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Abstract 

We have measured the spin polarization of ferromagnetic materials (Co and 
Ru dusted Co) from the conductance-voltage characteristics of ferromagnet
insulator-superconductor (FIS) tunnel junctions. The spin-polarization of the 
ferromagnet of the FIS junction is obtained by fitting the conductance-voltage 
characteristics of the FIS junction to a model based on the Julliere model of 
electron tunneling. Fitting the theoretica! model to the experimental measure
ments one not only obtains the spin polarization of the ferromagnet of the FIS 
junction but also several physical parameters of the superconductor of the FIS 
junction: the superconducting gap D., the spin orbit scattering parameter band 
the spin flip scattering parameter (. 

Measurements of Co/ Al20 3 / Al junctions yielded a spin polarization of Co 
of 423 which is consistent with the values quoted in literature. Furthermore 
the polarization extracted from different Co/ Al2 0 3 / Al junctions revealed very 
little spread in their values, an indication of the reliability of this method. 

Preliminary measurements of Ru dusted Co junctions shows a decrease in 
spin polarization as the thickness of the Ru layer is increased. This confirms 
previous measurements based on the TMR method of spin polarization mea
surement. 

The fit parameters b, ( and D. have been used to examine properties of 
superconducting Al. For example, it has been shown that the gap D. of Al 
(and therefore its critical temperature) increases with decreasing film thickness, 
which is in agreement with measurements found in literature. 
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1 Introduction 

Currently the field of spintronics (the use of electron spin as wel! as charge) is 
gaining more and more importance in fundamental research as wel! as in the 
development of all sorts of industrial applications. An important class of spin
tronic devices being actively researched on both an industrial and scientific level 
are tunnel magneto-resistance (TMR) junctions, consisting of two ferromagnetic 
layers (which are also referred to as electrodes in this report) separated by a non 
magnetic layer, as shown in Fig. 1. The electrical resistance of such a device 
depends on the external magnetic field by which the relative orientation of the 
ferromagnetic layers is changed from parallel to antiparallel. 
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Figure 1: A TMR junction with antiparallel (AP) oriented magnetizations of its elec
trodes has a high resistance (bottom right) and one with parallel (P) magnetizations 
has a low resistance (bottom left). The top diagram shows an experimental measure
ment of a TMR junction in which an applied magnetic field flips the magnetizations of 
its electrodes showing this change in resistance. The TMR ratio shown in this figure 
is T M R = (RAP - Rp) / Rp where RAP is the resistance for the AP configuration and 
Rp is the resistance for the Rp configuration. 

An example of the use of a TMR junction is as a memory unit for a non
volatile magnetic random access memory where the state of a bit (0,1) is stored 
in the parallel or anti parallel configuration of a TMR junction. The TMR ratio 
of the junctions is obviously crucial to the performance of these MRAM (and 
other TMR based) devices. 

As wil! be shmvn in the next section, the TMR mechanism depends on an 
imbalance in the number of spin up and spin down electrons of the magnetic 
layers at their Fermi level. This imbalance in spin at the Fermi level is what we 
shall refer to as spin polarization in this report (note that this different from 
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the more common use of this term which refers to an imbalance in the total 
number of spins, and not only at the Fermi level). In the next section it will be 
shown that the higher the spin polarization of the magnetic layers of a junction 
is, the higher its TMR ratio will be. Spin polarization measurement is therefore 
a powerful tool in the search for materials or combinations of materials with a 
high spin polarization which can be used to develop junctions with a high TMR 
ratio and is therefore a very much researched topic at the moment. 

The current interest in spin polarization measurements has given new life 
to a powerful method developed by Meservey and Tedrow in the early 70's of 
using spin polarized tunneling (SPT) in ferromagnet/insulator /superconductor 
(FIS) heterostructures to measure spin polarization of the ferromagnetic element 
[1, 2]. Since this method is not new one might expect it to be well established and 
widely used. At the time of writing, however, there are only four groups using 
this method worldwide at the moment: the group of J.S. Moodera at MIT, the 
group of S.S.P. Parkin at IBM Research Almaden, the coup of G.H Geballe of 
Stanford University and our group, making this a very challenging subject with 
much yet to be explored. This masters thesis presents the Meservey /Tedrow 
method as developed by our group, the measurements obtained by this method 
and will hopefully convince the reader of the reliability of this method. 

The aim of this project is to develop a reliable spin polarization measurement 
technique to aid in the development of layers with a high spin polarization. A 
step taken in this direction is measurement of the spin polarization of 'dusted' 
electrodes in which a ferromagnetic electrode is coated with a very thin (a few 
A thick) layer of a non-magnetic material, the hope being that the addition of 
a dusting layer will in some way increase the spin polarization of the electrode. 
Although dusting experiments have been performed in full junctions [3, 4], with 
two magnetic electrodes the basic impact of non-magnetic layers added to a 
magnetic element has not yet been explored. 
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2 Theory 

This chapter begins with fixing the definition of spin polarization used in this 
report. This is followed by a derivation of the dependence of the TMR ratio of 
a tunnel junction on the spin polarization of its constituent electrodes using the 
Julliere model. The next section will discuss in a general manner and compare 
the different methods with which one can measure spin polarization, including 
of course the SPT method. The remainder of the chapter then describes the 
theory of the SPT method in more detail, here and in the section on the Andreev 
technique a basic knowledge of superconductivity is assumed (if this is lacking 
one should refer to [5] for example.) 

2.1 Spin Polarization 

In the above as well as the rest of the report spin polarization should be under
stood to be the difference in the number of spin up (majority spin direction) 
and spin down (minority spin direction) of electrons with energy close to the 
Fermi energy (within ±kBT). Again, note that this is different from the more 
common definition of spin polarization related to the magnetization, the reason 
being that we are only interested in conduction electrons, that is to say those 
of energy near the Fermi energy. 

The forma! definition of spin polarization, which we shall use throughout 
this report is 

p _ Pt - PJ.. 
- Pt +Pi' 

(1) 

where Pt denotes the number majority spin density of states and PJ.. the minority 
spin density of states at the Fermi energy. One should be aware that the defi
nition of spin polarization is not unique and can vary for different publications 
[6]. 

2.2 Spin Polarization and TMR 

This section describes the physical origin and formalism of TMR junctions and 
the relation between the TMR ratio and spin polarization. In this section we 
\vill refer to the two different electrodes of a tunnel junction as electrode 1 and 
electrode 2. The current flowing from electrode 1 to electrode 2 will be noted 
as fi--+ 2 and the current flowing from electrode 2 to electrode 1 as h--tl · 

In the following we use the so-called Julliere model [7] in which there it is 
assumed that electron spin is conserved during tunneling and that therefore the 
tunnel current is simply the sum of spin up and spin down currents. In the 
Julliere model the tunneling probability per unit time ( current) is calculated by 
Fermi's Golden rule, a standard result of time dependant perturbation theory 
[8, 9]. Fermi's golden rule states that 

(2) 

where P is the tunneling probability per unit time, M is the so-called tunneling 
matrix element, and ó the Dirac delta function. The tunnel matrix element is 
given by f'vh,k' = (<I>k' IVl'11k) where '11 (resp. <I>) are the wavefunctions with 
(resp. without) the presence of the perturbing barrier potential (see Fig. 2). 
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elcctrodc harrier electrode 

Figure 2: This diagram represents the tunneling of an electron of through a potential 
harrier. The wavy line represents the electron wave function, the grey areas the filled 
electron states in each electrode and the white area the harrier potential. Electrons at 
the Fermi level in one electrode can tunnel into empty states in the other electrode. 
The tunneling probability per unit time and energy can be calculated using Fermi's 
golden rule and taking into account conservation of spin and energy. 

When calculating the tunnel current, there are several important restrictions 
to take into account. Due to the Pauli exclusion principle electrons can only 
tunnel from filled states to empty states. As can be seen from Fermi's golden rule 
energy is conserved during tunneling, so electrons only tunnel between states 
of the same energy. Likewise the spin conservation of the Julliere model only 
permits tunneling between states of the same spin. 

Using Fermi's golden rule and taking these restrictions into account, the 
contribution to li--+ 2 of electrons of spin s and energy E is proportional to the 
product of the number of filled states of spin s of energy E in electrode 1 and the 
number of empty states of states of spin s of energy E in electrode 2. The total 
current for Ii--+ 2 is obtained by summing these contributions over all energies 
and both spin channels. Assuming that the electron states vary continously with 
energy (allowing fora density of states), we arrive at the following expression 

Jl--72 CX L I: 1Ms,El2 J(E)p1,s(E)(l - J(E))p2,s(E)dE, (3) 
s=t,.). 

where f is the Fermi-Dirac distribution p1 ,s and P2,s are the density of states of 
spin s in electrodes 1 and 2. h--+1 is calculated in an identical manner. 

The total tunnel current is equal to the difference of 11--+ 2 and h--+l · If there 
is no potential difference applied, the Fermi levels of the electrodes are equal 
and therefore the product of empty states and facing full states will be the same 
in both electrodes. As a result, ! 1--+ 2 will be equal to h--+ 1 and no current will 
flow. 

With a potential difference of V volts is applied across the junction then for 
both spin channels the Fermi energy of the electrodes will be shifted from each 
other by e V electron-volts. The product of full states and facing empty states 
will then be greater in one electrode in the other so li--+2 and h--+ 1 will no langer 
be equal and a current will flow (see Fig. 3). As IVI is increased so will the 
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difference in the product of states in the electrodes and therefore the current 
will increase. In the following paragraph analytica! expressions governing the 
current-voltage and conductance-voltage characteristics will be derived. 

P2 
eV 

~ 
--------t-~±--------

Energy (meV) 

Energy (meV) 

Figure 3: This figure shows the density of states, for one spin channel, of two electrodes 
of a TMR junction with a potential difference of V volts across it. Within the m V volt 
range used in experiments the density of states can be considered as constant. The 
shaded areas represent filled states and the blank regions unfilled states. 

