fact that weneed an extremal ac0 , it is clear that a certain amount of interfacial 
spin-dependent scattering is needed. 
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Assuming o:c0 =14, and O:ï=S at the Co/Cu interfaces, which are fitparameters obtained 

before by Dieny (Àb0 J..~60 =140Á/10Á and T/:,o;c)Táo;cu=l.0/0.2), we have found that the 

best fit results if O:j=5 also at the (Co-Cu)/Cu interface(s ), with Àco-cu:=:::43 Á and o:co-Cu =1 
(spin-independent scattering). Introducing the same asymmetry at the (Co-Cu)/Co interface 
does not make a significant difference. 

It is interesting to note that, just as in the resistor models, b.G2 is smaller than b.Gb and 
that quite good agreement with the measurement data is obtained when spin-independent 
scattering is assumed in Co-Cu. 



Chapter 6 

Conclusions 

In the introduetion (sec. 1.4), we have stated that our aim was todetermine to what amount 
interface and bulk spin-dependent scattering are present in the Co/Cu spin-valve systems. 
Using the Camley-Barnas model we have tried to obtain quantitative parameters concern
ing bulk and interface spin-dependent scattering. By taking different series of samples into 
account, we tried to reduce the number of free parameters. Due to the complexity of the 
samples and the fact that there was no consistency between magnetoresistance measurements 
on systems sputtered in different deposition runs, we have been forced to regard two simple 
cases. 

Limiting the number of free parameters by taking into account bulk spin-dependent scat
tering only, we have obtained an extremal asymmetry in the mean free paths in Co ('ac0 =oo'). 
In the intermixed region, we have found that aco-cu=1-1.8. The fact that we needed 'ac0 =oo' 
indicates that an asymmetry in interface scattering cannot he excluded: there must he an 
amount of spin-dependent interface scattering present. 

Another way of limi ting the number of free parameters consisted of trying to reprad uce the 
fit parameters published befare by Dieny. This has apperead to he possible. The best fit was 
obtained with aco-cu=1, and <lï=5 at the Co-Cu/Cu interface(s), Àco-Cu being 0.57 X Àco· 

Another issue, mentioned in section 1.4, was the dramatic decrease of the MR from 27 to 
4% if au intermixed Co-Cu layer of only 1.5Á was formed, published by Suzuki et al. [13]. 
This dramatic decrease has not been confirmed by our measurements: we have observed a 
gradual decrease of the MR from 3.6 to 1.4% (RT) if increasing the intermixed Co-Cu region 
from 0-36 Á (we speak of a Co-Cu layer rather than a 'small region'). 

To combine bath observations, we have to assume that our tco-Cu =0 samples have au 
initial roughness that is larger than the 1.5 Á intermixed region mentioned by Suzuki, and 
that Suzuki would have found the same gradual decrease of MR as we did, if he would have 
gone beyond 1.5 Á intennixing. 

To hesure of zero initial roughness, we will perfarm measurements on MBE-grown samples 
in the near future. The intermixed region will he inserted in the form of a wedge, enabling us 
to perform magnetoresistance measurements as a function of the Co-Cu thickness, starting at 
the 'real' tco-Cu =0 point of zero intermixed region. 

This problem of au initial roughness that is present at every interface, leads us to question 
the adequacy of the Camley-Barnas model, in which all interfaces between two layers A and 
B are 'sharp'. In reality, one would expect a concentration gradient in going from layer A to 
layer B. Because our samples are too complicated, already, to obtain straightforward results 
from the model, there is no use in improving the simplified modeling of interface scattering. 

The final issue we mentioned insection 1.4, wasthespin-independent scattering, expected 
at the CojCu interfaces according to Hall et al. [14, 15]. 

Using aresistor model with a shunt, we iudeed found aco-Cu to be close to one. The out-
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come of the resistor model calculations was, however, that the parameters obtained, depended 
strongly on the exact resistor model that was chosen. 

As remarked above, we have been forced to limit our simulations with the Camley-Barnas 
model to two specific cases. In both cases (presented in sections 5.4.2 and 5.4.3) we have 
been able to fit the MR as a function of intermixed Co-Cu thickness reasonably well assuming 
spin-independent scattering in Co-Cu (o:co-Cu=l). 

Summarizing our conclusions from the simulations of the magnetoresistance measure
ments, we have to admit that it has not been possible to derive how much bulk and how 
much interface spin-dependent scattering is present. Having observed that the dependenee of 
the magnetoresistance is the same for intermixing at one or at two interfaces, we presurne that 
the influence of the interface region or intermixed layer of Co-Cu is not a predominant factor 
in the spin-valve effect in Co/Cu. This presumtion is supported by the fact that we have 
obtained reasonably good fits when assuming spin-independent scattering in the intermixed 
layer(s). 

Interpretation with the Camley-Barnas model of the magnetoresistance of the exchange 
biased structures, mentioned in chapter 3, is expected to be more straightforward because the 
structure is much simpler (results will be presented elsewhere [36]). 

Magnetisation measurements have shown that we have succeeded in designing a system 
with three magnetic layers so that one pair of magnetic layers has maximum antiferromagnetic 
coupling, whereas the other layer is decoupled. The coupling strenght JRu has been determined 
to be -1.18 ± 0.07mJm- 2 • 

Measurements of the saturation magnetic moment on samples with intermixed layers of 
different concentrations of Co and Cu have shown that the Co atoms in the intermixed regions 
do not display any lossof magnetic moment. All measurements yield saturation moments that 
are expected from bulk Co, even if the Co concentration in the Co-Cu is only 25 %. 

