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Abstract. 

We have performed current-in-plane measurements of the resistance and giant magneto
resistance (GMR) of exchange-biased spin-valves with the structure [Ta (30 Á) I FM (x) I Cu (30 
Á) I FM (60 Á) I Fe5oMn50 (80 Á) I Ta (30 Á)]. The ferromagnetic layers (FM) were alloys of 
Ni80Fe20 , Ni75Fe19Co6 , Ni7oFe18Co12 , Ni66Fe16Co18 or Co. The thickness of the free layer was 
varied from x=20 Á to x=500 Á. Measurements were compared to calculations using a semi
classical model for the electrical conductivity. Because grain-boundaries were found to be an 
important souree of electron scattering in our sputtered samples, we incorporate grain-boundary 
scattering in our model. lnformation about grain-boundary scattering, derived from analysing the 
electrical resistance of magnetic thin films, was used in the analysis of the electrical resistance 
of spin-valves. Although our model gives a good description of the measured values of the 
resistance, the details of the spin-dependent scattering phenomena determining the GMR effect, 
are, however, strongly underestimated. Therefore, this model cannot explain the differences in 
GMR ratio when the composition of the ferromagnetic layers is changed. The analysis of the 
experimental data could be improved by (i) incorporating spin-dependent instead of spin
independent grain-boundary scattering or by (ii) including the electtonic band structure in the 
calculation of spin-dependent scattering of electrons. Finally, we have critically reviewed the use 
of simple phenomenological expressions for the magnetoresistance of spin-valves. These 
expressions were found to depend strongly on the spin dependenee of the interfacial scattering 
parameters and are only useful in a limited part of the parameter space. 
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Chapter 1. lntroduction. 

1.1. General introduction. 

In 1857, Thomson [1] discovered that ferromagnetic metals exhibit a change in resistance (2%-
4% at room temperature) when their magnetization direction is rotated from parallel to the current 
direction, to perpendicular to the current direction. This anisotropic magnetoresistance (AMR) 
effect is being used in the current generation of magnetoresistive read heads in magnetic tape and 
rigid disk recording. Recently (1988), much larger changes in resistance (50%-100%) have been 
reported by Baibich et al. [2] and Binasch et al. [3] in magnetic multilayers. These resistance 
changes occur when the magnetization orientation of adjacent magnetic layers changes from 
parallel to antiparalleL As an example, resistance measurements on [Fe/Cr] multilayers are shown 
in fig. 1.1. Because of the large change of resistance, compared to that found in single layers, 
this effect was named the giant magnetoresistance (GMR) effect. 
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[Fe (30 A) /Cr(18A)] 
30 

Figure 1.1. Magnetoresistance curves for [Fe/Cr] multilayers, from ref [2]. 
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Generally, the GMR effect can be found in multilayers with the structure [ ... IFM/NMI 
FM2 / ... ], in which FM 1 and FM2 are ferromagnetic pure metals or alloys and NM is a 
nonmagnetic interlayer. When the magnetization directions of FM1 and FM2 are changed from 
parallel to antiparallel, the GMR effect occurs, because the resistance in the case of parallel 
magnetizations is lower than the resistance in case of antiparallel magnetizations. This difference 
in resistance can be understood when we assume that the electrical current in ferromagnetic 3d 
transition metals is carried by two different channels of electrons (two current model of Mott 
[4]). 

Shown in fig. 1.2 is a schematic representation of the scattering processes in [FM/NM] 
multilayers for parallel and antiparallel magnetization directions. Scattering can occur inside the 
FM layers or at the FM/NM interfaces. 

a) Parallel 

Magnetizations 

FM NM FM NM FM 

Mt Mt Mt 

b) Antiparallel 

Magnetizations 

FM NM FM NM FM 

Mt 

Figure 1.2. Parallel and antiparallel alignments of magnetization directions result in 
different scattering probabilities ( campare a and b) for the two electron channels (1) and (2) 
in magnetic multilayers. 

We define spin-up electrons as electrons that have their spin orientation parallel to the local 
magnetization axis; spin-down electrons are electrons that have their spin orientation antiparallel 
to the local magnetization axis. We will now assume that spin-up and spin-down electrons have 
different scattering rates in magnetic materials, with spin-down electrons usually having much 
higher scattering rates than spin-up electrons. In the case of parallel magnetizations, one channel 
of electrons will be the spin-up channel (channel (1) in fig. 1.2a) throughout the entire structure, 
the other channel will bethespin-down channel (channel (2) in fig. 1.2a). This results in a short 
circuit for the spin-up channel, resulting in a low resistance of the entire structure. In the case 
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of antiparallel magnetizations, both channels will be altematively spin-up and spin-down (fig. 
1.2b ), experiencing subsequently high and low scattering rates. As a result, the total resistance 
of the multilayer is higher for antiparallel magnetizations than for parallel magnetizations. The 
GMR ratio is now defined as 

G -G 
D,P D,AP 

GMR =----
G 

(1.1) 
D,AP 

in which Go,p is the sheet-conductance for parallel magnetizations and Go,AP is the sheet
conductance for antiparallel magnetizations. 

The different scattering rates for spin-up and spin-down electrans in ferromagnetic 
materials can be understood when we look at the schematic band structure of a ferromagnetic 3d 
transition metal (fig. 1.3). 

spin-up 

N(E) -

E 
t 

0 

spin-down 

- N(E) 

Figure 1.3. Schematic band structure of ferromagnetic 3d 
transition metals [5]. 

From this picture we leam that the s and p bands are symmetrically filled, while the filling of 
the d band is different for spin-up and spin-down electrons, resulting in different densities of 
empty states at the Fermi level. 

We will now assume that the current in 3d transition metals is mainly carried by the sp 
electrons, due to the high effective mass of the d electrons. Besides scattering into unoccupied 
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sp-states, the sp electrons can also scatter into unoccupied d-states at the Fermi level. lt is clear 
from fig. 1.3 that this second scattering mechanism is spin-dependent, due to the difference in 
available states at the Fermi level. This is the reason for the different scattering rates for spin-up 
and spin-down electrons, used in fig. 1.2. 

There are several ways to reach the transition between parallel and antiparallel 
magnetization directions that is needed to obtain the GMR effect. One way of doing this is by 
choosing a thickness for NM that results in an antiferromagnetic exchange-coupling between 
adjacent FM layers in a [FM/NM] multilayer. This metbod was used in the [Fe/Cr] multilayers 
mentioned at the beginning of this chapter. One large disadvantage of these exchange-coupled 
multilayers is the large field required (of the order of 1 or 2 T) to overcome the antiferromagnetic 
coupling between the FM layers. Because it is the sensitivity, 

aR 1 
s = an· R ' (1.2) 

that is one of the important issues for application in, e.g., magnetoresistive read heads, we want 
to develop structures that exhibit large GMR effects in small field intervals. 

Although originally the GMR effect was thought to be connected to the antiferromagnetic 
coupling between magnetic layers, it has been recognized that this coupling was not necessary 
to obtain the GMR effect. Uncoupled structures can be expected to exhibit GMR effects at lower 
fields than coupled structures. At least three different types of uncoupled structures have been 
developed. Granular materials [6], consisting of magnetic granules embedded in a nonmagnetic 
matrix, exhibit large (25%) magnetoresistance values, but saturation fields are still too large (of 
the order of 10 kOe) for practical applications. 

Shinjo et al. [7] first proposed that uncoupled [FM1/NM/FM2/NM] multilayers, with 
different coercivities for FM1 and FM2, can also exhibit the GMR effect. A difference between 
coercivity in FM1 and FM2 can be obtained by using different materials [8] and/or thicknesses 
[9] for FM1 and FM2. The growth of FM1 and FM2 on different underlayers results in different 
structural properties (epitaxial Co in one layer versus polycrystalline Co in the other layer), also 
yielding different coercivities [10]. Uncoupled multilayers typically have GMR ratios of about 
10% in fields of the order of 100 Oe. 

A third type of uncoupled structure that shows the GMR effect has been developed by 
Dieny and coworkers [11,12,13]. They use a FM/NM/FM trilayer, together with an 
antiferromagnetic (AF) layer on top. This structure is called an exchange-biased spin-valve and 
is shown in fig. 1.4, together with the magnetic response to extemal fields. In this structure, the 
upper ferromagnetic layer is pinned to the top antiferromagnetic layer through the exchange
biasing effect [14]. This results in a shift of the magnetization loop of the upper FM layer from 
zero-field to the exchange-biasing field Hb. When the thickness of the interlayer is large enough, 
there is basically no coupling between the FM layers and the unbiased (bottom) FM layer is 
considered to be a 'free' layer. When a small positive or negative field (of the order of 10 Oe) 
is applied in the biasing direction, the magnetization of the bottorn layer will be orientated along 
the direction of the field. The upper layer will not change its magnetization until the applied field 
reaches the exchange-biasing field (see fig. 1.4). This results in a transition between parallel and 
antiparallel alignments of the magnetizations at low applied fields, and in high sensitivities. 
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Figure 1.4. Magnetic behaviour of an exchange-biased spin-valve. 

Over the years, various models for the electrical conduction have been developed that can 
be used to describe the GMR effect in magnetic multilayers. In chapter 2, we will present such 
a model, based on the semi-classical Fuchs-Sondheimer theory for thin films. We will also 
discuss some possible refinements of this model. We have prepared series of exchange-biased 
spin-valves, using different magnetic alloys for the ferromagnetic layers. These samples and the 
experimental method are described in chapter 3. Finally, in chapter 4 we will present the 
magnetoresistance measurements on these samples, together with the model calculations and a 
discussion of the model parameters. Conclusions will be presented in chapter 5. 

1.2. Technology assessment. 

Soon after the discovery of the GMR effect, it was recognized that this effect could be very 
promising for application in magnetic read heads for magnetic tapes and rigid disk recording. 
GMR-based read heads have several advantages in comparison with the currently used AMR
based read heads. One advantage, important in portable devices, is the lower power consumption 
due to the higher sensitivity of GMR-based read heads. Another big advantage is that, with 
magnetoresistive heads that are very sensitive to small fields, higher bit densities can be used. 
The linear response to field changes of GMR-based structures is also very useful in the read 
heads for digital and analogue data in DCC-recorders. Besides being used for read heads in 
magnetic information storage systems, there are other important application areas for GMR-based 
materials. Magnetic field sensors, position sensors and magnetoresistive compasses are examples 
of this. Also, memory chips based on the GMR effect (Magnetic Random Access Memory 
devices) are of interest. 

The possible use of exchange-biased spin-valves in GMR-based read heads eneaurages 
us to try and develop an analytica! model to describe the physical properties of these systems in 
terms of model parameters. ModeHing of the electrical conductivity in magnetic multilayers can 
be of assistance in determining the influences of variables such as layer thicknesses, alloy 
composition and multilayer structure, bringing order into the large amount of available 
experimental data. When it is possible to develop a model, based on the physical reality, that can 
quantitatively describe the measurements, such a model can be used to optimize GMR-based read 
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heads. ModeHing can also yield information about the relative importance of the bulk and 
interfacial scattering in magnetic multilayers. 

6 



Chapter 2. Spin-valve modelling. 

2.1. lntroduction. 

Although the GMR effect in magnetic multilayers has been the subject of a multitude of 
experimental studies, insight in the nature of the electron scattering processes involved is still 
lacking. ModeHing can yield information on the origin of the GMR effect, being interfacial 
and/or bulk scattering. With this information, modeHing can be used as a tool to optimize the 
current GMR-based structures and predict the magnetoresistive behaviour of new structures. 
Although modeHing of the electrical conductivity can be based on a semi-classical transport 
theory as well as on more rigorous quantum-mechanical theories, we will base our work on the 
semi-classical approach because of its simplicity of use and the clear picture this model presents 
to experimentalists. 