\Vith a potential difference of V volts applied across a TMR junction one 
obtains the following for the P configuration 

II-+2,P ex IMl 2 1_: [Pu(E)f(E)p2,t(E')(l - f(E')) 

+P1,+(E)f(E)p2,+(E')(l - f(E'))]dE 

and for the AP configuration 

II-+2,AP ex IMl 2 1_: [Pu(E)f(E)pz,t(E')(l - f(E')) 

+Pu(E)J(E)p2,+(E')(l - f(E'))]dE 

(4) 

(5) 

where E' = E - ei1 . Note here that the spin of an electron state in an electrode 
is taken relative to the magnetization direction that electrode whereas in (3) 
the spin in both electrodes was taken with respect to the magnetization of one 
of the electrodes. 

Here we have made the assumption that the tunneling matrix elements are 
independent of spin and are constant over the voltage range in consideration. 
This assumption is certainly justified since experimental measurements occur 
typically within the me V range while the band structure dependant matrix 
elements vary on the scale of electronvolts. The same argument can be used 
to replace the density of states in both electrodes by their value at Et (Fermi 
energy). 

The expression for h 41 are obtained in the same manner as for /i42 . To 
obtain expressions for the conductance of a TMR junction one simply differenti
ates /i42 - h 41 with respect to the voltage. The derivative of the Fermi-Dirac 
clistribution, which shall be notecl as g, is asymmetrie bell shaped function \Vith 
its maximum at the origin and a full wiclth at half height of 3.5k8 T. In the 
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limit of T --+ OK, g behaves like a Dirac delta function and the conductance 
takes on the following form 

ap(V) IX IMl2 
[P1,tP2,t + Pu.P2,-i.] 

aAp(V) IX IMl2 
(p1,tP2,t + Pi,tP2,-i.] 

where the density of states for both electrodes are those at E 1 , 

The TMR ratio of a tunnel junction is defined as 

(6) 

(7) 

(8) 

where Rp and RAP are the electrical resistances in the Pand AP configurations. 
Using (7) and (8) the TMR ratio can be written in terms of conductance of the 
P and AP configurations 

(9) 

Rearrangement of this equation using (1), (6), (7) and (8) allows us to express 
the TMR ratio as a function of the spin polarization of the electrodes 

(10) 

where P1 and P2 denote the spin polarization of each electrode, as given by (1). 
Within the scope of the Julliere model we now have a simple expression for the 
TMR as a function of the polarization of its constituent electrodes. One can 
measure the spin polarization of the electrodes of a TMR junction indirectly by 
measuring its TMR ratio and using (10), as is described in the next section. 

2.3 Spin Polarization Measurement Methods 

2.3.1 Indirect TMR Method 

Typical values for the spin polarization of Co and Fe are 423 and 453 respec
tively (these are recent values measured by the SPT technique taken from [10)). 
If one fills these values in (10) one would expect a TMR junction to have a TMR 
ratio of 323 fora Co-Fe tunnel junction. This is however not what is measured 
experimentally, the highest reproducible TMR measured for such a junction to 
date is about 243 (at 4.2K) [11]. This discrepancy is due to effects such as 
interfacial and barrier spin scattering, coupling between the magnetic films, the 
magnetizations of two films not being completely parallel or antiparallel when 
ideally they ought to be. 

Using the TMR ratio of a junction and (10) one can obtain a value for 
the product of the spin polarization of the two electrodes. One always needs 
a reference electrode whose spin polarization is known if this method is to be 
used. The arguments in the previous paragraph apply here too. Spin scattering, 
coupling between the magnetic layers and so on decrease the value of the "real" 
TMR ratio relating only to the spin polarization of the magnetic layers. The spin 
polarization measured by the TMR method is dependent on these imperfections, 
hence the naming of it as an indirect method. 

As has already been mentioned in the introduction the TMR method has 
been used by our group to measure the effect of Ru and Cu dusting layers on 
the spin polarization of Co [3, 4]. The results of this research will be discussed 
in section 4.5. 
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2.3.2 Andreev Reflection Method 

A much better method to measure spin polarization is by more direct methods 
such as the Andreev reflection method. Andreev reflection occurs at the bound
ary between a normal and a superconducting metal. In the superconductor the 
electrons are all paired as Cooper pairs. In order for an electron to enter the 
superconductor from the normal metal it must combine with an other electron 
of opposite spin and opposite and equal momentum. lf the normal metal is 
not polarized this is not a problem since there as many spin up as spin down 
conduction electrons. When a pair is formed a hole is created and reflected, 
hence the name Andreev reflection. 

For a spin polarized metal, however, there are more conduction electrons of 
one spin than the other. The electrons therefore have more difficulty in finding 
electrons of opposite spin to pair with, resulting in a reduction of the current 
flowing across the interface. 

polarized 
normal metal superconductor 

'~ 

normal retlection 
"low" current 

~ 

nonpolarized 
normal metal superconductor 

Andreev reflection 
"high" current 

Figure 4: Electrons emerging from a metal with no spin polarization have an equal 
number of spin up and spin down electrons. These electrons can easily enter the 
superconductor since they have a high chance of finding an electron with equal and 
opposite momentum and opposite spin with which to pair (right). Fora spin polarized 
metal there are more electrons of one spin direction than the other so pairing is more 
difficult and therefore less electrons can penetrate the superconductor (left). 

In practice this method involves bringing a sharp superconducting tip (see 
Fig. 5) into contact with a ferromagnet whose spin polarization is to be mea
sured. By fitting the conductance-voltage characteristics of the tip/ferromagnet 
contact to an appropriate model one can extract the spin polarization [12]. 

The main advantage of the Andreev technique is that the sample preparation 
is straightforward when compared to the SPT technique. Although when used 
correctly this technique can yield accurate results it has several drawbacks. The 
contacting is done after sample and tip are exposed to the atmosphere, allowing 
for the settlement of impurities on and oxidation of the surface. This leads 
to damage of the sample during contacting since the tip has to first penetrate 
the 'dirt' before contact with the sample is made. Because of the damage it is 
impossible to study samples with a layered structure (e.g. dusting). Another 
disadvantage is that the sign of the spin polarization cannot be determined, this 
will be discussed in more detail in the genera! theory section of SPT. 
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Superconductor 

B 
•' 

F erromagnet 

Figure 5: Illustration of the Andreev reflection (left) and SPT (right) methods of 
measuring spin polarization. For Andreev reflection a superconducting tip is placed in 
contact with the ferromagnetic sample. SPT involves a tri layer structure consisting 
of the ferromagnetic sample, tunnel harrier and superconducting layer. From current
voltage characteristics one can obtain spin polarization. 

2.3.3 Principle of SPT 

This section serves to give the reader an intuitive image of the SPT before 
the forma! theoretica! treatment in the next section. Measurement of spin 
polarization by SPT involves measuring conductance curves of a ferromag
net/insulator/superconductor (FIS) junction in the presence of a magnetic field 
(see Fig. 5). The essential property allowing for spin polarization measurements 
is the Zeeman splitting of the density of states of the superconductor. What 
this Zeeman splitting is and why it so important is discussed in this and the 
following section. 

First consider a FIS junction in the absence of a magnetic field. If a potential 
difference is applied across the junction the current across it can be calculated 
using Fermi's golden rule and using the Julliere model analogous to the ap
proach used in section 2.2, the difference being that one of the e!ectrodes is a 
superconductor. This is not a problem, however, since it is possible to define a 
density of one electron states for the superconductor. Fig. 6 shows the density 
of states for a superconductor and ferromagnet in absence of a magnetic field. 

Using this figure as a guide it can be seen that when no voltage is applied 
across the junction the Fermi energies of the superconductor and ferromagnet 
are equal and that there are no full states facing empty states and therefore no 
current will flow. 

The effect of applying a potential difference across the junction is to slide the 
Fermi energy superconducting density of states with respect to the Fermi energy 
of the ferromagnetic material. When V is increased (the voltage with respect to 
the superconductor) from 0 Volts then as long as Ie VI < ~the difference in the 
product of full states and facing empty states for the electrodes remains zero, 
so no current flows. If Ie VI > ~ then then there will be empty states facing full 
states so a current will flow. The direction of the current flow depends on the 
sign of the voltage. If V < 0 then electrons will flow from the superconductor 
to the ferromagnet and if V > 0 the electrons will flow from the ferromagnet 
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Figure 6: This figure shows the density of states of a superconductor (top) and a 
ferromagnetic material (bottom) of a FIS junction. The shaded areas represent filled 
states and the blank regions unfilled states. 6. is the superconducting gap. 

to the superconductor. As IVI is increased so will the difference in the product 
of states in the electrodes and therefore the current will increase. To illustrate 
this a typical measurement of a current-voltage curve of a FIS junction in zero 
field is shown in Fig. 7. 

For SPT measurements one measures not current-voltage but rather the 
conductance-voltage characteristic which is the derivative of the current-voltage 
characteristic. A very important property of the conductance-voltage charac
teristic of a FIS junction is that at T=OK it is proportional to the density of 
states of the superconductor (a forma! approach to demonstrate this is shown 
in the next section). Incidentally this property was used by I. Giaver as the first 
direct proof of the existence of the superconducting gap, and won him a Nobel 
prize [13]. 

Fig. 8 shows a typical zero field conductance measurement of a FIS junction 
at T=0.3K. At finite temperatures the conductance curve is still proportio:rnl to 
the superconducting density of states but sharper features are smeared out. At 
low temperatures (typical measurement temperatures are 0.25K) the thermal 
smearing is small enough to preserve the genera! form of the superconducting 
density of states as is clear in this figure. 

Suppose now that the junction is placed in a magnetic field parallel to the 
junction width) (it is essential that the field be parallel, more on this in section 
3.3.2). The effect is that the density of states of the superconductor is split 
into a spin up and spin down component (see Fig. 9). As can be seen from this 
figure, the density of states for each spin has the same form as in the absence 
of the magnetic field but is shifted by ±µH. 