This observation is in disagreement with the literature on Co-Cu solid solutions, suggesting 
that the structure of our intermixed layers is different, e.g. less random, than the structure of 
the Co-Cu alloys reported on. 
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Appendix A 

Table of parameters found 
literature 

• 
lll 

Experiments with Current In Plane of the film layers (CIP): 

System CIP ML model Temperature Group Reference 
Co/Cu(100) LZF 4K EUT /Philips [11] 
Me tal P[!Lncm] (.XT+.X!)[A] Conv.fact. Qb 

Co ? 2. (16-20) ne2 /hkF = 2.6 ± 0.3 
Cu ? 2 . (210-250) 2 . 1ois[nm2]-l 1 

O!j 

21 ± 3 

System CIP ML model Temperature Group Reference 
Co(20)/Re( t )(001) CB RT Lisboa [37] 
Me tal p[11ncm] (.XT + ,X!)[A] Conv.fact. ~X,. ja Qb O!j 

Co 16 ± 1 76 + 76 2.43. 10 15 1(!) Tj I l= 0.7/0.91 
Re 45± 5 2. 24 2.16 ·10-15 1 
Co(ll )/Cu( t )(001) CB RT Lisboa [37] 
Me tal p[11ncm] (.Xl + .Xl)[A] Conv.fact. ~Ào- ja Qb O!j 

Co 16 ± 1 60 + 10 1.12 .1Q-15 6 Tj I l= 0.85/0.25 
Cu 4.5 ± 0.5 2. 420 3.78. 10-lS 1 

System CIP ML model Temperature Group Reference 
Co/Cu(100) CB RT EUT /Philips [38] 
Me tal P[!Lncm] (.XT+.X!)[A] Conv.fact. Qb Q· J 

Co ? ~ 87+ ~ 15 ~6 Tin~ 10 
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System CIP SV model Temperature Group Reference 

Co/Cu CB 5K EUT /Philips (36] 
Me tal p(pf!cm] (.XT + .X!)[A] Conv.fact. ~;\''fa ab Ctj 

Co ? 257 ± 4% 1.30. 10 "15 9 ? 
Cu ? 2·319±0.4% 

System CIP ML model Temperature Group Reference 
CofCu(111) dilution 295 K IBM (Parkin) [17] 
Me tal p[JLf!cm] (.XI+ ,X!)[A] Conv.fact. E.Xu fa ab a· I 
Cu ? 2. 320 

2. 3904 

5K 
À> 500? 

System CIP SV model Temperature Group Reference 

M/Cu/NiFe bulk SDS&shunt 77K IBM (Dieny) [35] 
Me tal p[pf!cm] t0 [A] to · p ab Ctj 

Ni Fe 16.5 99 1.6. 10-15 

Co 9 96 0.86 ·10-15 

Cu 5.7 (À T = est · to) 
320 

Ni Fe 28.5 72 2.1. 10 ·lb 

Co 16 72 1.2. 10-15 

Cu 6 

System CIP SV model Temperature Group Reference 

MfCu CB 1.5 K IBM (Dieny) [12] 
Me tal p[pf!cm] (.XT + .Xl)[A] Conv.fact. EÀu fa ab Ctj 

Ni Fe 15.4 110+10 1.85. 10-15 11 TT/ 1= 1/1 
Co 10.7 140+10 1.61 .,10-15 14 = 1f0.2 
Fe 10 70+70 1.4·10-15 1 = 1/0.6 
Cu 2. 205 1 

Experiments with Current Perpendicular to film Planes (CPP): 

System CPP ML model Temperature Group Reference 
CofCu(100) Res. 4.2 K PhilipsfEUT [39] 
Me tal p[pf!cm] (,XI+ .Xl)[A] Conv.fact. P =Po+ Pi[T] 
Co/Cu-system ? nat rel. [EF=5.6 eV] [pol/i5 = 12] [Pi(T)ljjö = 9.5] 

System CPP ML model Temperature Group Reference 
Co;NiFefCu(111) Res. 4.2 K Michigan St. Univ. [40, 41, 42] 
Me tal p[JLf!cm] (.Xl +.-\!)[A] Conv.fact. ab Ctj 

Co 6.0 ± 1.01 nat rel. 2.8 ± 0.8 6.1 ± 1.5 
5.8 ± 0.32 

Cu 0.6±0.11 nat rel. 0 
0.78 ± 0.22 

Ni Fe ? nat rel. 3.2c 5.5 
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Own results: 

System CIP SV model Temperature Group Reference 
Co/Cu bulk SDS&shunt 10K TUE (Willekens) [43] 
Me tal p[J1Jlcm] to[A] Conv.fact. Qb Qj 

Co 7.35 ± 0.32 19.6 
Cu ? (À T = est · to) 

RT 
Co 16.0 ± 0.36 11.9 

Valnes for pure metals: 

element p[J1Jlcm] T [K] Reference 
Cu 1.6730 293 [44] 
Ru 7.6 273 
Co 6.24 293 

1. Measured independently. 
2. From fit to the two spin-channel resistormodel. 
4. Single crystal of Cu. 
5. Pol/i=: a 
6. Pil/i[T]=: p; 