The earliest calculations on GMR-systems were basedon a semi-classical transport model, 
offering a good qualitative understanding of the electrical conductivity of multilayer systems 
under variation of layer thicknesses and other system-specific properties. The semi-classical limit 
of a quantum-mechanical transport model is also often used in calculating the electrical 
conductivity of multilayers. The semi-classical calculations, as wellas most quantum-mechanical 
calculations, arebasedon a model of free electrons with random potential scattering (FERPS). 
In this model, the scatterers are considered to be randornly distributed points in space, at which 
electrons scatter isotropically. For the interested reader, an excellent review on electron transport 
modeHing can be found in ref. [15]. In this report we will concentrate on the semi-classical 
transport theory. This theory allows a simple interpretation of physical properties in terms of 
model parameters. lt is our goal to develop a semi-classical model that quantitatively describes 
the electrical conductivity of magnetic multilayers. 

Because our workis basedon the semi-classical transport model, the development of this 
model will be presented in §2.2. Some refinements that can be introduced in the basic model will 
be discussed in §2.3. In §2.4 we discuss somebasic differences between the semi-classical model 
and quantum-mechanically based models. In §2.5 we will present some calculations on an 
exchange-biased spin-valve, mustrating the use of semi-classical modelling. We also discuss 
results of the calculations on exchange-biased spin-valves by Dieny and Vedyayev. 

2.2. The semi-classical transport model. 

A semi-classical theory for calculating the resistivity of a single thin film has been presented by 
Fuchs and Sondheimer [16,17]. Their work has beenthestarting point for many of the multilayer 
roodels that have been developed over the years. 

When electrans move through a perfect lattice, their mean free path will be deterrnined 
by the thermal vibrations of the lattice and will therefore increase with decreasing temperature. 
This decrease of resistivity will in practice be limited by the residual resistivity caused by 
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imperfections in the lattice (impurities, dislocations, grain boundaries, etc.). In thin films, 
additional scattering of conduction electrans at the film boundaries results in an increase in 
resistivity [18,19]. 

Fuchs and Sondheimer describe the electrical conductivity in a metal in terms of the 
Boltzmann Transport Equation (BTE), given by 

at- - at 
-+v ·V f+a ·V f = (-) at T V at coU. 

(2.1) 

This equation describes the transport of electrans with velocity v , acceleration ä and velocity 
distribution function f In the free electron model .f=/0 , the Fermi-Dirac distribution function. 

When an electric field is applied, the conduction electrons will be accelerated in the 
direction of the field. After an average time 't' c , they will experience some kind of scattering 
process (collision term in eq. (2.1)). The balance of acceleration and scattering will result in a 
new equilibrium, characterized by the distribution function f In the relaxation-time approxima
tion, the callision term can be written as 

(f-f) 
0 g 

(2.2) = = 

c c 

in which g is the deviation from the Fermi-Dirac distribution function. This approximation is 
valid when the electron collisions are random, uncorrelated events (FERPS). We will now 
consider the case of a thin film with the film plane perpendicular to the z-axis. The electric field 
(and thus the direction of the current) is taken along the x-axis. This is called the 'current-in
plane' (CIP) geometry. In this situation the BTE, together with eq. (2.2), reduces to 

ag g 
-+-- = -- (2.3) 
az 't' V mv av 

c z z ;;c 

In this expression m is the electron mass, e the electron charge, Ë the electric field and v x and 
vz are the projections of velocity vector v along the x and z-axis, respectively. The general 
solution of eq. (2.3) is given by 

eE't' ato -z 
g(v,z)=-- [1 +P(v) exp(-)] 

m av 't'V 
(2.4) 

;;c z 

It will prove useful to divide this equation into two separate functions, one for electrans with a 
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positive z-component of the velocity (g ... ) and one for electrons with a negative z-component of 
the velocity (g_), given by 

8 ... (v,z) 
eE-r: a~a . -z 

(v >0) , = -- [l+P (v) exp(--)] 
m av ... -r:lvl z 

x z (2.5) 
eE-r: a~a +z 

g (v,z) = -- [l+P (v) exp(--)] (v <0) . 
m av -r:lvl z 

x z 

The parameters P ... (v) and P_(v) are determined by the boundary conditions for g, shown in tigure 
2.1. 

z=t 

E =(Ex ,0,0) g (v, t) = pg(v, t) 
- '1-

z=O 
g (v, 0) = pg (v, 0) 

+ -

p=O p=l 

r 7\ 
Figure 2.1. Thin film CJP geometry. Surface scattering is represented 
by the specularity parameter p. 

In this picture it can be seen that at the boundaries of the film, a parameter p is introduced that 
accounts for the amount of specular scattering at these boundaries. When p=O, all electrons that 
reach the surface will scatter completely diffusive. The case of p= 1 represents complete specular 
reflection of the electrons, which is equivalent to the case of a bulk material. 

The current density J(z) = -en<vx> is w!itten as 
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J(z) = 
J -env jtv,Z)d

3
v 

Jj{v,Z)d
3
v 

= 
J -enV xg( V ,Z)d 

3 
V 

4 3 
-1tV 
3 F 

(2.6) 

in which h is Planck's constant, nis the electron density and vF is the Fermi velocity. Integration 
over velocity space can be done in spherical cciordinates, 

(2.7) 

in which e is the angle relative to the surface normal and <I> the angle in plane of the film with 
respect to the x-axis. For a degenerate electron gas, the integration over velocity space is carried 
out by means of the formula 

.. at 
-~ ljl(v)~dv = ljl(v ) , 

av F 

(2.8) 

in which ljr(v) is an arbitrary function of v. This result greatly simplifies the calculation of J(z). 
A veraging the current density over the film thickness t and dividing by the electric field E yields 
the total electrical conductivity, 

1 t 1 t 3 

a = - Jdz J(z) = -- Jdz[2e(!!!_) Jd
3
v v g(v,Z)] . 

Et Et o h3 x 

(2.9) 

Using the boundary condition p=O, eq. (2.5) is rewritten as 

g+ (v,Z) 
eE-r: a1a z 

(v >0) , = --[1-exp( --)] 
m av 'tV z 

x z (2.10) 
eE-r: a1a d-z 

g_ (v,Z) = --[1-exp(-)] (v <0) , 
m av 'tV z 

x z 

while the boundary condition p=l results in 
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g (v) = g (v) 
+ -

eEr: a~a 
= ----

m av (2.11) 
x 

The influence of scattering at the film boundaries can be illustrated by calculating the current 
den si ties, using the g-functions of eq. (2.1 0) or eq. (2.11 ). The normalized current densities as 
a function of the z-coordinate for thin films, using p=O (diffusive scattering) and p=l (specular 
scattering), are shown in fig. 2.2. J(z)=2 represents the total current density for bulk materials. 

p=O 

J- (z) J(z) = 1 

t J(z) (a.u.) 

J(z) = 0 
z=O z- z=t 

J(z) = 2 

t J(z) (a.u.) 

J(z) = 0 
z=O z- z = t 

z=O 

p=1 

- - - - - - - - - - - - J(z) = 1 

J+(z)= J_ (z) 

t J(z) (a.u.) 

J(z) = 0 

z- z=t 

- - - - - - - - - - - - J(z) = 2 

J+(z)+ J_ (z) 

t J(z) (a.u.) 

J(z) = 0 
z=O z- z = t 

Figure 2.2. Normalized current densities as a function of the z-coordinate for thin films, for 
fully diffuse (left) and fully specular (right) scattering at the film boundaries. 

For p=O, we observe that the current density for electrens with positive z-component of the 
velocity starts at zero at z=O. It saturates over a distance of the order of the electron mean free 
path À=vFr: (see also eq. (2.10)), almost reaching the bulk value at the other boundary z=t. 
Electroos with negative z-component of the velocity are treated analogue. As a result, the total 
current density is lower at the film boundaries than inside the film. 

For the case of p=l, electroos have bulk-like current densities everywhere and by 
combining eqs. (2.9) and (2.11) we derive the conductivity 
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CJ = -- (2.12) 

in which À is the electron mean free path and n the electron density. Indeed, this is the 
Sommerfield formula, a formula for the conductivity of a free electron gas in bulk materials. 

Carcia and Suna [20] have expanded this thin film model to calculate the resistivity of 
multilayers. They introduce an extra parameter that gives the probability of transmission for 
electronsin moving from one layer into an adjacent layer. Now the g-functions of eq. (2.5) must 
be determined separately for each layer, taking into account the boundary conditions that apply 
to the interfaces and film boundaries. 

The next step in modelling of multilayers was taken by Camley and Barnás [21], who 
considered magnetic multilayer systems. Because Baibich et al. already suggested that the GMR 
effect in [Fe/Cr] multilayers may originate from spin-dependent scattering at interfaces, Carnley 
and Barnás proposed a trilayer model for two ferromagnetic layers separated by a nonmagnetic 
interlayer, introducing spin-dependent coefficients for specular reflection (R), transmission (T) 
and diffuse scattering (D) at the Fe/Cr interfaces. Their trilayer system is shown in fig. 2.3. 

rJ<+) rJ<+) 
R+(t) R+(t) 

T+(t) F(NF) T+(t) p T p 
I 
I 

1 2 : 3 4 

Fe Cr Fe 
I 

A A A A 
Fe Cr Cr Fe 

z = -b z =-a z = 0 z =a z=b 

Figure 2.3. The original Camley-Bamás model of a trilayer system. 

As previously mentioned, we can divide the current in the structure into 2 independent 
currents carried by spin-up electrons and spin-down electrons. This separation of the current into 
two separate conduction channels (two current model [4]) is only possible at low temperatures 
where spin-flip scattering can be neglected. This results in a further division of g into 
contributions from spin-up (g i) and spin-down <i) electrons, 
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g t(l)(V,Z) 
n± 

eE-r a~o t{l) =i=Z 
= -- [1 +P (v) exp( )] 

m av n± À 
x -lvl 

V z 
F 

The coefficients P :~ 1>(v) are determined by the boundary conditions of layer n. 

(2.13) 

When assuming similar metals FM and NM (same Fermi velocity, same effective electron 
mass, sameelectron mean free path, etc.), it is natural to assume only transmission and diffusive 
scattering at the FM/NM interfaces, R't<J..l=O. lt is then also appropriate to neglect an angular 
dependenee of scattering at these interfaces. At the outer boundaries, Camley and Barnás assume 
only diffusive scattering. An infinite superlattice can be represented by assuming perfectly 
reflective scattering at z=b and at z=-b. 