As in the case for a TMR junction a restriction on the tunneling electrons 
is that their spin is conserved. Taking this into account and the fact that the 
conductance of each spin channel is proportional to the superconducting density 
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Figure 7: Current-voltage (bottom) and conductance-voltage (top) measurement for 
a FIS tunnel junction at 0.3K and in zero field. 

of states of that spin channel, the total conductance will be proportional to the 
sum of the spin up and spin down density of states (see Fig. 10) . As shown 
in the next section the spin up and spin down conductances contribute to the 
total conductance in a ratio related to the spin polarization of the ferromagnet. 

Therefore if there is no spin polarization in the ferromagnet the contributions 
of the spin up and spin down channels are equal then the conductance-voltage 
characteristic is symmetrie (see Fig.lü(c)). If the ferromagnet is spin polarized 
then one of the spin channels gives a greater contribution than the other and 
the conductance-voltage characteristic is asymmetrie (see Fig.lO(d)). 

An asymmetry in the conductance-voltage characteristic of a FIS junction 
in presence of a magnetic field therefore indicates that the ferromagnet has a 
spin polarization. The magnitude of this polarization can be obtained by fitting 
theoretical models to the measured conductance curves. The next section serves 
to develop such a model. 

Before proceeding with this section will be concluded by mentioning the 
advantages of the SPT method over the TMR and Andreev methods of spin 
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Figure 8: density of states of a BCS superconductor with a gap of 0.25meV and 
conductance curve at 0.25K. The conductance curve is proportional to the density of 
states hut somewhat thermally smeared. 

polarization measurement. The advantage over the TMR method is that this 
is a direct method of measuring spin polarization (see section 2.3.1). The ad
vantage over the Andreev method is that the sign of the spin polarization can 
be measured and that it is possible to measure the spin polarization of dusted 
electrodes (which is impossible with the Andreev technique due to the problems 
mentioned in the previous section). 

2.3.4 What Exactly are we Measuring? 

There are many different conduction bands in a ferromagnet, each with a dif
ferent spin polarization (see Fig. 11). The spin polarization of the tunneling 
electrons in FIS junctions therefore depends on which of the electron bands of 
the ferromagnet are involved in the tunneling. It has been shown that this is 
strongly dependent on the type of covalent bonding at the ferromagnet-tunnel 
harrier interface [14]. Therefore when measuring spin polarization one should 
keep in mind that the value obtained might be from a single band, or from the 
contributions of two or more bands. In the case of Co theoretical calculations 
[14] indicates that tunneling is mostly due to s electrons and therefore a posi
tive spin polarization (see Fig. 11). This is in agreement with our measurements 
where it is found that Co has a spin polarization of +423 (section 4.4.). 

Another important point to note is that material properties such as the 
density of states are different near the surface of the material than in the bulk 
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Figure 9: Zeeman splitting of the superconducting density of states in a spin up and 
spin down components. 

material. The spin polarization measured by SPT is that of electrons near the 
ferromagnet-barrier interface and not that of the bulk material. 

2.4 Spin Polarized Tunneling 

In this section the theory of spin polarized tunneling related to our SPT ex
periments will be explained. In the following one should keep in mind that the 
superconductor in a FIS junction acts as a probe with which the spin polar
ization of the ferromagnet of the junction is measured and that the essential 
feature permitting the use of a superconductor as a probe for spin polarization 
measurement is the Zeeman spitting of its density of states in presence of a 
magnetic field. 

2.4.1 General Theory 

The calculation of the tunnel current for a FIS junction uses an approach iden
tical to that used in the previous section for TMR junctions. Using Julliere's 
model, Fermi's golden rule and the assumptions on the tunneling matrix ele
ments of the previous section the tunnel current can be calculated. 

When a potential difference of V volts is applied across the junction, there 
are two contributions to the current, one flowing from the superconductor to the 
ferromagnet Is-+f and one from the ferromagnet to the superconductor If-+s· 
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Figure 10: (a) At T=OK the spin up and spin down conductances are proportional to 
the spin up and spin down superconducting density of states (see Fig. 9). (c) Spin up, 
spin down and total conductance at T=0.3K. The spin up and spin down conductances 
are still proportional to the density of states but somewhat smeared out at finite T. 
(b) In this case the ferromagnet has a spin polarization of 303, so the spin up and spin 
down conductances are proportional to the Zeeman split density of states in different 
proportions. (d) Spin up, spin down and total density of states at T=0.3K fora spin 
polarization of 303, see comments in (c) on thermal smearing. 

Fermi's golden rule is used as in the previous section but here electrons tunnel 
into empty quasiparticle states and quasiparticles tunnel into empty electron 
states. The origin of the energy scale chosen for the following is the Fermi 
energy of the superconductor. The result for the current contributions are 

If-+s ex IMl 2 1_: P1(E - eV)f(E - eV)ps(E)(l - f(E))dE (11) 

IB-+f ex IMl 2 1_: P1(E - eV)(l - f (E - eV))Ps(E)f(E)dE (12) 

where Pi is the density of states of the ferromagnetic electrode and Ps the 
quasiparticle density of states of the superconducting electrode. The ferromag
netic density of states is typically constant over the energy range of interest 
here, a few meV typically, soit can be replaced by its value at the Fermi level 
and brought out of the integral. Again, the conductance is simply the partial 
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Figure 11: Calculated bulk density of states of Cobalt for different electron bands 
taken from [15). The light gray lines are the spin up density of states and the <lark 
curves the spin down density of states. It can clearly be seen that the spin polarization 
is different for all bands and negative with the exception of the s-band. 

derivative of the total current with respect to the voltage. From the above 
equations one obtains 

+oo 

Cloc IMl 2 
P! J Ps(E)g(E, V)dE, (13) 

-()() 

where g(E, V) = J'(E - eV) is the derivative of the fermi Dirac function. 
It is convenient to use nonnalized conductance, which is obtained by dividing 
the conductance by its value at V--+ oo. The function g acts as a delta function 
centered at e V and Ps tends rapidly to 1 as V--+ oo so 

+oo 

CJ(V--+ oo) ex IMl2 
PJ J g(E, V)dE. (14) 

-()() 

It is well known that the integral of gis equal to 1, leading to CJ(V--+ oo) ex 
IMl 2 

PJ· Dividing (13) by this expression gives the normalized conductance. 
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+oo 

ON= J Ps(E)g(E, V)dE. (15) 

-oo 

At OK g(E, V) is a delta like function centered at E = eV. For T=OK it 
can therefore be seen from (15) that the conductance at voltage V of a FIS 
junction is equal to the superconducting density of states of the superconductor 
at energy E = e V. By measuring a - V curves in an appropriate voltage range 
one can therefore measure the superconducting density of states for a desired 
energy range. For higher temperatures g has a finite width, the a - V curves will 
be proportional to the superconducting density of states but somewhat smeared 
out, this shall be referred to as thermal smearing (see Fig. 9). 

The superconductor of a FIS junction acts as a probe for measuring spin 
polarization in a FIS junction. For reasons which will become apparent in the 
following paragraphs the FIS junction needs to be placed in a magnetic field, to 
Zeeman split the superconducting density of states, for measurements of spin 
polarization. 

In first approximation the action of a magnetic field on a Cooper pair in a 
superconductor is that the spin-up quasiparticle of the pair loses energy -µH 
and the spin down quasiparticle gains energy µH, where µis the Bohr magne
ton. As long as the magnetic field is less than the critical magnetic field the 
pair will not be broken. Since the Cooper pair is not broken by the field the 
density of states of the superconductor will be the same as that in the absence 
of a field, shifted by µH for spin up quasiparticles and - µH for spin down 
quasiparticles, as shown in Fig. 10. This is referred to as the Zeeman splitting 
of the superconducting quasiparticle density of states, and can be written as 
Ps(E) = Pt(E) + Pi(E), where Pt(E) and Pi(E) are the spin up and spin down 
quasiparticle density of states. 

In the Julliere model the total tunnel current is the sum of currents from 
both spin channels and (15) can be generalized to 

+oo +oo 

aN = PJ,t J Pt(E)g(E, V)dE + Pu J Pt(E)g(E, V)dE. (16) 
PJ,t + PU PJ,t + PU 

-00 -oo 

which can be rewritten in terms of polarization as 

+oo +oo 

aN = ~(1 + P) J Pt(E)g(E, V)dE + ~(1 - P) J Pi(E)g(E, V)dE. (17) 
-oo -oo 

, using P = PJ.î-PU as in (1). 
PJ,t+Pu. 

Each spin channel contribution to the tunnel current has the same form 
as (15). That is that at T=OK the spin up and spin down contributions are 
equal to the superconducting density of states and at finite temperature they 
represent a thermally smeared density of states. As mentioned previously these 
two contributions differ in that they are shifted by 2µH with respect to each 
other and that they contribute to the total conductance in a ratio related to the 
spin polarization of the ferromagnet. 
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Therefore, as mentioned previously, if there is no spin polarization in the 
ferromagnet the contributions of the spin up and spin down channels are equal 
and the conductance characteristic is symmetrie and if the ferromagnet is spin 
polarized the conductance characteristic is asymmetrie. Here we will also com
ment on the effect of the sign of the spin polarization. If the spin polarization 
is positive then the weighting factor for the spin up conductance is greater than 
that for the spin down conductance and the conductance will have a form sim
ilar to Fig. 9( d) where the secondary peak left of the origin is greater than the 
one right of the origin. If the spin polarization is negative then the spin down 
conductance will dominate with the result that the peak right of the origin will 
be greater than the one left of it. 

The magnitude of this polarization can be obtained by fitting (17) to ex
perimental data. Using a BCS superconducting density of states (17) has 4 
parameters: the temperature T, the magnetic field Hand the superconducting 
energy gap, the spin polarization P and the superconducting gap ~-

The use of a superconducting density of states derived from BCS theory can 
lead to important discrepancies between theoretical predictions and experimen
tal data. BCS theory is somewhat incomplete since it does not take into account 
scattering in the superconductor (see section 2.4.3). Before considering these 
scattering processes we will concentrate on the superconducting probe. 