To account for the influence on the resistance of the relative orientations of the 
magnetizations in the FM layers, a virtual interface that represents the possible change in spin
quantization axis has been introduced at z=O. This results in an extra set of parameters, TF and 
'f"F. The parameter yNF gives the probability for spin-up (spin-down) electrons in the first FM 
layer to continue, after crossing the interlayer, as spin-up (spin-down) electronsin the second FM 
layer. The parameter Y gives the probability for spin-up (spin-down) electrons in the first FM 
layer to continue as spin-down (spin-up) electrons in the second FM layer. These parameters are 
given by 

NF 2 T = cos (a./2) , 

TF = sin2(a./2) , 
(2.14) 

where a. is the angle between the magnetization directions in the two magnetic layers. 
Matching the g-functions at the interfaces and outer boundaries gives the following set 

of equations, 

(2.15a) 

gl
t-{l)(v,-a) Tt{l) t{l)( ) = g

2
_ v,-a , 

(2.15b) 
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g:~~>(v,O) = TNFg3t~l>(v,O)+TFg3l~t)(v,O) ' 

g t(J)(v,O) = TNFg t(l}(v,O)+TFg l(t)(v,O) ' 
3+ 2+ 2+ 

T l(!) !(!)( ) g v,+a , 
4-

g 1<1>(v +a) = T t(J) g 1<1>(v, +a) , 
4+ ' 3+ 

g t(l}(v, +b) = 0 . 
4-

(2.15c) 

(2.15d) 

(2.15e) 

From these boundary conditions we derive the coefficients P :~0(v) in eq. (2.13). Integrating 
the appropriate g-functions in each layer over velocity space and z-coordinate and summing the 
results yields the total sheet-conductance of the structure, G0 . This result depends on the angle 
between the magnetization directions in the FM layers. Using eq. (1.1), the GMR ratio for 
magnetic multilayers can be calculated. 

With this model, Camley and Bamás succeeded in presenting a qualitatively description 
of the GMR effect in [Fe/Cr] trilayers and superlattices, as a function of the layer thickness and 
of the choice of the spin-dependent transmission parameters rî<J.>. 

2.3. Reflnements of the Camley-Barnás model. 

Since the first attempts of modelling the GMR effect of multilayered systems with the semi
classical Camley-Bamás model, the use of this model in descrihing the electrical conduction of 
magnetic multilayers has been under investigation. In this section some refinements of the 
Camley-Barnás model are presented, basedon physical considerations. 

Bamás et al. [ 10] argued that, in actdition to the spin-dependent scattering at the FMJNM 
interfaces, there could also be a contribution to the GMR effect from spin-dependent scattering 
within the FM layers. This means that in formula (2.13), À must be re~laced by À i<!>. They 
applied the model to [Fe/Cr] multilayers, now using 4 parameters, T, r, p and the spin 
dependenee of the bulk scattering «=À !/À r. By comparing the calculations with actual 
measurements, they concluded that in [Fe/Cr] multilayers the GMR effect resulted mainly from 
spin-dependent scattering at the interfaces. 
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Because of the apparent importance of interfaces, Johnson and Camley [22] have proposed 
a different treatment of interfacial scattering in the Camley-Barnás model. Insteadof using spin
dependent transmission probabilities (Tî,r) for electrons passing through interfaces, they model 
the interfaces as thin (intermixed) layers with mean free paths À M î<.!.>. This is illustrated in fig. 
2.4. 
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Figure 2.4. Johnson and Camley's model, intermixed layers are introducedat the FMINM 
interfaces. 

The treatment of interfaces as thin layers is considered to be more realistic than treating them as 
sharply defined interfaces. The transmission parameters yi<.!.> are now taken to be unity. Again, 
no specular reflection at interfaces between layers has been taken into account. With this model, 
measurements on [Fe/Cr] systems have been analysed, where additional impurities (with a ~1 
as well as a M> 1) have been introduced at the interfaces. Again, qualitative agreement of the 
model with measurements is very good. 

Camblong and Levy [23,24] have proposed that, in the limit of infinitely thin interface 
layers, the interfaces may be expressed in a transmission coefficient given by 

At<l> 
yl(!)(8) = exp(- e ) ' (2.16) 

cos( ) 

in which 8 is the angle between electron velocity vector and surface normal and Ai<.!.>:.a/À.Mî<.!.> 
is a measure for the angular dependenee of the ~nterfacial scattering, where a is the thickness of 
the interfaciallayer and À.Mî<.!.> is the mean free pathof spin-up and spin-downelectronsin this 
layer. We see that interfacial disorder results in angular-dependent transmission coefficients. The 
influence of interfacial scattering on the GMR effect in multilayers has been experimentally 
researched by introducing extra impurities at the FMINM interfaces. Baumgart et al. [25,26] 
observed a large dependenee of the GMR effect on the interfacial properties of multilayer 
systems. Parkin [27] has done similar work by inserting thin Co layers at the Ni8ofe20 /Cu 
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interfaces in exchange-biased spin-valves. Fullerton et al. [28] have studied the effects of 
interface roughness on the GMR effect. 

One critica! remark that has been placed at the Camley-Barnás model concerns their 
assumption that the reflection coefficients at interfaces may be neglected. Until now we have 
assumed that the current is mainly carried by s and p electrons. But, it is known that itinerant d 
electrons may contribute to the electrical transport in ferromagnetic metals. These electrons 
experience different potentials in the various layers. Rood and Falicov [29,30] have developed 
a semi-classical model that introduces different potentials for spin-up and spin-down electrons 
in each layer. Fig. 2.5 shows the potentials encountered by the two electron channels introduced 
in fig. 1.2. 

Channel (1) Channel (2) 

Mf Mf Mf Mf 
~=0 ~=0 

Parallel 
contiguration V I I Vm m 

VM 
VNM 

VM 
VNM 

Mf M~ Mf M~ 
EF=O EF=O 

Antiparallel 
contiguration I Vm V I m 

VM 
VNM VNM VM 

Figure 2.5. Schematic representation of the scattering potentials encountered by electrans 
travelling through a FMINMIFM trilayer. 

Spin-up (spin-down) electrons in the ferromagnetic layers encounter a potential V M (V "J. Both 
species of electrons encounter a potential V NM in the spaeer layer. The total energy of an electron 
is given by E=EK+V, in which V=VM' vm or VNM and ErYvnv2

, the kinetic energy. With a 
constant total energy (Fermi-energy), the kinetic energy (and electron velocity) will depend on 
the electronic band structure. In this transport model, the parameters T and R ( and of course D= 1-
R-T) become angular-dependent. By matching the quantum-mechanical free-electron-like wave 
functions at the interfaces, these coefficients can been obtained. While this model gives a more 
realistic description of the multilayer structure than the Camley-Barnás model, the large number 
of unknown parameters (initially 20) makes it difficult to quantitatively analyse the measured 
data. Stearns [31,32,33] pointed out that in iron-based alloys the differences in potential can be 
of importance in the analysis of magnetoresistive data; in nickel-based alloys the difference in 
Fermi-velocities are assumed to be much smaller. 

Now, we again examine the outer boundaries of the structure, the vacuurnlmetal interfaces. 
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Information about the scattering processes at these boundaries is of importance because they 
greatly influence the conductivity of thin films (see also fig. 2.2). Various models for surface 
scattering have been developed over the years. In the model of Parrot [34], the constant 
speculacity parameter of the Fuchs-Sondheimer theory has been replaced by an angular-dependent 
parameter that has been assumed to be unity (specular reflection) for incident angles larger than 
a critica! angle 80 , and zero (diffuse scattering) for incident angles smaller than 8 0 . Other models 
[35,36,37] propose a more physical surface roughness model, resulting in a speculacity parameter 
that prediets specular reileetion under grazing incidence and a combination of specular reflection 
and diffusive scattering for electrons with a velocity vector close to the surface normal. In chapter 
4, we will investigate the limiting cases of p= 1 and p=O in the analysis of thin films and 
exchange-biased spin-valves. 

lt has been long known that in ferromagnetic 3d-metals the anisotropic magnetoresistance 
(AMR) effect can play an important role. Because of spin-orbit interactions, the resistance of a 
3d transition metal depends on the orientation of the magnetization with respect to the direction 
of the electrical current, resulting in a high resistance for parallel orientations and low resistance 
for perpendicular orientations [38]. We can treat the AMR effect by assuming that the electron 
mean free path not only depends on its spin, but also on the angle between the magnetization 
direction and the direction of electron velocity vector [39]. Electrons that travel parallel to the 
magnetization direction experience higher scattering rates than electrons travelling perpendicular 
to this direction, see also fig. 2.6. 

L....f-----+----

Figure 2.6. Anisotropic electron mean free path in 3d
transition metals. 

This scattering anisotropy can be included in the semi-classical theory by means of an anisotropic 
electron mean free path in eq. (2.13), given by 

(2.17) 
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in which p is the angle between the electron velocity vector and the magnetization direction and 
À}<J.> =À}<J.>, the intrinsic mean free path of electroos travelling perpendicular to the magnetiza
tion direction. The coefficients a î<J.> are a measure for the anisotropy of the scattering. 

Mayadas and Shatzkes [40,41] have recognized that grain-boundaries can be an important 
additional souree of electron scattering in thin films. In chapter 4 we will study the influence of 
grain-boundary scattering in our magnetic thin films and incorporate this information into the 
semi-classica! modelling of exchange-biased spin-valves. 

2.4. Quantum-mechanical transport modelling. 

Recently, several comparisons of quantum-mechanically based transport models (most of them 
based on the Kubo formalism) with classica! models have been performed by various authors. 
They all find that for homogeneous systems, the semi-classica! limit of the quantum-mechanical 
approach (averaging over quanturn expressions) results in the semi-classica! transport model. For 
multilayer systems, small differences can occur between the various models. 

Although the semi-classica! approach bas been used in many theoretica! investigations of 
the GMR effect, questions have been raised at tl;le general inability to quantitatively predict both 
the measured sheet-conductance and the magnetoresistance of magnetic multilayers. This was, 
by some authors, attributed to the difference in treatment between the interfacial scattering and 
the bulk scattering in the semi-classica! approach. As discussed in §2.3, Johnson and Camley 
have proposed a modification of the semi-classica! theory by treating the interfaces as thin layers. 
Although scattering by interfacial disorder could be realistically modelled by assuming thin 
interface layers, it must be remarked that the high density of scatterers near interfaces can lead 
to problems when the electron mean free path becomes comparable to the Fermi wavelength. In 
this situation, quanturn interference effects result in a reduction of the total conductivity by back
scattering of electrons. These weak localization effects [42,43] cannot be included in semi
classica! calculations of the conductivity. It must be remarked that in most quantum-mechanical 
approaches they are also ignored. 

Scattering at the outer surfaces of thin films can also be modelled by thin surface layers 
or equivalently with angular-dependent specular scattering parameters. Tesanovié et al. [44] 
discuss a problem that arises in the semi-classica! modelling of surface scattering in thin films. 
They concluded that, in the absence of impurity scattering inside the film (À-7oo), the 
conductivity will become infinite due to the infinite mean free path of electroos that move 
parallel to the film surface. This nonphysical situation does not occur in quantum-mechanical 
modelling, because of the quanturn size effect. When we consider an electron confined to a film 
of thickness t, quantum-mechanical considerations result in a quantization of the z-component of 
the electron wave vector (kz ), given by · 

n1t 
k --

% t 
(2.18) 

with n integer. When the film thickness is very large, kz can be treated as a continuous variable. 
The minimum value of kz translates into a maximum value for the angle between electron 
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velocity vector and film normal, 

1t 
k (min) = 

.t t 
.1t 

k cos(a ) = -
F max t 

-1 h 
a =cos( ). 

max 2tmv 
F 

(2.19) 

Now the integration over a is carried out for a = [O .. amax , (1t-amax) .. 1t]. We have performed 
semi-classica! model calculations for the conductivity of thin films, with the proposed angular 
cut-off included. Results are shown in fig. 2.7. Also shown are the results from full quantum
mechanical calculations from ref. [ 45]. 
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Figure 2.7. Conductivity, calculated with a quantum-mechanical (solid line) model 
[ 45] and with a semi-classica[ ( dashed lines) model. An angular cut-of! of kz 
(min)= n/2t produces the best results for semi-classica[ calculations. 