2.4.2 The Superconducting Probe 

It is not only important that Zeeman splitting takes place but also that this 
Zeeman splitting be visible in the conductance-voltage measurements at the 
temperature at which we are measuring. At a temperature T, the thermal 
smearing will destroy any features smaller than 3.5kBT in our measurements. 
The Zeeman splitting will not be visible in the conductance-voltage measure
ments unless 2µH > 3.5kBT. In other words, the splitting must be large enough 
that thermal smearing does not destroy its features. Typical temperatures in 
our experiments are of the order of 0.25K and kB = 86µeV /Kso the magnetic 
field must be greater than 0.8T if splitting is to be observed (see Fig. 12). 

Typically, the critica! field of typical bulk superconductors is of the order 
of a few mT so at first sight the possibility of observing this Zeeman splitting 
seems impossible. For thin superconducting films parallel to the magnetic field, 
the critica! field can be higher by orders of magnitude with respect to its bulk 
value. Thin film superconductors are therefore required candidates for use as a 
superconducting probe. In the following the properties of these thin films will 
be discussed in some detail. 

The effect of a magnetic field applied to a superconductor is to create or
bital screening currents which raise its Gibbs free energy. If the magnetic field 
is increased such that the Gibbs free energy per unit volume of the supercon
ductor equals that of the normal metal state then a phase change from the 
superconducting to normal state will occur. 

For thin films in a parallel magnetic field, however, the orbital screening 
currents are suppressed by the film thickness and the field will penetrate the 
superconductor. The reduced orbital screening currents of thin films lead to a 
decrease in their Gibbs free energy and therefore a higher critica! field. For films 
where the thickness is less than the penetration depth the orbital currents are 
minimal and the field penetrates the superconductor uniformly (see Fig .13). 
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Figure 12: Simulated conductance curves for a FIS junction (using a BCS density 
of states) for a temperature of T=0.3K, a superconducting gap of ~=0.25meV and 
different magnetic fields. At 0.7T the Zeeman splitting is not apparent, at 0.9T just 
visible and at 1.1 T clearly visible. 

Calculations based on the London theory [5] and Ginsburg-Landau theory [16] 
confirm this increase in critical field for thin films. According to these theories, 
however, the critical field should tend to infinity as the film thickness tends to 
zero, which is unphysical. 

In reality this does not occur due to Pauli paramagnetism of the normal 
state. The effect of an applied field is to align electrons along the direction of 
the applied field (Pauli paramagnetism). This ordering of electron spin makes it 
difficult for electrons to form Cooper pairs (which requires electrons of opposite 
spin). There is a competition between the electrons wanting to align (and 
thereby destroying superconductivity) and to forma Cooper pair. If the field is 
strong enough it is energetically more favorable for the electrons to align than 
form a Cooper pair so superconductivity is destroyed (see Fig. 14). The field 
at which this happens is known as the Pauli limited critical field and noted as 
HcP· 

This limiting critical field is obtained by equating the paramagnetic energy 
of the normal state ~xH2 to the binding energy of a Cooper pair ~6., leading 
to 

6. 
HcP = --

vf2µ 
(18) 

Using the well known relation of BCS theory 6. = 3.53kBTc, the upper 
critical field for a Pauli limited superconductor is given by 

1.76kBTc 
HcP = vf2 = 1.85Tc 

2µ 
(19) 

For most materials a reduction in film thickness reduces its critical temper-
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Figure 13: Flux penetration in a superconducting slab in a parallel magnetic field. 
The figure to the right represents a cross section of a slab of different thicknesses. 
White areas represent areas where the magnetic flux has penetrated and grey areas 
where it has not, d is the film thickness and >. the penetration depth. For the case 
d < < >. the magnetic flux uniformly penetrates the superconductor. 

at ure, leading to a low Pauli limited critical field. Aluminum, however, has 
the unique property that the critical temperature increases as film thickness is 
decreased [16], leading to a high Pauli limited critical field. For thin films of 
tens of angstroms thick for example the critical temperature is approximately 
2.5K giving a limiting field of 4.6T which is well above the value required for 
observing Zeeman splitting. 

For our experiments we have chosen aluminum as superconducting probe. 
The main argument in favor of aluminum is the one described above relating 
to a high limiting critical field. The choice of aluminum is also related to other 
arguments, the discussion of which will conclude this section. 

As will be described in the next section non magnetic impurities in supercon
ductors cause so called spin orbit scattering \vhich destroys Zeeman splitting. 
The strength of the spin or bit scattering is proportional to Z 4 , where Z is the 
atomie number. The spin or bit scat tering in aluminum is therefore much lower 
than that of other possible candidates such as vanadium or niobium. 

Another reason for choosing aluminum is that the insulating barrier of the 
FIS junction can be created by partially oxidizing the Al film. This is a simple 
process and due to the chemically self-limiting nature of oxidation in Aluminum 
the superconductor /insulator interface will be smooth and stable. 

2.4.3 Scat.tering Processes 

The scattering processes in the superconductor can be divided into two kinds, 
spin-orbit scattering (scattering from non-magnetic impurities) and orbital de-
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Figure 14: (a) Shows the change in Gibbs free energy for a superconductor in its 
normal (dashed line) and superconducting state (solid line) as a function of an applied 
magnetic field. The critica! field is that where the energies of the normal and super
conducting states are equal. (b) According to the Gins burg Landau theory, for zero 
film thickness the energy of the superconducting state does not change with the field. 
In this case the critica! field is caused by Pauli paramagnetism, which decreases the 
energy of the normal state by energy of the normal state proportional to H 2

. 

pairing (scattering from magnetic impurities). 
An electron moving through a lattice of charged nuclei wil! experience a spin

orbit interaction, similar to the case of an electron orbiting the nucleus of an 
atom. If an electron experiencing such a spin-orbit interaction is scattered it is 
necessary that the total angular momentum is conserved. It is possible, however, 
that the electron be scattered by a non-magnetic impurity from a state with the 
same total angular momentum but opposite spin. This scattering from non
magnetic impurities, known as spin-orbit scattering, can therefore flip the spin 
of an electron. In section 2.4.5 simulations of the effect of spin-orbit scattering 
on the density of states of a superconductor will be shown. 

Orbital depairing, also known as spin-flip scattering, is caused by the inter
action of a Cooper pair with magnetic fields ( external fields or fields created 
by magnetic impurities). A Cooper pair consists of electrons of opposite spin, 
so the effect of a magnetic field, which tends to align the spins along the field 
in the same direction, is to destroy the pairing mechanism. Therefore spin flip 
scattering destroys superconductivity. Simulations showing the effect of orbital 
depairing on the superconducting density of states are shown in section 2.4.6. 
Before this is dorre, however, the theory used for calculating these simulations 
wil! be discussed. 

2.4.4 Superconducting Density of States: More Advanced Models 

A Green's function approach was used by K.Maki [18] to develop a theory for 
the calculation of the density of states of a superconductor including the effects 
of spin-orbit scattering and spin-flip scattering. In the Maki theory the spin up 
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and spin down superconducting density of states are given by 

Po [ U± ] Pu(E) = 2 sgn(E)Re (ui_ l) 112 
(20) 

with 
E =i= µH Çu± [ u~ - U± ] 

U± = .6. + (1 - ui)l/2 + b (l - u~)1/2 . (21) 

Here .6. is the superconducting energy gap, bis the spin orbit parameter (related 
to the spin orbit scattering rate), Ç is the orbital depairing parameter (related 
to the spin flip-scattering rate), µH is the Zeeman splitting and u± are complex 
variables. Fora given H, d, band (the variables U± can be calculated by solving 
(21) and the density of states can then be calculated with (20). In practice 
solving (21) by means of standard computer algebra methods is hindered by 
convergence problems, relating to the existence of multiple solutions [19]. 

Alexander et al. developed a theory mathematically equivalent to that of 
Maki but involving four equations of four complex unknown variables 

E (µH) 2 
2 

.6. Y2 + Y1 + ~ - Ç[Y1Y2 - y3y4(µH) ] = 0 

E Y2 
.ó. Y4 + .6. + Ç[y2y3 - Y1Y4] - 2b[Y1Y4 + Y2Y3] = 0 

yf - yf + (µH) 2 y~ - (µH) 2 y~ + 1 = 0 

Y1Y3 + Y2Y4 = 0 

where the variables y; are related to the coefficients U± of by 

U± 
Y1 ± hy3 = - (ui - 1)1/2 

1 
Y2 =F hy4 = (ui - 1)1/2 

(22) 

(23) 

Examination of (20) and (23) reveals that the density of states is easily 
calculated once (22) has been solved for the variables y;. The advantage in 
sol ving these equations for calculating the density of states rather than equations 
(21) is that there are no convergence related problems. It is these equations that 
we solve in order to obtain the spin up and spin down density of states needed for 
the calculation of conductance characteristics by (17). Details of the numerical 
method used to solve these equations are given in appendix A. 

The following sections shows density of state calculations based on the above 
theory showing the effects of spin orbit scattering and orbital depairing on the 
superconducting density of states. 

2.4.5 Spin Orbit Scattering 

Fig. 15 shows simulations based on the Maki theory of the superconducting 
density of states for varying spin-orbit parameters with an orbital depairing 
parameter of ( = 0 and a magnetic field of 3T. Note that spin-orbit scattering 
only has an effect in the presence of a magnetic field where the spin up and spin 
clown clensity of states are shifted. 
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Fig. 15(a) shows the case for b=O. When there is no scattering (b=O and 
( = 0) the superconducting density of states is that of a BCS superconductor. 
When the orbital depairing factor is increased the sharp peaks present in the 
BCS density of states are attenuated (Fig. 15(b), (c)) and the appearance of 
"feet" in the density of states. This is due to spin flip causing a "mixing" of 
the density of states. For high spin orbit factors the "mixing" results in spin 
up and spin down density of states being nearly equal (Fig. 15(d)). In this 
case the orbital depairing has almost completely destroyed the effect of Zeeman 
splitting. An important conclusion is that if the spin orbit scattering is high 
enough Zeeman splitting is completely destroyed and that then density of states 
in field is essentially the same as that in absence of a field. The results of these 
calculations are in accordance with similar simulations found in literature [17]. 
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Figure 15: Theoretica! curves of the superconducting density of states with H=3T, 
(=0 and spin orbit factor b=O, 0.1, 1 and 1.5. Dotted lines represent the spin up 
density of states, dashed lines the spin down density of states and the solid line the 
total density of states. 