Although the use of kz(min)=1tlt provides the correct cut-off for the conductivity at kFtl1t=l, it 
is clear that this angular cut-offin the integration does not yield the correct conductivity at larger 
values of k~/1t. The implementation of an angular cut-off using kz(min)=1t/(2t) gives much better 
agreement with the quantum-mechanical calculations for all values of kFt that are of interest to 
us (t>20 À, kF tl1t>10). In chapter 4 we will use this angular cut-offin the analysis of the 
electrical conductivity of thin films and spin-valves. 
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As previously mentioned, the semi-classieal modeland most of the quantum-mechanieally 
based models have assumed no potential differences between the different layers. Inoue et al. 
[46,47] have developed a tight-binding d-band model, using computer models to calculate the 
electrooie band structure. With this model, they can calculate the spin-dependent relaxation times 
and explain the GMR effect in metallic superlattiees. Difficulties in calculating the electrooie 
structure result in predictions that are not always in agreement with measurements. Therefore, 
in most quantum-mechanical theories spin-dependent relaxation times are not calculated from the 
electrooie band structure, but are considered free parameters that must be determined from the 
physical properties of the system. 

Schep et al. [48,49] have performed frrst principle band structure calculations for magnetie 
multilayers. These calculations include quanturn interference and quanturn size effects. Although 
they derive large GMR ratios for current-perpendicular-to-plane (CPP) magnetoresistance, for CIP 
geometries they derive only small contributions to the magnetoresistance from the electrooie band 
structure. They conclude that for the CIP geometry impurity scattering yields a much more 
important contribution to the GMR effect than the electrooie band structure. In our studies we 
will ignore the electrooie band structure. 

Due to the complexity of quantum-mechanieal transport modelling, it may be useful to 
develop a semi-classieal theory that includes some quantum-mechanical aspects, while at the 
same time keeping the clear picture that is presented by semi-classieal modelling. 

2.5. Exchange-biased spin-valves. 

As discussed in chapter 1, a good candidate for magnetoresistive read heads is the exchange
biased spin-valve system. This system can be described by a model, based on the approach of 
Camley and Barnás. The spin-valve consists of four layers, FM/NMIFM/AF, and we need to 
specify the various parameters for the bulk and interfacial scattering. Fig. 2.8 shows the model 
that is used in the analysis of spin-valves. In this model, specular reflection at the FM/NM 
interfaces has been neglected. The transmission coefficient between the second (biased) FM layer 
and the AF layer is taken to be unity. The scattering at the outer boundaries is assumed to be 
completely diffusive. The spin dependenee of the bulk scattering is included by means of spin
dependent mean free paths in the FM layers, while spin-dependent interfacial scattering is 
modelled by spin-dependent transmission coefficients at the FM/NM interfaces. The virtual 
interface that accounts for the possible change in spin quantization axis is placed at the 
FMINM interface. 
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Figure 2.8. Model system representing an exchange-biased spin-valve. 

Now we calculate the g functions of eq. (2.13) with appropriate boundary conditions from 
fig. 2.8, and then calculate the electrical current densities for parallel and antiparallel orientation 
of the magnetizations inside the FM layers, using the following set of parameters: 

a=60 Ä, b=30 Ä, c=60 Ä, d=60 Ä, 
Àt =120 Ä, À! =6 Ä À =200 Ä, Àt =120 Ä, À! =6 Ä À =20 Ä, 

FM FM ' NM FM FM ' AF 
I I 2 2 

Tt = 1 
' T

1
= 0 

Fig. 2.9 shows the results of the calculated current densities and GMR ratio as a function of the 
z-coordinate. This figure illustrates the matching of electron distribution functions at interfaces, 
showing that the current density in one layer depends strongly on the current densities in adjacent 
layers. lt can be observed that inside the NM layer there is no contribution to the GMR effect. 
Also, it is interesting to note that, despite the inherent spin-independent scattering in the AF 
layer, there is a (small) contribution to the GMR effect in this region. This is due to the fact that 
we have taken the transmission coefficient to b~ unity between the second FM layer and the AF 
layer. Because the current density inside the AF layer depends on the current density inside the 
adjacent FM layer, this results in a somewhat larger 'active' part of the spin-valve. Taking a 
transmission coefficient T=O will remove this extra contribution. 
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Figure 2.9. Calculated current density distributions and contributions to the GMR effect as 
a function of the z-coordinate in an exchange-biased spin-valve. Fig. 2.9 (a) and (b) show the 
contributions of spin-up and spin-down electrans to the current density for parallel (a) and 
antiparallel (b) magnetizations. Contributions from electrans with positive (sofid fines) and 
negative (dashed fines) z-component of the velocity vector are shown. Fig. 2.9 (c) shows the 
total current densities for parallel ( sofid fine) and antiparallel ( dashed fine) magnetizations, 
obtained from summing the contributions of a) and b). Finally, fig. 2.9 (d) shows the 
contribution to the GMR effect, obtained from the difference in total current density, divided 
by the total antiparallel current density. 
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Dieny et al. [50] have used a semi-classical model to analyse resistance and magneto
resistance measurements at 1.5 K on spin-valves of the structure [Si I Ni8ofe20 (x) I Cu (22 Á) 
I Ni8ofe20 (50 Á) I Fe5oMn50 (80 Á) I Cu (15 Á)] with variabie thickness x of the free layer. They 
assume only a spin dependenee of scattering in the Ni8ofe20 layers. Although they use different 
values for the Fermi-velocities in the layers, no spin-dependent interfacial transmission and 
reflection parameters have been implemented in their model. Scattering at the outer boundaries 
was assumed to be diffusive. Initially their analysis resulted in too small GMR ratios, when they 
adjust the electron mean free paths to fit the sheet-conductance data. By introducing additional 
scattering at grain-boundaries, they obtain an anisotropy in the electron mean free path, 

(2.20) 

where e is the angle between electron velocity vector and the fllm-normal. À //' the electron mean 
free path parallel to the film plane, is related to the intrinsic mean free path À .i by 

1 1 
=- +--

À À ' 
.L grain 

(2.21) 

where Àgrain is a measure for the scattering at grain-boundaries. This modification favours electron 
transport perpendicular to the film plane, increasing the calculated GMR ratios. Using eqs. (2.20) 
and (2.21) for spin-up electrons (no grain-boundary scattering is introduced for spin-down 
electrons because of their small mean free paths), Dieny succeeded in quantitatively fitting both 
sheet-conductance and magnetoresistance data, using a spin dependenee of the bulk scattering 
a=À i/À .1=150/6=25 and a constant value of Àgrain=400 Á. 

Vedyayev et al. [51] use a modelbasedon the semi-classicallimit of the Kubo-formalism 
to analyse magnetoresistance measurements on Dieny's exchange-biased spin-valves. Again, only 
a spin dependenee of the bulk scattering is included in their model. A difference with Dieny's 
semi-classical approach, is the modeHing of surface scattering at the Si/Ni8ofe20 interface. This 
is done by including a surface potential that results in a certain degree of reflective scattering at 
this interface of electrons under grazing incidence. Also, Vedyayev introduces an angular cut-off 
for electron velocity vectors, 

.[C 
8 C = arcsm(~ kFÀ) , (2.22) 

with 8 the angle between film-plane and electron velocity vector. This cut-off also favours 
electrons travelling perpendicular to the film plane, having the same effect as anisotropic grain
boundary scattering in Dieny's model. Vedyayev obtains good quantitative agreement with 
experiments, although the spin dependenee of the bulk scattering a=lO was much lower than that 
obtained from Dieny's semi-classical calculations. 
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Chapter 3. Experimental method. 

In our study we have used exchange-biased spin-valves similar to those depicted in fig. 2.8. We 
use the same magnetic materials for layers FM1 and FM2 , alloys of Ni, Fe and Co. The ratio of 
nickel to iron was always taken as a constant, Ni4xFex, while the Co-concentration was varied, 
resulting in the alloys Ni8ofe20 (permalloy), Ni75Fe 19Co6 , Ni7ofe 18C012 , Ni6j'e16Co 18 (Jimbo) and 
pure Co. 

The biasing layer was chosen to be 80 A Fe5oMn50 , the most commonly used material for 
exchange-biasing. We used a buffer layer of 30 A Ta in our exchange-biased spin-valves. The 
effect of buffer layer material on the structural properties of spin-valves has been studied 
extensively. lt is known that a Ta buffer layer induces a (111) texture in the structure grown on 
top of it [52,53]. Strong (111) texture leads to high magnetoresistance ratios and low coercive 
fields in these structures. A capping layer of another 30 A Ta was used to proteet the highly 
corrosive Fe5oMn50 layer. The thickness of the Cu interlayer was 30 A, to ensure that the two 
magnetic layers are basically uncoupled. The thickness of the upper (pinned) FM layer was 
chosen to be 60 A, the thickness of the lower. (free) FM layer was varied from tfree=20 A to 
tfree=500 A. Actual layer thicknesses may deviate from the nomina! layer thicknesses due to 
variations in the deposition rates. The resulting total structure is shown in fig. 3.1. 
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Ni 4x Fe x Col-5x (60 A) 
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0 

Ta (30 A) 

Si (100) 

Figure 3.1. Exchange-biased spin-valve structure. 

NiFeCo-based thin films have also been prepared, with variabie film thickness t.film• see fig. 3.2. 
All magnetic thin films and spin-valves were deposited on single crystal Si(lOO) substrates of 
4x12x0.5 mm. Prior to insertion in the deposition chamber, the substrates were precleaned by a 
2% HF dip. 
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Figure 3.2. Magnetic thin film structure. 

The method of deposition of the thin films and spin-valves was UHV (background 
pressure w-8-10-9 Torr) de-magnetron sputtering with argon as a sputtering gas (sputtering 
pressure 5 mTorr). Typical deposition rates were about 2 Á/s. The substrates were rotated during 
deposition to ensure homogeneaus growth conditions. 

The deposition speeds of the various sputtering sourees available in our UHV system were 
checked by depositing magnetic thin films (with a nomina! thickness of 500 Á) together with the 
spin-valves. The actual deposition rates were then determined for each souree by determining the 
actual thickness of the 500 A thin film by means of low-angle X-ray diffraction (XRD); layer 
thicknesses were calibrated by this method. 

Thick polycrystalline bulk samples of Ni8of'e20 , Ni6~e16Co 18 and Co (with a thickness of 
1.1 mm, 0.98 mm and 0.28 mm, respectively) were also prepared and annealed at 300 ·c for two 
hours. These samples were used to obtain information about the intrinsic electron mean free paths 
(À/+À/) of these materials. . 

Electrical measurements were performed in a 4-terminal setup. Due to the fact that no 
current is carried by the voltage circuit, no contact resistance is measured. Current and voltage 
contacts were in line, the distance between current and voltage contacts ensures a homogeneaus 
in-plane current distribution between the voltage contacts. The dectrical contacts were pressure 
contacts in some of the measurements, bonded aluminium wires in others. Fig 3.3 shows the 
setup, along with typical dimensions. Electrical measurements were performed at room 
temperature and in a cryostat at 5 K. After measuring the resistance R of the structure, the sheet
conductance G0 can be calculated by 

d 
G = 

0 Rw' 
(3.1) 

in which dis the distance between voltage contacts and wis the width of the film. We use sheet
conductances because their value is independent of the contact geometry. Resistance measure
ments on the magnetic thin films were performed in sufficiently large fields to saturate the 
magnetization in the film, with current and field direction parallel. Resistance measurements on 
the spin-valves were performed as a function of the applied field. 
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Figure 3.3. Sample geometry with 4 terminal setup. 
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We have used transmission electron microscopy (TEM) for a structural analysis of the thin 
films. Plan-view TEM gives us information about the average size and distribution of grains, 
while cross-sectional TEM allows us to study the grain growth along the film normal. 
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Chapter 4. Results for thin films and spin-valves. 

4.1. lntroduction. 

In this chapter we will present the results of resistance and magnetoresistance measurements on 
the magnetic thin films and exchange-biased spin-valves defined in chapter 3. Measurements are 
analysed using the semi-classica! model presented in §2.5. 

§4.2 shows the results for magnetic thin films. Grain-boundary scattering is introduced 
to explain the difference between the measured and calculated sheet-conductances. Some of these 
model calculations have already been presented, in a slightly different form, in ref. [54]. The 
results of the analysis of grain-boundary scattering in thin films are used in the spin-valve model 
calculations presented in §4.3. Measured GMR ratios at 5 Kandroom temperature are presented 
for Ni8ofe20 , Ni75Fe19Co6 , Ni7ofe18Co12 , Ni66Fe66Co18 and Co-based spin-valves. Ni8ofe20 , 

Ni66Fe16Co18 and Co-based spin-valves were analysed and. several refinements of the semi
classica! model, proposed in §2.3, have been implemented. Finally, §4.4 explores the applicability 
of phenomenological expressions for the magnetoresistance of exchange-biased spin-valves. 

4.2. Results for magnetic thin films. 

For magnetic thin films, we will analyze the electrical measurements with the semi-classica! 
Fuchs-Sondheimer model of §2.2. In this paragraph we will first concentrate on Ni8cfe20 thin 
films. The sputtered thin film structure is again shown in fig. 4.1, together with the input 
parameters for our model calculations. 
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Cb(Ta) Ta (30 A) 
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Ni 80 Fe 20 ( t film ) À t (t) 

0 

Cb(Ta) Ta (30 A) 
p 

Si (100) 

Figure 4.1. Schematic thin film structure, with 
input parameters for the model calculations 
shown on the right. 

With the Sommerfield equation, eq. (2.12), using the Fermi-velocity of Cu (vF=1.57*106 mis, 
from ref. [55]) and the electron density of Cu (1 electron per atom), we derive the total intrinsic 
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mean free path from resistance measurements on thick polycrystalline Ni8of'e20 samples, resulting 
in À./+À./=241 A. The ratio ai=À./1}../ can be chosen freely in our model. We will initially take 
À î<.!.>=À./<.1.> in our model calculations. The other parameter we need to specify is the specularity 
parameterpat the Ni8cfe2Jfa interface. We subtract the sheet-conductances of the two 30 A Ta 
layers from the measured total sheet-conductance to obtain results for single Nigof'e20 films. G0 

of a single Ta film of 30 Á was found to be 1.2*10-3 Q-1
• The results of two different series of 

sputtered samples, with variabie thickness of the Ni8of'e20 layer tfi1m=20 A to tfi1m=400 Á and 
tfi1m=200 Á to tfi1m=1200 Á, are shown in fig. 4.2. The calculations were executed for values of 
a i chosen between a i= 1 and a i =20. Shown are the calculations for the case of p=O with a i= 1 
and ai =20. For the case of p=l we include the angular cut-off related to the quanturn size effect, 
introduced in eq. (2.19), in our calculations. 
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1500 

Figure 4.2. Comparison ofmeasured and calculated Ni8;Fe20 thinfilm 
sheet-conductances. The solid lines were calculated with p=O, using 
values of ai =20 (curve 1) and ai =1 (curve 2). The dashed line was 
calculated with p=l, including an angular cut-of! based on the 
quanturn size effect. 

When p=O, for large values of a i the current is mainly carried by the spin-up electrons and this 
current is severely limited by the scattering at the film boundaries, while for a i=1 the current 
is carried by two equal currents that are less severely limited by scattering at the film boundaries. 

30 



For large values of ai this results in a redlietion of the calculated sheet-conductance, in 
comparison with calculations obtained with small values of a i , as can be seen in fig. 4.2. For 
p=l, because of the specular scattering at the film boundaries, the electron mean free paths À iî 
and À/ are no longer influenced by the film boundaries, and the results become independent of 
the chosen value of a i . 

One thing we leam from fig. 4.2, is that there is a small difference in the measured sheet
conductances for the two series of samples. This is probably the result of not being able to 
reproduce the exact sputtering conditions in our deposition chamber. lt is also clear that none of 
our model calculations are in agreement with the measured sheet -conductance data; the calculated 
values are considerably larger than the measured ones. So why is the measured sheet-conductance 
in this system lower than what we would expect from the model calculations for thin films? An 
answer to this question could be the presence of grains. Scattering at grain-boundaries reduces 
the effective mean free path of the electrons, lowering the sheet-conductance of the thin films. 

We will again perform the calculations for the thin film case, this time using the total 
electron mean free path, (À î+À J.), as a free parameter, and taking p=O and ai=20. The calculated 
values of the total mean free path (À î+À J.) are shown in fig. 4.3. 

150 

/ 

D /c{D D 
D 

I 
I 

lil 

lo 

__ --n--tr' 
.P-- t::. 

0 

Film thickness (A) 

Figure 4.3. Total electron mean free path of Ni8of'e20 thin films, 
obtained from Fuchs-Sondheimer model calculations with p=O and a i 
=20. The lines are guides to the eye. 
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From this picture we learn that the total mean free path in our films, which was expected to be 
a constant intrinsic property, decreases with decreasing film-thickness. Besides from intrinsic 
scattering, there must be an additional (thickness-dependent) scattering term present in our thin 
films. This term is attributed to grain-boundary scattering. When the intrinsic mean free path 
Ä}<.!.> is larger than the average grain size D, scattering at grain-boundaries will become 
important. 

We will now model scattering at grain-boundaries by introducing a mean free path defmed 
by 

1 1 1 
= --+---

À!(!) À . (t) 
i gram 

(4.1) À l(!)(t) 

in which Àgrain(t) is the mean free path connected to grain-boundary scattering. Because of the 
vertical orientation of the grain-boundaries ( colurnnar grain growth), the scattering at grain
boundaries is more effective for electrons travelling parallel to the film-plane than for electrons 
travelling perpendicular to it, introducing an anisotropy in the total mean free path of the 
electrons. We will model this anisotropy by using an anisotropic mean free path for grain
boundary scattering, resulting in 

1 1 lsin(6)1 
= --+---

À!(!) À . (t) 
i gram 

(4.2) 

in which 6 is the angle between the electron velocity vector and the film normal. 
We can use eqs. (4.1) and (4.2) to include grain-boundary scattering in the semi-classica! 

model. Àgrain(t) is now a free parameter, which we will determine for each film thickness. Because 
scattering at grain-boundaries influences the calculated results in a similar way as surface
scattering ( again severely limiting À/ for large values of a;), results will again depend on the 
value of a;. Fig. 4.4 shows calculated values of Àgram for the case of p=O and a;= 5, 10, 15 and 
20. 

32 



300 

(4) 
(3) 

(2) 
,.-.._ 

o<r:: (1) 
'-" 

c ·a .. 
bl) 

<""'! 

500 
0 

Film thickness (A ) 
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For large values of the spin dependenee of the bulk scattering a i, almost all of the current will 
be carried by spin-up electrons. In this situation, further increasing a; will only slightly effect 
the calculated values of À grain • From magnetic thin films, we cannot determine the value of a i. 
Because a; determines the GMR ratio of spin-valves, in the next paragraph we will analyse 
exchange-biased spin-valves spin-valves to determine the value of a i. 

When we compare the average grain size, obtained from TEM studies, with the calculated 
values of À

8
rain, we obtain fig. 4.5. The calculations were performed for the case of ai=20, p=O 

and anisotropic grain-boundary scattering. This figure clearly shows that there is indeed a 
conneetion between the calculated À grain values and the average grain size in our films. This 
supports our view of grain-boundary scattering as an important, thickness-dependent, scattering 
process in thin films. 
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Figure 4.5. Comparison of calculated Àgrain values and 
measured average grain size D in Ni8of'e20 thin films. The 
model calculations were performed using p=O, a; =20 and 
anisotropic grain-boundary scattering. The line is a guide 
to the eye. 

We will now analyse the influence of the anisotropy in grain-boundary scattering, 
introduced in eq. (4.2). In fig. 4.6, we compare models with isotropie (eq. (4.1)) and anisotropic 
(eq. (4.2)) grain-boundary scattering, both for the case of p=O. Also shownare the calculations 
for anisotropic scattering for the case of p=l, again taking into account the angular cut-off 
connected to the quanturn size effect. All calculations u se IX; =20. For anisotropic grain-boundary 
scattering, smaller values of Àgrain are needed to fit the sheet-conductance data. The use 
of p=l increases the calculated values of G0 , even with the angular cut-off related to the 
quanturn size effect included. This further reduces the calculated values of À grain , as can be 
observed in fig. 4.6. 
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Figure 4.6. Calculated values of À.grain, resulting from thin 
film Fuchs-Sondheimer model calculations with p=O, including 
isotropie ( 1) or anisotropic (2) grain-boundary scattering. Also 
shown are the calculations with p=l, using anisotropic 
scattering and including the angular cut-of! related to the 
quanturn size effect ( 3 ). All calculations use a i=20. The lines 
are guides to the eye. 

Now we can use the sameprocedure to obtain values for À.grain in Ni~~e 1fCo 18 thin films 
and Co thin films. For NiJe16Co18 , we use an intrinsic mean free pathof À.i +Ài =258 Á, again 
obtained from bulk samples. For Co, a pure metal, bulk impurity scattering is neglected. The 
intrinsic mean free path in Co at 5 K is therefore taken to be infinite, all scattering is assumed 
to result from grain-boundary scattering. All of the calculations were performed with p=O, using 
anisotropic grain-boundary scattering. Fig. 4.7 shows the results of these calculations, fora value 
of ai=20, together with the results previously obtained for Ni8cfe20 films. When we compare the 
obtained values for À. gram in Ni8cfe20 , Ni66Fe16Co 18 and Co thin films, it can be observed that for 
an increased Co concentration À.grain becomes smaller, indicating that grain-boundary scattering 
becomes more important. 

In the next paragraph we will perform model calculations on exchange-biased spin-valves. 
The values of À.grain, derived from the thin film analysis, will be implemented in the modeHing 
of the spin-valves. 
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Figure 4.7. Calculated Àgroin values for Ni8rf'e20 , Ni6J'e16Co18 and Co 
thin films, using «i =20, p=O and anisotropic grain-boundary 
scattering. The lines are guides to the eye. 

4.3. Results for exchange-biased spin-valves. 

4.3.1. Experimental results. 

Magnetoresistance measurements at low temperature (5 K) and room temperature were performed 
on the spin-valves described in chapter 3. Typical magnetoresistance curves at low temperature 
are shown in fig. 4.8. These curves were obtained from Ni8of'e20-based spin-valves with the 
structure [Ta (30 À) I Ni8of'e20 (x) I Cu (25 À) I Ni8of'e20 (50 À) I Fe5oMn50 (68 À) I Ta (30 À)]. 
Shown are the magnetoresistance curves for the smallest (x=25 À) and largest thickness (x=500 
À) of the free layer. We can clearly see the transition between parallel and antiparallel alignment 
of the magnetizations near zero applied field. Because of the hysteresis in the biased layer, a full 
antiparallel orientation of magnetizations can only be seen in one field direction. From these 
resistance measurements we can calculate the sheet-conductances for parallel and antiparallel 
magnetizations with eq. (3.1) and obtain the GMR ratiosof the spin-valves from eq. (1.1). 
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Figure 4.8. Magnetoresistance curves of Ni8of'e20 -based exchange-biased spin-valves at 5 K. 
Low resistance occurs at parallel magnetizations, high resistance at antiparallel 
magnetizations. 