2.4.6 Orbital Depairing 

Fig. 15 shows simulations based on the Maki theory showing the effect on the 
density of states for varying orbital depairing parameters in zero field and with 
a spin-orbit parameter of b = 0. Since there is no field the spin up and spin 
dmvn density of states are superimposed. What is clear from this figure is that 
the peaks of the density of states are attenuated and that the superconducting 
gap is destroyed, in accordance with simliar simulations found in literature [17]. 
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Figure 16: Theoretica! curves of the superconducting density of states with H=OT, 
b=O and orbital depairing (=0, 0.1, 0.5 and 1. There is no field applied so the spin up 
and spin down density of states are superimposed (no Zeeman splitting). 

3 Experimental 

Here the experimental work carried out for this thesis will be presented. First the 
method of fabrication of the junctions will be explained, followed by a discussion 
on the different "configurations" in which a junction can be fabricated. The 
next chapter gives a description of the cryogenic equipment needed to cool 
the junctions. This is followed by a description of the measuring method and 
electronic circuitry involved. 

3.1 Fabrication of FIS Junctions 

As explained in section 2.4.2 the superconducting probe we use for our FIS 
junctions is thin film aluminum tens of Angstroms thick and the tunnel harrier 
is an aluminum oxide (typically 25Á thick) film. A2 0 3 is ideally suited for use 
as a tunnel harrier since the creation of a closed (no pinholes) homogeneous 
A2 0 3 harrier by oxidation of Al has proven to be a relatively easy process. The 
thickness of the tunnel harrier and Al film is crucial to the correct function
nement of the FIS junction. If the Al film is too thick, its critical field will not 
be high enough to observe Zeeman splitting and if it is grown too thin it is not 
a closed layer, that is the layer consists of separate clusters of Al. For such a 
film at room temperature electron transport in the film is now only possible 
by electrons "hopping" from one cluster to the other. When the film is cooled 
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down, however, the hopping mechanism is frozen out. If the tunnel harrier is 
too thick then the junction resistance will be to high to measure anything and 
if the harrier is too thin pinholes may form offering an alternative path for the 
current by which it bypasses the tunnel harrier. 

The technology used to grow the different layers of our FIS junctions is 
UHV DC magnetron sputtering, with the use of shadow masks to control the 
geometry of the films. Junctions are not grown individually hut are created six 
at a time, the following paragraph will briefly describe the procedure. 

The first step is to sputter a single strip of one electrode material (Al or the 
ferromagnet) through a mask shown in Fig. 17(b) onto a substrate to create 
the bottom electrode (longstrip) (see Fig. 17(a)). The mask is then removed 
and approximately 20Á of Al are sputtered on top of this layer. This layer is 
then plasma oxidized for approximately 200s in an atmosphere of pure oxygen 
at O.lmbar in order to obtain the A2 0 3 tunnel harrier. The top electrodes of 
the junctions (cross strips) are then created by sputtering the electrode material 
though a mask as shown in Fig 17 ( c). 

(a) (b) (c) 

ln ~ contact terminal 

-.:::t- 9Efc:~:-~:- ~T9 "° cross strip 
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Figure 17: (a) left shows a planar view of a set of samples with the cross strip on top 
(for clarity only three cross strip are shown, our samples have six) and the diagram 
to the right shows a cross section through one of the cross strips. Arrows indicate 
the direction of the current. (b) is a shadow mask used to grow longstrips. ( c) is a 
diagram of a shadow mask used to grow cross strips. 

Another way of growing junctions is to grow the cross strips first then grow 
the harrier layer, oxidize it and then grow single long strip on top of the harrier. 
Whether the long strip or cross strips are grown first is of little importance. 
However which electrode material is grown first is of great importance. 

If the Al film is grown first the junctions shall be referred to as in the "Al on 
bottom" configuration. In genera! growing a good quality layer of any material 
on A2 Ü3 is difficult due to the fact that A2 0 3 is relatively rough and has a high 
surface energy. :t'lfaterials grown on A2 0 3 will therefore tend to have a cluster 
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like growth. The interface between the harrier and the ferromagnetic layer in 
the "Al on bottom" configuration is therefore rough and if one wishes to grow 
a dusting layer between the oxide and the ferromagnet it will be ill defined (see 
Fig. 18). 

This problem does not present itself for dusted junctions grown in the "Al 
on top" configuration in which the ferromagnet is grown first. As was the case 
previously with the ferromagnetic layer, Al does not grow well on the A2 0 3 

harrier (see Fig. 18). In general, growing a closed layer of Al in the "Al on 
top" configuration is therefore more difficult in this than the previous "Al on 
bottom" configuration and accordingly, the aforementioned problem of high film 
resistance at low temperature is more acute. The main motivation of using this 
configuration over the previous one is to obtain a better defined dusting layer. 

"Al on bottom" Dusting Iayer -1 A 

"Al on top" 
Dusting layer -1 A 

Figure 18: Junctions grown in the "Al on bottom" and "Al on top" configuration 

3.2 Cryogenics 

To measure a set of junctions they are cooled down to approximately 0.25K 
using a 3 He cryostat (Oxford Instruments Heliox VL). As mentioned earlier this 
temperature is required to obtain a thermal smearing in our measurements small 
compared to the Zeeman splitting. A simplified diagram of the 3 He system used 
is shown in Fig. 19. As can be seen it is located inside a larger 4 He cryostat, 
the purpose of which is to cool the 3 He system to about 4.2K. Once the 3He 
cryostat has been cooled to 4.2K it is thermally isolated from the 4 He cryostat. 
This cooling procedure will be described later in this section. First a description 
of the 3 He system will be given, assuming that it has already been cooled to 
4.2K and is thermally isolated from the 4 He cryostat. 

The 3 He system is that portion of Fig. 19 contained within the dashed box. 
lt consists of a closed volume containing 3He and a charcoal pump equipped 
with a heating element at the top. The bottom part of the volume is shaped 
in a pot which will contain the 3He when it is liquefied. At the bottom, a tube 
which has a open end in the liquid 4 He, passes through a needle valve, spirals 
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Pump 

Figure 19: Simplified diagram of the Helium-3 cryostat. 

around the middle of the 3 He volume and is connected to a pump at its other 
end. In the following an description of the function of each of the elements of 
the 3He system will be given. 

The charcoal pump is no more than finely ground charcoal. As commonly 
known, charcoal is very good at adsorbing gases. This ability of charcoal to 
adsorb He gas is temperature dependant, below 15K the rate of adsorbtion is 
very high and above 15K charcoal is not capable of adsorbing He. At 4.2K 
therefore all the 3He gas in the cryostat will be adsorbed by the charcoal. 

The first step in the cooling procedure is to free the 3He from the charcoal 
pump. This is dorre by passing a current through the heating element to heat 
the charcoal pump above 15K. As we just mentioned at this temperature the 
charcoal can no longer hold the helium so it is expelled from the charcoal. The 
3 He volume is now filled with gaseous 3 He. The next step is to liquefy this 
gas. In order to do this one must first turn on the pump connected to the tube 
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which spirals around the cryostat so that a steady stream of 4 He flows though 
the tubing. The section of tubing spiraling around the cryostat acts as a heat 
exchanger which enables the cooling of the gaseous 3 He. 

Liquid 4 He has a temperature of 4.2K and the condensation temperature of 
3 He is 3.2K so it seems that the 3 He cannot be liquefied by the above procedure. 
However, the tubing passes though a needle valve, nothing more than a small 
adjustable opening. The 4 He passing though this small opening undergoes a 
free expansion and is cooled by the J oule-Thompshon effect. By adjusting size 
of the needle valve opening the temperature of the 4 He in the heat exchanger 
can be cooled to l.5K, thereby liquefying the 3 He gas. 

The 3He then condenses on the container wall and accumulates into the pot. 
When all the 3 He is condensed the heater is switched off so the temperature 
of the charcoal will fall below 15K where it will start pumping the 3He vapor, 
cooling the sample to 0.25K. 

Now that the working of the 3He system has been explained, a description 
of the cool down from room temperature to 4.2K by the 4 He cryostat will be 
given. The 4 He cryostat is a cylinder which contains a super coil for applying 
the magnetic field (not shown) and is filled with liquid 4 He. The 3He system 
is located in a cylinder at the bottom of an insert which is loaded in the 4 He 
cryostat when it is at room temperature. The cylinder is initially filled with 
4 He gas which provides thermal contact between the cylinder wall and the 3 He 
cryostat, allowing for the cryostat to be cooled. The cylinder contains a charcoal 
pump, which begins to adsorb 4 He gas once it reaches a temperature of about 
6K, creating a vacuum inside the cylinder and thereby thermally isolating the 
3He cryostat from the 4 He cryostat. Once this has occurred the 3 He system is 
used to cool the sample further as described above. 

3.3 Measurement Technique 

3.3.1 Mounting and Measuring the Sample 

Measurement of a junction involves measuring its conductance as a function of 
voltage. Let us assume for the time being, in order to illustrate a few important 
points, that it is junction resistance we want to measure. 

In order to eliminate lead and contact resistances the junctions are measured 
using a four point measuring technique. This can be done either using a current 
source to generate a current through the junction and measure the voltage 
drop generated by the junction resistance, as in (Fig. 20 left) or by using a 
voltage generator to generate a voltage drop across the junction and measuring 
the current flowing though it (Fig. 20 right). In both cases only the junction 
resistance is measured, the lead and contact resistances are neglected. 

For voltages within the gap region of the superconductor junction resistances 
are high, of the order of Gn. If some data points in the gap region (O. lm V) 
are desired, one needs a current source of O.lpA controllability. Such a current 
source is difficult to build. With the use of a voltage source it is much easier 
to obtain data points in the gap since a voltage source with 10µ V controlla
bility is relatively easy to build. For this reason a voltage source is used to 
measure the junctions. The details of the electronic measurement circuitry will 
be given shortly but first a brief description of the means by which the sample 
is connected to the measurement apparatus is given. 
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Figure 20: Four point resistance measurement using a current source (left) and a 
voltage source (right). 

First the sample is glued on a sample holder using vacuum grease (see 
Fig. 21). The next step is to connect the strips of the set of junctions to wires 
leading from a plug. The connections are made by contacting the wires with 
strips and with silver paint. This silver paint contains micro meter sized silver 
particles in a highly evaporative solvent. Once the solvent has evaporated silver 
remains around the contact area, binding the wire to the contact area. 

Once all the strips have been connected the sample holder is placed in the 
rotator of the cryostat and the plug connected to the wiring of the insert. These 
wires are connected to the measurement circuitry which is located directly at 
the top of the cryostat. The fact that the measurement circuit is located here 
is not as trivia! as it first might seem. The measurement circuit amplifies the 
measured signa! before sending it over several meters to the data acquisition 
computer. Since our signals are very small they are very susceptible to noise 
sources (vibration of the wires, background e.m. radiation, ... etc). The wires in 
the cryostat suffer this to a much lesser extent than wires external to it and it 
is therefore best to amplify the signals as close to the experiment as possible. 

A block diagram of the measurement circuit is shown in Fig. 22. The circuit 
consists of three main parts, a loek in amplifier (LIA), a bias controller and a 
computer controlled analog output (DAC). 

First the role of the bias controller and DAC wil! be considered. When the 
measurement computer receives the command to measure the conductance of a 
junction at say 5mV, it sends a signa! to the DAC to produce a voltage of 5V. 
At the output of this DAC an adder sums this signa! with the reference signa! 
from the loek in amplifier, creating a DC signa! with a small modulation. This 
voltage forms one of the inputs of the subtractor shown in the figure, the other 
input has a value equal to the potential difference across the junction multiplied 
1000 times. As long as the inputs of the subtractor are the same (that is that 
the tunnel junction is at a voltage of 5m V) then its output is zero. When this 
is no longer the case the output voltage is not zero. In this case the integrator 
connected to the output of the subtractor wil! re-establish equilibrium. The 
voltage across the junction wil! therefore always be equal to one thousandth of 
the input voltage. By selecting this voltage on the computer one can set the 
bias voltage across the junction at different values. This causes a current to 
flow through the junction which is converted to a voltage by the IV converter 
for measurement by the LIA. 

It is the LIA that measures the dynamic conductance (dl/ dV) of the junc-
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Figure 21: Figure (a) is a picture of a set of tunnel junctions on a sample holder 
connected with silver paint toa plug, ready for attachment to the insert of the cryostat. 
Figure (b) shows this plug after being attached to the insert of the cryostat and the 
sample is placed in the rotator of the cryostat. 

tion. Instead of just applying a d.c voltage V (bias voltage) across the junc
tion, as is the case for resistance measurement, for dynamic conductance mea
surements a small sinusoidal voltage of known variable and amplitude ( dV = 
A.sin(wt)), the modulation voltage, is superimposed. This modulation signal is 
produced by an oscillator inside the LIA. 

The voltage V + dV across the junction causes a current I to flow though it. 
This current is measured by converting it to a voltage by an IV converter and 
measuring this voltage with the LIA. Since dV is small , the current I can be 
expanded as a Taylor's series as follows 

I(V + dV) = I(V) + :~ A.sin(wt) + ... (24) 

The LIA measures the amplitudes of signals which are harmonies of the mod
ulation signal, that is with a frequency of w, 2w, .... For our measurements, 
the LIA is set to measure the amplitude of signals with frequency w, which is 

28 



/IV-Converter 

LIA 

ADC 

Bias Controller 
Oscillator 

Low-Pass 
Filter 

Figure 22: Block diagram of the measurement circuit. 

proportional to the dynamic conductance. 

DAC 

When measuring a tunnel junction it is important to consider the value of 
A. Due to the finite magnitude of A the dl /dV in (24) is a mean value over the 
range [V - A, V + AJ. Therefore features in the measurement smaller than 2A 
are smeared out and features larger then 2A resolved. The smallest features in 
current have a size determined by the thermal smearing. The thermal smearing 
is given by 3.5kBT (kB = 86µ eV /K) so at the measurement temperature of 
0.25K it has a value of 75µ V. In order to be able to measure effects of this size 
we use a modulation modulation signa! of 10µ V peak-peak. 

3.3.2 Alignment and Magnetization of the Sample 

The correct alignment of the sample parallel to the applied field is essential if 
good quality measurements are to be made. If the sample is misaligned magnetic 
flux with a component perpendicular to the field penetrates the film. The effect 
of a perpendicular field penetrating the film is that orbital screening currents 
are created in the superconductor, as is the case for a parallel field. For a 
perpendicular field, however, the orbital screening currents are not constrained 
by the film thickness and are therefore significantly higher than those created 
by a parallel field. Orbital currents destroy superconductivity so perpendicular 
fields should be minimalized as much as possible. 

As can be seen from Fig. 21 the sample holder is mounted the rotator of the 
cryostat. This rotator is connected via a shaft to a manual rotating mechanism 
located at the extremity of the insert exterior to the cryostat. Rotating this 
mechanism rotates the shaft and therefore allows for alignment of the sample. 
The possible methods for aligning the sample and for determinining ifthe sample 
is aligned with the field wil! not be explained here, it is sufficient to note that 
the sample can be aligned within 0.05 degrees. 

During the alignment we noticed that some of the junctions which initially 
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had a "bad" gap in zero field measurements before alignment had a "good" gap 
in zero field measurements after the alignment (see Fig. 23). 
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Figure 23: Measurement ofa Co/ AzÜ3/ Al tunneljunction in zero field before (circles) 
and after (squares) a high field has been applied for several minutes 

Alignment involves the applying a high magnetic field, the explanation of 
the improvement of the gap is therefore to be found in which way the magnetic 
field affects the junction. Since the ferromagnetic layer is the only magnetic 
material in our junction this effect can be clarified by considering the effect 
of the field on the ferromagnetic layer. Fig. 24 illustrates the effect on the 
ferromagnetic layer of applying an magnetic field. Before the field is applied the 
ferromagnet consists of randomly oriented magnetic domains and after a parallel 
field is applied the ferromagnet consists of one large magnetic domain oriented 
parallel to the junction. In the latter case the magnetic field in the aluminum 
film emanating from the single ferromagnetic domain has a large component 
parallel to the film and a negligeable component perpendicular to the film. In 
the former case there will be much more magnetic flux in the superconducting 
film with a component perpendicular to the film resulting in increased orbital 
screening currents. 
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Figure 24: The diagram on the left shows the randomly oriented magnetic domains 
of the Co film before a parallel magnetic field is applied and the field lines of two of 
these domains. The diagram on the right shows the single magnetic domain of the Co 
film after the magnetic field has been applied. 

All the measurements presented in the remainder of this report were mea-
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sured only after a field (3T for example) for approximately 5 minutes before 
measurement, to ensure that the Co domains were properly aligned. 

3.3.3 Fitting of the Measurements 

Fitting of theoretica! conductance voltage-curves ( calculated with (17), (20) 
and (22)) to measured conductance-voltage curves gives the fit parameters 
T, H, ~' b, z and P. Fig. 25 shows theoretica! conductance-voltage curves for 
different spin polarizations, keeping the other parameters fixed. It can be seen 
that a change in P by of 53 shifts the peaks by 1.53 indicating that the values 
of spin polarization for a "good" fit are accurate to within at least a few percent. 
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Figure 25: Theoretica! conductance-voltage curves for different spin polarizations. 
The inset is a zoom of the bottom right peak. 

4 Measurements 

The quality of the tunnel junction is of course the most important factor for 
the SPT measurement technique. Measurements of our first junctions revealed 
them to be of unsatisfactory quality hut successive improvements in the junc
tion's fabrication procedure lead to some very good quality measurements. This 
section aims to present the experimental work and measurements in chronolog
ica! order, showing the evolution and steps taken in the improvement of the 
tunnel junctions. 
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4.1 Critica! Field and Critica! Temperature Measurement 

The critica! temperatures and field of the Al film are important since they 
determine if Zeeman splitting can be observed in the measured conductance
voltage characteristics. The critica! field and temperature of the Al film of a 
FIS junction can be either directly with a loek in amplifier or indirectly by 
fitting the conductance-voltage characteristic of the FIS junction. 

Using the direct method the critica! field is determined by measuring film re
sistance as a function of an applied field and the critica! temperature by measur
ing film resistance during cool down of the junction. By passing a small current 
through the film by means of a current source the film resistance can be mea
sured with a loek in amplifier. Such measurements are shown in Fig. 26(a), (b). 
One should be wary when using this method since the current we pass through 
the film partly destroys superconductivity. The critica! fields and temperatures 
are then due to the combined effect of the current and the field or temperature. 
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Figure 26: Critica! temperature and field of the Al film of a junction. (a) Resis
tance versus temperature for an Al film of thickness 15Á. The critica! temperature is 
approximately 1.8K. (b) Resistance as a function of applied field, the critica! field is 
approximately 2.9T.(c) Measurement of the corresponding FIS junction and fit. Using 
relation(18) and the fitted gap parameter (~ = 0.27meV) the critica! field is found to 
be approximately 3.3T. Using relation (19) the critica! temperature is approximately 
1.8K 

Another method of measuring the critica! field and temperature is by fit-
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ting theoretica! conductance-voltage curves to experimental data to obtain the 
superconducting gap 6. of the Al film and using the relations (18), (19). (see 
Fig. 26(c)). As can be seen from the figure the critica! fields obtained by the 
two methods differ. This can be attributed to the inaccuracies in the direct 
method described above or that if the film is not thin enough the relations (18) 
and (19) no Jonger hold. 