As discussed in chapter 3, we have prepared several spin-valves with different 
compositions of the magnetic layers and a variabie thickness of the free magnetic layer. The 
layered structure of these spin-valves is described in table 4.1. The measured GMR ratios of the 
systems described in this table are shown in fig. 4.9. Measurements were performed at 5 K and 
at room temperature. 

Co percentage. Free layer. lnterlayer. Pinned layer. Biasing layer. 
0 

50 Á Ni8ofe20 68 Á Fe5oMn50 0% x Nisofezo 25 A Cu 

6% x Ni75Fe19Co6 30 Á Cu 54 Á Ni75Fe19Co6 80 Á Fe5oMn50 

12 % x Ni7ofe18Co12 30 Á Cu 57 Á Ni7ofe18C012 80 Á Fe5oMn50 

18% x Ni66Fe16Co18 30 Á Cu 60 Á Ni66Fe16Co18 80 Á Fe5oMn50 

100% x Co 30 Á Cu 50ÁCo 80 Á Fe5oMn50 

Table 4.1. Composition and layer thicknesses of the exchange-biased spin-valves. All 
spin-valves have 30 A Ta buffer and capping layers and are deposited on a Si(JOO) 
substrate. The thickness of the free layer was varied between x=20 A and x=500 A for 
all spin-valves. 
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Figure 4.9. Measured GMR ratios at 5 K and at room temperafure for exchange-biased spin
valves as a function of the thickness of the free layer. The composition of the magnetic layers 
is characterized by its Co concentration. 

We observe that the GMR ratio increases with increasing Co-concentration. The measured GMR 
ratios for Ni8of'e20 -based spin-valves are relatively high because of the small thickness of the 
interlayer. lt is clear that GMR ratios at 5 K are higher than GMR ratios at room temperature. 
This is a result of the increase in the electron mean free paths and the absence of spin-flip 
scattering at low temperatures. In the next paragraph, we will quantitatively analyse the low 
temperature magnetoresistance measurements with the semi-classical model for the electrical 
conductivity presented in §2.5. 

4.3.2. Analysis of Ni80Fe20-based spin-valves. 

In this paragraph we will concentrale on the case of Ni8of'e20 -based spin-valves. Fig. 4.10 shows 
the Ni8of'e20 spin-valve structure, together with the model parameters. For our initia! model 
calculations for exchange-biased spin-valves, we will use the basic model of §2.5. In this model, 
scattering at grain-boundaries is not taken into account. For the Ni8of'el_o layers, we use electron 
mean free paths À i<J,> =À/<J,>, with the total intrinsic mean free path À; +À/=241 obtained from 
bulk samples. The electron mean free path in Fe5oMn50 was obtained from the conductivity of 
spin-valves with varying thickness of the Fe5oMn50 layer, resulting in ÀFeMn=ll Á. The electron 
mean free path of the nonmagnetic layer, Àeu, should reach an infinite value at low temperatures, 
but will have a finite value due to scattering at defects. We consicter Àcu to be a free parameter 
in our model calculations. 
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Figure 4.10. Structure of Ni8J'e20 -based spin-valves. Parameters used 
in model calculations areshownon the right side. 

The other parameters we want to determine from our analysis are the spin dependenee of the bulk 
scattering ai =Ä}I'A/, and the spin-dependent interfacial scattering parameters Ti and TJ,. We 
subtract the sheet-conductances of the Ta layers from the measured total sheet-conductance to 
obtain the sheet-conductance of the spin-valve. We want to simultaneously describe both the 
change in sheet-conductance (~G0 [56]) and the GMR ratio (~GdGo.AP). Fig. 4.11 shows the 
measured and calculated values for Go,P , Go.AP, ~ G0 and GMR ratio. All calculations use p=O, 
with free parameters ai, Ti, r and Àcu. The parameter set that produced the best results for 
~G0 and GMR ratio was ai=20, Tt=1, r=0.13 and Àcu=64 Á. We learn from fig. 4.11 that, 
when we try to describe the GMR effect, the calculated sheet-conductances are much higher than 
the measured sheet-conductances. This problem has been reported previously by various authors. 
We can also see that, even with a large spin dependenee of the bulk scattering a i =20 ( again, 
highervalues of a have little influence on our calculations), the calculated GMR ratios were still 
too low. We conclude that we cannot describe the magnetoresistance measurements on our 
Ni8of'e20 -based spin-valves with the semi-classical model presented in §2.5. 

As shown in §4.1, scattering at grain-boundaries is of importance in our films. We will 
now implement grain-boundary scattering in our analysis of exchange-biased spin-valves. In the 
previous paragraph we obtained information on the grain structure in thin films. Because the spin
valves were deposited on a 30 Á Ta buffer layer, just like the thin films, we will now assume 
that both systems will develop a similar grain structure. lf this is true, we can use the values of 
À.grain, obtained from the analysis of thin films, to calculate the total electron mean free path in 
the various layers of the spin-valve, again making use of eq. (4.1) or (4.2). 
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Figure 4.11. Comparison of the model calculations and the measured values of Go,p, Go,AP 
, L1G0 and GMR ratio for Ni8of'e20 -based spin-valves. The model calculations use p=O with 
free parameters ai, Tr, r and Àcu. 

In fig. 4.12, we have compared the thickness dependenee of the sheet-conductance of thin 
films with the sheet-conductance of spin-valves with variabie thickness of the free layer. When 
the grain structures are similar, we expect the spin-valves to show approximately the same 
thickness dependenee of the sheet -conductance as the single thin films. We see that the slopes 
of the sheet-conductance curves are parallel for Ni8ofe20 , Ni6~e 16Co 18 and Co-based systems, 
indicating similar grain structures. For Ni75Fe19Co6 and Ni7ofe18Co12 -based systems we can see 
a different thickness dependenee of the sheet-conductance curves for thin films and spin-valves, 
indicating differences in grain structure. Although the thin films and the spin-valves have been 
deposited under identical conditions, we can conclude that the deposition process is not 
completely reproducible. The small difference in slopes for Ni7?e 19Co6 and Ni7ofe 18Co12 -based 
systems results in large difficulties in the rnadelling of these systems. In the rest of this chapter 
we will therefore only consicter Ni8ofe20 , Ni66Fe16Co18 and Co-based systems. 
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Figure 4.12. Measured sheet-conductances ofmagnetic thinfilms (squares) and spin-valves (triangles). 
The lines are guides to the eye. 

We now want to incorporate the information about the grain structure in magnetic thin 
films into our spin-valve model. Fig 4.13 shows the method how the calculated thin film values 
of Àgrain are implemented in the spin-valve model. 
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Figure 4.13. Methad of deriving values for ).grainfor spin-valves. 

For the NigoFe20 layer, we again use an intrinsic mean free pathof }.,./ +À/=241 Á, together with 
Àcrain(t)=Àgrain.I (frrst layer) and Àgrain (t)=Àcram.J (second layer). For the Cu layer, we use an infinite 
intrinsic mean free path (pure metal at low temperature), together with À grain (t)=À grain.2 • Finally, 
for the Fe5oMn50 layer, we use an intrinsic mean free path of À FeMn = 11 Á. Due to the small value 
of ÀFeMn , grain-boundary scattering can be ignored in the Fe5oMn50 layer. 

We now have 3 free parameters left in our calculations, a i, Tt and r. For each value of 
a i , the thin film analysis must be performed, yielding a À grainCt) curve. From this curve, we 
obtain the ).gram data for the spin-valve (see fig. 4.13) and we can calculate the sheet-conductance 
of the spin-valve. Fig. 4.14 shows the results of these calculations, using p=O. Shown are the 
results of calculations for isotropie grain-boundary scattering, using eq. ( 4.1 ), and anisotropic 
grain-boundary scattering, using eq. (4.2). The best results for isotropie grain-boundary scattering 
were obtained with the parameters ai=20, Tt=1 and r=O, while the best results for anisotropic 
grain-boundary scattering were obtained with the parameters a i =20, Tt=0.98 and r=O. The 
calculated GMR ratios for anisotropic grain-boundary scattering are slightly higher than those for 
isotropie scattering. This is due to the fact that anisotropic scattering at grain-boundaries favours 
electron transport perpendicular to the plane. Therefore more electrons probe both magnetic layers 
and the calculated GMR ratio increases. This effect is somewhat negated by the smaller values 
of Àgrain(t) that result from calculations with anisotropic grain-boundary scattering. lt is clear that 
these results are much better than those obtained from the model calculations without grain
boundary scattering (fig. 4.11). We will now investigate the influences of several refinements 
(discussed in chapter 2) of the spin-valve calculations, using the model with p=O and anisotropic 
grain-boundary scattering as a starting point. 
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Figure 4.14. Comparison of the model calculations and the measurements for Ni8rf'e20 -based 
spin-valves. Isotropie (dashed fine) and anisotropic (sofid fine) scattering at grain-boundaries 
has been included in the model calculations. All calculations make use of p=O and free 
parameters «;, Ti and r. 

It has been reported earlier that a combined effect of AMR and GMR can occur in spin
valves. The AMR effect can be modelled by an anisotropic mean free path given by 

(2.17) 
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in which p is the angle between the electron velocity vector and the magnetization direction and 
a i<.!.> is a measure for the anisotropy of the scattering. It has been previously reported (ref. [39]) 
that a.!. is typically one order of magnitude smaller than a i_ Neglecting a.!., the value of a i is 
obtained fram the measured AMR effect in a bulk sample, yielding a i=-0.389. The best results 
for spin-valve calculations are obtained with the parameters cxï=20, Tî=0.93 and T.l.=O. Calculated 
curves are indistinguishable from curves calculated without anisatrapie scattering. The lower 
value of yi is related to the fact that the AMR effect favours electrans travelling perpendicular 
to the plane, again increasing the number of electrans that prabe both magnetic layers and 
increasing the calculated GMR ratio. This means that, compared to the calculations without 
anisotropic scattering, less spin-dependent scattering at the interfaces is needed to obtain the same 
results. 1t must be remarked that it is difficult to gain insight in the effect of incorporating 
anisotropic scattering in the model. Not only is there the direct influence on the spin-valve 
analysis, but the use of anisatrapie scattering also influences the thin film analysis, thereby 
indirectly influencing the spin-valve analysis through the calculated values of À grain. 

Another refinement of the semi-classical model we can implement is the angular 
dependenee of the interfacial scattering parameters, proposed by Camblong and Levy: 

At<L> 
T t(l)(6) = exp( 6 ) ' (2.16) 

cos( ) 

in which 6 is the angle between electron velocity vector and surface normaL Insteadof using yi 
and r as free parameters, we now take A i and A.!. as free parameters. The best results were 
obtained with the parameters cxi=20, Ai=0.01 and A.!.=7. These values can be translated into 
yi=0.99 and r=O for electrans with a velocity vector perpendicular to the film plane (6=0) and 
into Ti=O and 't-=0 for electrans with 6>80°. lt is clear that electrans travelling under small 
angles with respect to the film plane scatter diffusively at the interfaces and do not contribute to 
the GMR effect. Again, the calculated curves are similar to those obtained fram the calculations 
with angular-independent interfacial scattering. 

We will now analyse the influence of the specularity parameter p. For the limiting case 
of p=1 we must take into account the angular cut-off in the integration over velocity space, 
related to the quanturn size effect discussed in §2.4. This angle was given by 

-1 h 
=cos ( ), 

2tmv 
6 

max (2.19) 
F 

in which t is the thickness of the thin film or the thickness of the [Ni8of'e20 I Cu I Ni8of'e20 I 
Fe50Mn50] structure. Typical angles removed fram integration are 5° for the thin film model 
calculations with t(film)=20 A, and 1° for the spin-valve model calculations with t(spin
valve)=165 A (using a free layer of 20 A). Again we use anisotropic grain-boundary scattering. 
The best results (solid curve in fig. 4.15) were obtained for parameters cxï=20, Ti=1 and r=O. 
For comparison, the results from the calculations with p=O arealso shown (dashed curve in fig. 
4.15). 
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Figure 4.15. Comparison of the model calculations and the measurements for Ni8rf'e20 -based 
spin-valves. The solid fine is calculated for the case of p=l, taking into account the angular cut
of! related to the quanturn size effect. The dashed fine is calculated for the case of p=O. All 
calculations use anisatrapie grain-boundary scattering, and free parameters a i, Ti and r. 

Application of an angular cut-offin the integration over velocity-space results in relatively more 
electron transport perpendicular to the film plane, leading to increased GMR ratios. On the other 
hand, specular reflection at the film boundaries results in a larger conductivity as compared to 
the case of p=O (see fig. 2.2). This means that we have to take smallervalues of À.

8
rain in our 

calculations to fit the thin film sheet-conductance data (see also fig. 4.6). Smaller values of À grain 

result in a smaller spin dependenee of the bulk scattering, reducing the total ll G0 and GMR ratio. 
This effect is clearly dominant ( compare solid line {p= 1) with dashed line {p=O) in fig. 4.15). 
Again, it is difficult to gain insight in the effect of specular scattering at the film boundaries on 
the model calculations. Besides the direct influence on the spin-valve analysis, the specularity 
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parameter also influences the thin film analysis, and therefore also indirectly influences the spin
valve analysis through the calculated values of À grain. 

We conclude that including anisotropic scattering in order to treat the AMR effect or 
using angular-dependent interfacial scattering parameters has little influence on the calculated 
curves. The use of p=l, together with the angular cut-off related to the quanturn size effect, 
results in curves that are clearly not in good agreement with our measurements. We now define 
our 'standard' model, being the spin-valve model with anisotropic grain-boundary scattering and 
p=O at the outer boundaries, and use this model in all further analysis. 

We will now take the 'standard' model and explore the parameter space. Optimum 
parameters used in these model calculations were ai=20, Tî=0.98, r=O. Fig. 4.16 shows the 
results of calculations using various sets of parameters close to the optimum values 
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Figure 4.16. 'Standard' model calculations for Ni8QFe20 -based spin-valves, using various sets 
of parameters «i, Ti and r. 
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For the results shown in fig. 4.16(a), wetook fixed values for ai and used Ti and ras free 
parameters. We again calculated the best results for .!lG0 (not shown) and the GMR ratio. In 
figures 4.16(b) and 4.16(c) we used Ti and ras fixed parameter, respectively, while the other 
parameters remained fit parameters. It must be remarked that changing a i, Ti and TJ, only has 
a small influence on the calculated values of G0 P and Go.Al" To obtain good results for LlG0 and 
GMR ratio, weneed a large spin dependenee of the bulk scattering (ai>15), together with a large 
spin dependenee of the interfacial scattering (Ti>0.95, r<0.2). The fact that TJ, can be varied 
more than Ti, is connected to the relatively low contribution of spin-down electrans to the total 
current for high values of a i . 

4.3.3. Analysis of Ni66Fe16Co18 and Co-based spin-valves. 

As shown in fig 4.12, Ni66Fe16Co18 thin films and Ni6~e16Co 18 -based spin-valves have similar 
grain structures. The spin-valves have the structure [Ta (30 Á) I NiJe16Co 18 (x) I Cu (30 Á) I 
NiJe16Co18 (60 Á) I FesoMn50 (80 Á) I Ta (30 Á)], with x=20 Á to x=500 Á. From bulk samples, 
using the Sommerfield equation and the electron density of Cu, we derive the intrinsic mean free 
path of Ni66Fe16Co18 , yielding À/+ À /=258 Á. Fig. 4.17 shows the results of the calculations 
obtained with our 'standard model'. Optimum parameters were ai=20, Ti=1 and r=O. Although 
our model gives a reasonable description of the measured values of G0 .P and G0 .AP, the calculated 
values of LlG0 and the GMR ratio are clearly much too low. 
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Figure 4.17. Comparison of the model calculations and the measurements for Ni6Je 16Co1s
based spin-valves. Calculations use anisotropic grain-boundary scattering and p=O, with free 
parameters «i, yi and r. 

Co-based spin-valves also have similar grain structures as Co thin films. Spin-valves of 
the structure [Ta (30 Á) I Co (x) I Cu (30 Á) I Co (50 Á) I Fe5oMnf0 (80 Á) I Ta (30 Á)], with 
x=20 Á to x=500 Á, were analysed. As in Co thin films, we use )..,/< > ~ oo. All scattering inside 
the Co layers will be assumed to arise from grain-boundary scattering. We now have only two 
free parameters left, yi and r. With these assumptions we can again perform our model 
calculations, the results are shown in fig. 4.18. The optimum set of parameters used was Ti=l 
and r=O. Again, despite a reasonable description of Go,P and GD,AP' calculated values of àGo 
and GMR ratio are much too low. 
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Figure 4.18. Comparison of the model calculations and the measurements for Co-based spin
valves. Calculations use anisatrapie grain-boundary scattering and p=O, with free parameters 
Ti and r. 

4.3.4. Discussion of spin-valve analysis. 

In tables 4.2 and 4.3, the results from the previous two paragraphs are summarized. Table 4.2 
shows the input parameters used for the thin film and spin-valve model calculations, while table 
4.3 shows the spin-dependent parameters that result from a best fit of the measured data. All 
models use p=O, except model (6). In model (1) no grain-boundary scattering was assumed. 
Model (2) introduces isotropie grain-boundary scattering, while model (3) uses anisotropic grain
boundary scattering. Models (4), (5) and (6) are equal to model (3), in addition to using angular
dependent interfacial scattering parameters ( 4 ), anisotropic scattering in order to treat the AMR 
effect (5) or p=l together with the angular cut-off related to the quanturn size effect (6). 
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Input parameters. 

Niscfe2o Ni66Fe16Co18 Co 

À..i+À."' 
0 

258 A 241 A 00 
I I 

ai -0.398 - -

Table 4.2. Input parameters for the spin-valves analysed in §4.3.2 and §4.3.3. 

Free parameters 

Alloy Model a; Ti r Àcu 

Niscfe2o (1) 20 1 0.13 64 A 

Niscfe2o (2) 20 1 0 Àgrain 

Niscfe2o (3) 'standard' 20 0.98 0 Àgrain 

Ni66Fe,6Co18 (3) 'standard' 20 1 0 Àgrain 

Co (3) 'standard' - 1 0 Àgrain 

Niscfe2o (4) 20 0.99 <0.001 Àgrain 

Niscfe2o (5) 20 0.93 0 Àgrain 

Niscfe2o (6) 20 1 0 Àgrain 

Table 4.3. Output parameters for the spin-valves analysed in §4.3.2 and §4.3.3. See text 
for model descriptions. 

Summarizing, although we can give a reasonable description of the sheet-conductances 
of the spin-valves, our model is unable to describe the details of the spin-dependent scattering 
processes. In addition, the determined fit parameters are close to the limit of full spin-dependent 
scattering in these systems. Refinements of our model have been found to be of little or no 
influence on the calculated results as well as on the model parameters. This suggests that our 
model may not present a correct description of the physical properties of our systems. 

A possible explanation for the low calculated values of ll G0 and the GMR ratio of 
Ni66Fe16Co18 -based spin-valves, compared to the results for Ni8of'e20 -based spin-valves, can be 
found in the differences in Àgrain(t) in both systems. From fig. 4.7, we learn that the calculated 
values for Àgrain are much lower for Ni6~e16Co 18 thin films than for Ni8of'e20 thin films. Low 
values of Àgrain limit the intrinsic mean free path for spin-up electrons, effectively reducing the 
spin dependenee of the bulk scattering. We will now define an effective spin dependenee of the 
bulk scattering aeff• given by 
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The effective spin dependenee of the bulk scattering for Ni8of'e20 , Ni6j'e16Co 18 and Co-based 
spin-valves is shown in fig. 4.19. Weusedan intrinsic «;=À/IÀ/= 20, together with the values 
for À

8
rain shown in fig. 4.7. For Co, no spin dependenee of the bulk scattering has been assumed 

and «e.u=«;=l. 
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Figure 4.19. Effective spin dependenee of the bulk scatter
ing for Ni8oF'e20 , Ni66Fe16Co18 and Co-based spin-valves. 
All calculations use values for Àgrain obtained from thin 
film analysis. The lines are guides to the eye. 

For Ni8of'e20 and Ni66Fe16Co18 -based spin-valves, this figure clearly shows how (spin-independent) 
scattering at grain-boundaries reduces the effective spin dependenee of the bulk scattering, 
thereby reducing the calculated values of 8. G0 and the GMR ratio. 
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A comparison of the parameters derived from our model calculations with those obtained 
from other studies is made in table 4.4. 

Alloy System Model Bulk scattering Interfacial scattering Reference 

Nisof'e2o sv CIP semi-classical. ai=25 (ae.u=18) Ti =1, r=1 [50] 

Nisof'e2o sv CIP semi-classical. a=ll Ti =1 r=1 
' 

[57] 

Nisof'e2o sv CIP semi-classical. a i =20 (a eff=2-10) Ti =0.93-1, r- =o-o.1 This wod 

Nisof'e2o sv CIP quantum. a=9.2 Ti =1 r=1 
' 

[51] 

Nisof'e2o ML CPP two-current. a=3.2 a intelface =5.5 [58] 

Nisof'e2o ML CPP two-current. a=3 a intelface =9 [59] 

Nisof'e2o ML CPP two-current. a=3-4 a intelface =9 .5 [60] 

Co sv CIP semi-classical. a=14 Ti =1. r=o.2 [57] 

Co sv CIP semi-classical. - Ti =1 r=O This wor~ 
' 

Co ML CIP semi-classical. a=7.1 a intelface =19.5 [61] 

Co ML CPP two-current. a=2.8 a intelface =6 [58] 

Co ML CPP two-current. a=2.7 a intelface =7 [59] 

Table 4.4. Determined spin-dependent scattering parameters for Ni8rf'e20 and Co-based 
spin-valves and multilayers, obtained from literature. 

This table shows that other studies have used a spin dependenee of the bulk scattering for Co
based spin-valves, in contrast to our approach. Also, the analysis of CPP magnetoresistance in 
multilayers results in low values of a i, compared to the analysis of CIP magnetoresistance .. 