4.2 Si Substrate 

4.2.1 Al on Top 

Our first tunnel junctions grown on Si/SiOx substrates in the "Al on top" 
configuration with Co as the ferromagnetic layer. Co does not grow well on 
SiOx soa buffer layer of Ta (on which Co does grow well and which grows well 
on SiOx) was grown on the substrate before growing the junctions. A typical 
measurement of an" Al on top" junction grown on a Si/SiOx substrate is shown 
in Fig. 27. 
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Figure 27: Experimental conductance-voltage measurement for a 
Si/Si0x/Ta(50Á)/Co(50Á)/Ab03(20Á)/Al (30Á) junction at 0.25K. 

From this figure it can be seen that the gap region is not very well defined. 
This bad gap can be attributed to cluster formation of Al in the "Al on top 
configuration" rather than a bad quality tunnel harrier. A bad harrier with 
pinholes gives a completely different characteristic than the one shown due to 
Andreev reflection processes [21]. The current-voltage characteristic of a junc
tion with pinholes in the harrier has a maximum instead of a minimum in the 
gap region. 

No Zeeman splitting was observed in the conductance-voltage measurements 
of these junctions, indicating that the Al films had low critica! fields. This is 
confirmed by direct measurements of the Al films which showed them to have 
critica! fields of the order of 1 T. This is just sufficient for observing Zeeman 
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splitting for a junction with a good gap hut not in our case where the gap is so 
ill defined. 

In an attempt to try to increase the critica! field we therefore tried to grow 
junctions with thinner Al films (of say 20-30Á ) thick. The Al film of these 
junctions, however, had a very high resistance making measurements impossi
ble. The high resistance can be attributed to the cluster like growth of Al on 
the tunnel harrier and the subsequent bad conduction due to electron hopping 
freezing out at measurement temperatures. 

4.2.2 Al on Bottom 

In order to obtain better quality Al films the next step we took was to grow 
junctions in the "Al on bottom" configuration. In this configuration Al is grown 
directly on Si/SiOx substrates, there is no need for a buffer layer in the "on 
bottom" configuration. An example of a measurement for such a tunnel junction 
is shown in Fig. 28. 
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Figure 28: Experimental conductance-voltage measurement for a 
Si/SiOxA1(55Á)/Ab03(25Á)/Co(lOOÁ) junction at 0.25K (open circles) and 
the fit ( solid line). 

The gap is here much better defined than in the "on bottom" configuration, 
indicating a good quality homogeneous aluminum film. Again Zeeman splitting 
was not observed, indicating that the critica! field of the Al film is low. However, 
using the fitted gap parameter and (18) one obtains a value for the critica! field 
of 2.2T for the Al film, which is high enough to observe Zeeman splitting. This 
contradiction is probably due to our film not being thin enough for (18) to be 
valid. 

As before we attempted to increase the critica! field by making the Al film 
thinner (20-30Á). This lead to the same problem of high strip resistance as in 
the "Al on top" configuration. Possible explanations are the high surface energy 
of SiOx (thin films will tend to form clusters), the roughness of SiOx or oxygen 
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diffusion from the substrate to the Al film (thinner films could be completely 
oxidized by this). 

4.3 Glass Substrates 

Since the junctions grown on SiOx were not successful we decided to grow them 
on Barium Borosilicate thin sheet glass. This glass is smoother than SiOx, 
has a lower surface energy than SiOx and contains no oxygen. In genera! the 
junctions grown on glass substrates showed very good zero field gaps, as high 
as 0.3meV (corresponding to a critica! field of 3.6T). Comparing this to the 
typical 0.25meV gaps of junctions grown on Si substrates it can be concluded 
junctions grown on glass substrates are of better quality than those grown on 
SiOx substrates. 

4.4 Spin Polarization Measurements 

A good example of a series of measurements and corresponding fits is shown in 
Fig. 29. 

-:::J 

ro -
Q) 
(.) 

c 
ro -(.) 
:::J 

2,0 

1,5 

~ 1,0 
0 

(.) 

"C 
Q) 
N 

E o,5 
.... 
0 
z 

0,0 
-1,0 -0,5 0,0 

Voltage (mV) 

0,5 

Figure 29: Conductance-voltage measurements fora Al(12Á)/Ah03(25Á)/Co(50Á) 
junction grown on a glass substrate in zero field and in a 1 T, l.5T, 2T and 2.5T field 
(in order of decreasing peak height). Solid lines represent the fitted curves. 

From the in field measurements one can clearly see that the effect of Zeeman 
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splitting ( appearance of secondary peaks) and spin polarization ( difference in 
the peak heights). 

The fitted spin polarization of the l.5T, 2T and 2.5T has a value of 41.63, 
41.03 and 41.03 respectively. For a different junction with a 15Á film we 
measured a spin polarization of 40,23 in a field of 1 T and 41,63 for a field 
of 2T. In the 12Á series it can be seen that the fitted spin polarization of the 
1 T measurement is somewhat higher than that for the other measurements. 
This is probably due to the Zeeman splitting not being very pronounced at low 
temperatures, so the fitted curves can assume a wider range of polarizations for 
a "good" fit. Ignoring the lT measurements, we can see that the sample to 
sample deviation is very small indeed ( approx. 13). This is a good indication 
of the accuracy and reliability of this method of spin polarization measurement. 
The values we measured are in accordance with the 423 value measured by 
Parkin [10]. 
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Figure 30: Spin polarization as a function of applied field for Co/ Ab03/ Al junctions 
with an Al thickness of 12Á and 15Á. 

4.4.1 Trends in Al Film Properties 

From the fits to measurements shown in Fig. 29 we not only obtained informa
tion on the spin polarization of the ferromagnet hut also on properties relating 
to the superconducting Al film (i.e. the fit parameters H, 6., b, (). These pa
rameters are not of much use to us hut so here only a very brief qualitative 
discussion of these results will be given. 

The evolution of the Zeeman splitting field (H) as a function of applied field 
is shown in Fig. 31. It can be seen that the field increases linearly with the 
applied field as expected. From Fig. 31(b) it can be seen that the fitted spin 
orbit parameter (b) is field independent which is expected since it is related only 
to scattering from non magnetic impurities (note that at zero field spin orbit 
scattering has no effect on our measurements so the value for H=O should be 
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ignored). The values shown here are similar to previously reported values for 
Al films (10, 19]. Fig. 31(c) shows a parabolic increase of the orbital depairing 
parameter as a function of field. This is in accordance with the theoretically 
predicted parabolic increase of orbital depairing in a parallel magnetic field (2]. 
Again, the values of the are similar to those reported in literature for Al films 
(10, 19]. The parabolic decrease in the superconducting energy gap shown in 
Fig. 31(d) is in accordance BCS theory (5]. 

2,5 

E 2.0 

"' c: 

~ a. 1,5 
en 
c: 

"' E 1,0 

" " N 

0,5 

(a) 

... 0,02 
$ 

"' E 
"' c.. 
~ 0,01 

0 
,!; 
a. 
en 

0,00 

(b) 

• • 

• 

• 

0,0 ......__~_.__.... _ _._~_.___.__.... _ _.__..i.___, 
0,0 0,5 1,0 1,5 2,0 2,5 0,0 0,5 1,0 1,5 2,0 

• 

2,5 

Aoolied Field (T) o.29 ~~~-~..,..:..:A-""010<;:.li:.:::.ed::...;....;Fi""elc:;.d..>.. (T'-'·l~~~-~~ 

0,20 

O> 0,15 
c: 
:~ 

"' a. 

"' Cl 0,10 

:ê 
-e 
0 

0,05 

(c) 

• 

• 

• 
• 

• 

> 
"' .s 

0,28 

g- 0,27 
(.? ,.. 
~ 

" i.'.B 0,26 

0,25 

(d) 
• • 

• 

• 

0 ·00 ~ ..... o.-o ~-o~,5~-1~.o-~ ..... 1.5 _ _.__2.~o _...._2~,5----' 
0,0 0,5 1,0 1,5 2,0 

Applied Field (T) Applied Field (T) 

Figure 31: (a) Zeeman splitting as a function of applied field, the solid line is a guide 
to the eye. (b) Spin orbit scattering as a function of applied field. (c) Orbital depairing 
as a function of applied field. ( d) Energy gap as a function of applied field. 

4.4.2 Increasing the Critical Field 

The next step we took was to try to further increase the critica! field of the 
Al film to allow for measurement at higher fields. For higher fields the Zeeman 
splitting is more pronounced so the fitting of the polarization should be more 
accurate. 

We measured junctions with successively thinner Al layers starting with a 
thickness of 60Á. Junctions with an Al film as thin as 6Á were still measurable, 
indicating that very smooth Al films can be grown on the glass substrates. 
Junctions with an Al film thickness below 6Á generally had too high a resistance 
to be measured. 
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From fits to the measurements the zero field gap was obtained as a function 
of film thickness (Fig. 32). From this series of measurements it can clearly be 
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Figure 32: Zero field gap as a function of film thickness. 

seen that the gap increases with decreasing film thickness, in accordance with 
direct measurements by Meservey and Tedrow [16]. The highest value obtained 
for the gap is .6.=0.3meV fora film thickness of 6Á. This gap corresponds toa 
critical field of 3.6T and a critica! temperature of l.9K. 