The use of spin-dependent scattering in Co layers, as reported by several authors, could 
be the result of spin-dependent grain-boundary scattering inside the Co layers, as opposed to our 
spin-independent rnadelling of grain-boundary scattering. We could introduce an extra parameter, 
a grain ' defined by 

a . (t) = 
gram 

Ä t . (t) 
gram 

Äj .(t)' 
gram 

(4.4) 

in which Ä igrain and Ä .tgroin are the spin-dependent mean free paths for grain-boundary scattering. 
As an example, we have incorporated spin-dependent scattering at grain-boundaries in our 
analysis of Co-based spin-valves. Free parameters are now Ti, r and a grain, the calculations are 
for the case of p=O with anisotropic scattering at grain-boundaries. The optimum parameter set 
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used was Ti=l, r=O and agrain =20. Fig. 4.20 shows the results for spin-dependent grain
boundary scattering (solid line), together with the results frorn calculations using spin-independent 
grain-boundary scattering (dashed line). It is clear that the use of spin-dependent scattering 
instead of spin-independent scattering at grain-boundaries drastically increases the calculated 
values of LlG0 and GMR ratio, cornpare solid line (spin-dependent scattering) with dasbed line 
(spin-independent scattering) in fig. 4.20. 

t.o.----------------. t.or----------------. 
a 

D 

Free layer thickness (A ) 0 

Free layer thickness (A ) 

o.o4r-----------------, 
D 

D 
D 

Free layer thickness (A ) Free layer thickness (A ) 

Figure 4.20. Comparison of the model calculations and the measurements for Co-based spin
valves, assuming anisatrapie grain-boundary scattering and p=O. Free parameters for spin
independent scattering at grain-boundaries (dashed line) were Ti and r, free parameters for 
spin-dependent scattering at grain-boundaries (solid line) were Ti, rand «grain· 
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This new approach of grain-boundary scattering would also increase the effective spin
dependenee of the bulk scattering rxeff for Ni8ofe20 and Ni~e16Co 18 -based spin-valves and 
increase calculated spin-dependent properties for those systems. Still, calculated values for spin
dependent properties in Co-based spin-valves are lower than measured values, and model 
parameters are again at the limit of full spin-dependent scattering. 

The use of quantum-mechanical modelling in descrihing the electrical conductivity of 
spin-valves could possibly improve our results. For example, the quanturn interference effect 
mentioned in §2.4 could effect the analysis of magnetic thin films and exchange-biased spin
valves. When electroos travel through regions with high scattering rates, back-scattering of 
electroos reduces the conductivity of such regions. Semi-classical model calculations overestimate 
the conductivity of these regions. In our analysis, such an overestimation would result in smaller 
calculated values of Àgrain, thereby leading to smaller calculated values of dG0 and the GMR 
ratio in the spin-valves. The quanturn interference effect can play an important role when the 
electron mean free path becomes comparable to the Fermi wavelength. However, private 
communications with Butler and Zhang [62] have shown us that a full quantum-mechanical 
model also fails in simultaneously descrihing the electrical conductivity and the spin-dependent 
phenomena. 

Another possible explanation for the discrepancies between the measurements and the 
model calculations, is that we have neglected the electrooie band structure. Butler et al. [63,64] 
have shown that in [Co/Cu] multilayers with sinooth interfaces, the electrical conductivity and 
GMR ratio could be strongly affected by a waveguide effect. This waveguide effect results from 
the difference in Fermi-wavevectors in Co and Cu, resulting in the confinement in the Cu layer 
of spin-up electroos with velocity vector close to the film-plane. In addition to this waveguide 
effect, quanturn well states arise from reflection of spin-down electroos at the interfaces [65,66]. 
Quanturn well states, as well as wave guide effects can show preferential spin-dependent 
scattering at interfaces, possibly contributing to the GMR effect. 

4.4. Simplified analysis of magnetoresistance. 

In contrast to obtaining information about the spin-dependent scattering parameters from 
comparing measurements with model predictions, it has been proposed that it may also be 
possible to obtain information on some of these parameters directly from measurements, using 
phenomenological expressions. Dieny [67] proposes a method for determining the longest of the 
mean free paths in the free layer of an exchange-biased spin-valve, using a phenomenological 
expression given by 

t 
. FMJ 

[1-exp( --)] 
dR dR to 
-R- = (-R-)0---t--- (4.5) 

[1 +( FMJ )] 

G O,restp FMJ 
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in which tFMJ is the thickness of the free ferromagnetic layer with resistivity p FMJ and t 0 is the 
thickness of the 'active' part of the magnetic layer, the part that gives rise to the GMR effect. 
(!1RIR)0 is a parameter that depends on the actual composition and structure of the spin-valve and 
Go,resr is the sheet-conductance of the rest of the structure (buffer, capping and pinning layer). Eq. 
( 4.5) can be rewritten as 

t 
FMJ = !1 G [1-exp( --)] 

0,0 t 
0 

(4.6) 

where !1G0 .0 again depends on the composition and structure of the spin-valve. Dieny proposed 
that by varying the thickness tFM1 of the free magnetic layer, it should be possible to get an 
estimate for the lonTest of the mean free paths from the 'active' thickness t0 • This, together with 
the value of À/+ À i obtained from bulk samples, would yield the spin dependenee of the bulk 
scattering a i • 

We will now use a simple trilayer sandwich of the structure FM1/NMIFM2 to exarnine 
these predictions. The thickness of the free magnetic layer was varied between t FMJ = 10 À and 
tFMJ = 1000 À. Other layer thicknesses were tNM = 25 À and tFMl = 60 À. We have varied 
the electron mean free path of the spin-up electrons in the magnetic layers FM 1 and FM2 from 
À/= 60 À to À/= 120 À, keeping the total mean free path constant, À;t+À/ = 126 À. The mean 
free path inside the NM layer was À NM = 200 À. The model calculations, obtained using p=O, 
result in sets of data for !1 G0 as a function of the thickness of the free magnetic layer t FMJ • 

When we analyse these data with eq. (4.6), we obtain values for t0 • The relation between t0 and 
À;î is shown in fig. 4.21. From this figure we learn that the value of t0 not only depends on the 
value of À;î, but also depends strongly on the spin-dependent interfacial scattering parameters Ti 
and r. Only in the case of r;rt = 0, a direct conneetion between À/ and t can be observed, 
resulting in the relation t0 = 0.5*À/, as predicted by Dieny. For the case of iltrî =1, t0 is given 
by the average of À/ and À/ (kept constant in our calculations), and no information can be 
obtained about the longest of the mean free .paths. For all other values of rt;rt, the values of 
t0 will be given by a weighted average of À; and À/, to a good approximation given by 

j 

1 t T 1 
t =-(À. +(-)À.) . 
0 2 I Tt I 

(4.7) 

The calculations for the case of r/Tî =0.5 (shown in fig. 4.21), show that an analysis of spin
valves with eqs. (4.6) and (4.7) is only valid when À/<< À/. When this is not the case, eq. 
( 4.6) should be written as a combination of two exponential functions involving À ;i and À/. 
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Figure 4.21. Comparison between the calculated values of Dieny's 
parameter t0 and the model input parameter À./. The calculations show 
that the conneetion between t0 and À.iî depends on the values of interface 
scattering parameters Ti and r. The dashed lines are calculated using 
eq. (4.7). 

Parkin [68] has analysed the electrical transport in exchange-biased spin-valves by 
inserting thin Ru layers in the free magnetic layer of the spin-valve. This Ru layer serves as a 
completely diffuse scattering harrier for spin-up and spin-down electrons, effectively determining 
the 'active' part of the spin-valve. Again, eq. (4.6) is used to obtain information about the longest 
of the mean free paths. This analysis suffers from the same limitations as Dieny's approach, again 
Ä/ <<À/ and knowledge about the spin-dependent scattering at the interfaces is necessary. 

A third possibility to obtain direct information about electron mean free paths is the back 
layer geometry, proposed by Gurney et al. [69]. These systems are similar to exchange-biased 
spin-valves with the free layer replaced by two layers, resulting in the structure [AF/FM2/NM/ 
FMl/BACK]. Gumey uses a spin-valve system with the structure [Fe5Jvfu50 (80 Á) I Ni8of'e20 (50 
Á) I Cu (23 Á) I Ni8of'e20 (20 Á) I BACK (tback)]. When using nonmagnetic back layers (Cu and 
Au50Cu50 ), it was found that llG increases monotonically with increasing back-layer thickness. 
This shows that the layer FMl (or its interfaces) acts as a spin-dependent filter, preventing spin
down electrans from penetrating the back layer. Spin-up electrans now determine the conductivity 
of the back layer, and therefore determine llG0 • Again, eq. (4.6) can be used, this time 
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substituting tback for tFMJ· Measurements of LlG0 as a function of tback now yield information about 
the mean free pathof spin-upelectronsin the back layer. For nonmagnetic backlayers, Gumey 
derived the relation t 0 =)•back, different from the relation expected from our analysis of spin
valves, t0 =Y2Äback. 

Additional problems in the analysis of spin-valves with phenomenological expressions 
arise from the presence of grain-boundaries. s·cattering at grain-boundaries may introduce an 
additional thickness dependenee of d G0 , severing the direct conneetion between t0 and the 
longest of the mean free paths. 
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Chapter 5. Conclusions. 

After reviewing the current standing in the serni-classical modelling of the electrical resistance 
of magnetic multilayers, we have used a serni-classical model to analyse resistance measurements 
of magnetic thin films and exchange-biased spin-valves. Systems considered in our work use 
ferromagnetic layers of Ni8of'e20 , Ni75Fe19Co6 , Ni7of'e18Co12 , Ni66Fe16Co18 or Co. 

For magnetic thin films, we concluded that scattering at grain-boundaries must be included 
in the modelling in order to accurately describe the measured data of the sheet-conductance. 
When information about scattering at grain-boundaries (obtained from the analysis of the sheet
conductance of magnetic thin films) is incorporated in the spin-valve model, we can correctly 
describe the sheet-conductance measurements of spin-valves. However, our model is unable to 
describe the details of the spin-dependent scattering phenomena deterrnining the giant 
magnetoresistance effect. 

The discrepancy between the model calculations and the measurements could be ascribed 
to the following lirnitations of the model: 

(i) The use of spin-independent scattering at grain-boundaries. 
Spin-dependent scattering at grain-boundaries would increase the effective spin dependenee of 
the bulk scattering for the Ni8of'e20 and the Ni6~e16Co 18 -based spin-valves and introduce spin
dependent scattering in the magnetic layers of Co-based spin-valves. This would increases the 
calculated GMR ratios of all systems. 

(ii) Lirnitations due to the fact that the electronk band structure of the systems is not taken into 
account. 
Wave guide effects and quanturn well states, both due to differences in the Ferrni momenturn in 
the various layers, can also be sourees of spin-dependent scattering, which are not considered in 
our model. 

(iii) Differences between the serni-classical model and full quantum-mechanical approaches. 
These differences can affect the analysis of spin-valves when, for example, the electron mean free 
path becomes comparable to the Ferrni wavelength (quantum interference effects) or when the 
system dimensions become comparable to the Ferrni wavelength (quantum size effects). However, 
private communications with Zhang and Butler show that a quantum-mechanical model also fails 
in simultaneously descrihing the electrical conductivity and the details of the spin-dependent 
scattering phenomena. 

Finally, we have performed a critic al analysis of the applicability of phenomenological 
expressions for the magnetoresistance in order to derive information about the longest of the 
mean free paths. The proposed expressions are found to be only applicable in a lirnited part of 
the parameter space, and to use them outside this area, one would need explicit information about 
the spin-dependent parameters in the systems studied. Grain-boundary scattering was found to 
introduce an additional thickness dependenee in the magnetoresistance that influences the analysis 
of spin-valves with phenomenological expressions. 
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