Another method to increase the critical field of thin superconducting films is 
to dope the film with impurities. The effect of the impurities is to decrease the 
electron mean free path so that the film is in the dirty limit, where À < < Ç (À is 
the electron free mean path and Ç the coherence length of the superconductor). 
It has been shown that as one approaches the dirty limit the critica! field of the 
superconductor increases [16]. This approach has been used by Parkin [10] who 
used Copper doped Al films. Due to the addition of impurities the spin orbit 
scattering increases ( compare our spin orbit scattering rate of b=0.02 of our 
undoped films to the b=0.07 value of Parkin's Cu doped films). Parkin's copper 
doped Al targets typically have a critical field of 4T and a critical temperature 
of 2T. Comparing this to the results in Fig. 32 we see that these results are 
slightly higher than ours. 

4.5 Measurements of Ruthenium Dusted Junctions 

Once it was established that the SPT method was reliable the next step was to 
measure dusted junctions, which one of the main motivations for our project. 
Since these dusting layers are non magnetic, one would expect the spin polariza
tion of the dusted electrodes to be zero. However, experimental measurements 
of the TlVIR ratio of Cu and Ru dusted Co junctions by Leclair [3, 4] indicate 
that the spin polarization of the dusted electrode has a non zero spin polar-
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ization for thicknesses of the dusting layer ranging over several Á and that the 
spin polarization decreases very rapidly with increasing thickness of the dusting 
layer (see Fig. 33). For the Ru dusted junctions the spin polarization becomes 
negative for a dusting layer thicker than 2Á. 

We have also measured the spin polarization of Ru dusted Co layers for 
different Ru thicknesses, using the more direct SPT method. The FIS junctions 
for these measurements were grown on glass substrates in the "Al on bottom" 
configuration. From Fig. 18 it can be seen that this is not the most favorable 
configuration for the quality of the dusting layer. However, for reasons made 
apparent in section 3.1 "Al on top" junctions are not suited for spin polarization 
measurements. Fig. 34 shows preliminary results of measurements of spin 
polarization of Ru dusted Co electrodes as a function of Ru thickness 
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Figure 33: Spin polarization of a Ru dusted Co layer as a function of different Ru 
thickness measured using the TMR method. 

A non zero spin polarization is measured which decreases as a function of 
film thickness confirming Leclair's TMR measurements. This decay is however 
much less pronounced than that in Fig. 34. For a thickness of 2Á for example, 
the TMR measurements indicate a spin polarization of zero while the SPT based 
measurement gives a decrease in polarization of only about half of its original 
value. 

A possible explanation for this is that in our "Al on bottom" Al/ Al2 0 3 /Ru/Co 
junctions and the Co/Ru/ Al20 3 /Co junctions used for TMR measurements the 
Ru layer is grown on different materials. In our junctions Ru is grown on a 
rough Ab03 layer whereas in the TMR junctions the dusting layer is grown on 
the smoother Co layer. In our junctions the Ru layer will therefore be much less 
uniform and the spin polarization measured is an average for different dusting 
layer thicknesses. 
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Figure 34: Spin polarization of a Ru dusted Co layer as a function for different Ru 
thickness measured using the SPT method. 

5 Conclusions and Suggestions 

In this study spin polarized tunneling has been used to measure the spin polar
ization of Co and Ru dusted Co. The results for the spin polarization of Co are 
in agreement with those found in literature and from the small spread in values 
obtained from different junctions ( ~13) it can be concluded that the measure
ments are reliable and accurate. The measurements of Ru dusted Co confirm 
previous TMR measurements on the decay of spin polarization with increasing 
dusting thickness. 

The decay in spin polarization measured by us is much less rapid than that 
observed in the TMR method and for the range of measured thicknesses no 
change in spin polarization is observed, as is the case for measurements by the 
TMR method. The measurement of the spin polarization of dusted junctions 
using the SPT method should be continued for thicker dusting layers to see if 
it does change sign at some point. 

Our dusting layers were grown on top of the rough Ah03 barrier. An im
provement would be to grow the dusting layer under the barrier. This however 
requires that the Al layer be grown on top of the barrier, in the "Al on top 
configuration". From the "Al on top" measurements it has been seen that the 
critica! field of the Al is in this case too low for Zeeman splitting to be mea
sured. A possible solution to this would be to dope the Al with non magnetic 
impurities (Cu for example) in order to decrease its electron mean free path and 
thereby increase its critica! field. 
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Appendix A 

This appendix gives a brief overview of the method used to calculate theoreti
cal tunneling curves and fit them to experimental data. Theoretical tunneling 
curves can be calculated by using (17). The superconducting density of states 
needed for his calculation are obtained by solving (22) and making use of (20) 
and (23). 

Equation (17) (and using the Pt and P:+. calculated using the Maki theory) 
is evaluated numerically by simply evaluating the sum 

1 N 

<7N(V, T, H, 6., b, (, P) = 2 I)(l + P)pt(Ei, H, 6., b, ()g(Ei, v, T) + (25) 
i=O 

(1 - P)p:.(Ei, H, 6., b, ()g(Ei, V, T)]6.Ei (26) 

, where E 1 = eV - 6.25kBT, EN= eV + 6.25kBT,Ei = E 1 +(EN - E1 )/N * Ni 
and 6.Ei = Ei+l - Ei. The number N; is simply the number of intervals 
used to calculate the integral. The limits of integration E 1 = eV - 6.10k8 T 
and EN = eV - 6.lOkBT are sufficient for the calculation of this indefinite 
integration, the reason being that the value of g is negligeable outside these 
limits (gis a sharply peaked function with a width at half height of 3.5k8 T). 

The calculation of the sum is trivial once the values of P:+. and Pt are calcu
lated. These calculations are, however, not so trivia!. As was already explained 
in section, this is clone by first solving (22) for the complex variables Yi at energy 
E and fixed 6., b, ( and H using the standard Newton-Rhapson technique of 
root finding. Once this has been done the density of states can be calculated 
by the following expression derived from (20) and (23): 

(27) 

Being able to calculate theoretica! tunneling curves we were also able to fit 
them to data. The method used for this purpose was a standard implementation 
of the Marquardt-Levenberg technique which minimizes the x2 goodness of fit 
parameter. The software developed for this purpose proved to be very efficient 
( typical fitting times are of the order of 5mins), reliable and easy to use. In the 
following appendix a brief manual of the fitting software will be given. 
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Appendix B 

The fitting program consists of two parts, an executable file "maki.exe" and a file 
"infile.dat" containing parameters to be used by the executable. The executable 
of the fitting program "maki.exe" should be placed in the directory of the data 
file to be fitted as should the file "infile.dat". The data file should consist of 
three tab separated columns containing measurement data of a FIS junction, the 
first being voltage, the second current and the third conductance. The second 
column is actually not read hut is needed for the program to function correctly. 
Once the three files have been placed in a common directory the file "infile.dat" 
should be opened, edited as required and saved. This file should look as follows: 

####### 

fit 
coaltst.dat 
2000 
2. 
le-4 
le-11 
####### 

0.3 
1. 5 
0.25 
0.02 
0.02 
-0.42 
0 
####### 

1 
1 

1 

1 
1 

1 
1 
END 

The second line of the file tells the program to fit data (the program can also 
perform other functions, contact the author for further information). The third 
line of the program gives the name of the input data file which is to be fit
ted. The fifth line tells the program how wide the integration interval should 
be (in meV) used in calculating the conductance by (26). The width of the 
integration interval should at least be greater than the maximum value of the 
voltage measured multiplied by e plus 6.lOkBT so that the program can cal
culate the values near the maximum value of V contained in the measurement 
data file correctly. For example the data contains conductance values measured 
from -lmV to lmV, then one should choose a value of the integration interval 
of say 1.5meV. The fourth line gives the program the number of intervals to 
divide the intergration interval into. The sixth line gives the stopping param
eter for the fitting procedure (toll). Fitting is stopped once the goodness of 
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fit parameter x2 changes by a value less than tol2 between two succesive iter
ations. The seventh line gives the stopping parameter for the solution of (22) 
by Newton-Rhapson iterations (tol2). The program stops the iterations once 
abs(y1) + abs(y2) + abs(y3) + abs(y4) < tol2. 

Lines 9-15 are an initial guess of respectively the temperature T, the Zee
man splitting H, the superconducting gap ~' the spin orbit parameter b and 
the orbital depairing parameter(. Line 15 is an initial guess for the "offset" (0) 
which takes into account offset in voltage in measurements created by our mea
surement equipment. Lines 17-23 indicate whether T, H, ~' b, ( or 0 should be 
fixed. An integer value of 1 indicates that the parameter should be free to vary 
and an integer value of 0 indicates that it should be fixed. The string "END" on 
line 24 tells the program to cease (the program can run in batch mode, contact 
the author for further information). 

Once the fitting has finished the program creates three files "normdata.dat" 
containing the normalized measurement data, "fitdata.dat" containing values for 
the fitted curve at the values of the voltages contained in the measurement data 
file and "fitprm.dat" containing the values of the fit parameteres in the order 
T, H, ~' b, (and 0. The name of the measurement data file is concatenated to 
these file names. If for example the data file is called "coal060501.dat" the three 
output files will be named "normdatacoal060501.dat", "fitdatacoal060501.dat" 
and "fitprmcoal060501.dat". 
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Technology Assessment 

Recently the field of spintronics has gained much impetus in both the scien
tific and industrial communities. The major technologica! focus of research in 
spintronics is in the development of ultra-sensitive magnetic field sensors (to be 
used for example as hard disk read sensors) and magnetic non-volatile random 
access memories (MRAM). These spintronic devices opera te on the principle of 
tunneling magneto resistance or giant magneto resistance. At present hard disk 
drives using read heads based on GMR are standard. As far as MRAM based 
on GMR technology is concerned it is still in the prototype stage. However, the 
future looks promising, IBM hopes to market MRAMs of performance at least 
on par with DRAM within 1 or 2 years. 

Since the TMR and GMR effect originate from spin polarization, the study 
of spin polarization contributes to the development and improvement of these 
devices. It is the hope that research on spin polarization will aid in discovering 
new materials, combinations of materials or even new magneto resistance effects 
which can be used to develop junctions with a high magneto resistance ratio. 
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