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1 Introd netion 

The development of deposition technology of metals, in the last two decades, has opened 
the field of research dedicated to the physics of magnetic nanostructures [Strij99]. 

The major breakthrough in this field is the discovery in 1988 of the giant magnetore
sistance (GMR) effect in a structure consisting of two ferromagnetic layers separated by 
a nonmagnetic metallayer [Bai88]. The GMR effect is the current change observed when 
the magnetization directions of the ferromagnetic layers are switched between parallel and 
anti-paralleland originates from the so-called spin polarization of the feromagnetic layers. 

A material is spin-polarized when the spin-up contribution to transport is larger than 
the spin-down contribution or vice versa. 

A very recent advance is the fabrication of large tunneling magnetoresistance (TMR) 
structures in 1995 [Moo95]. The TMR effect is a change in tunnel current, flowing between 
two ferromagnetic electrodes separated by an oxide layer, when the magnetization direc
tions are switched between paralleland anti-parallel (figure 1). Again, spin polarization is 
the driving mechanism for the effect. 

Parallel Magoetization Anti Parallel Magoetizatioo 
High Current Low Current 

~ ~ t ~ ~~ 

~ 1 ~ ~ 
Q 

Figure 1: Illustration of the TMR effect. Tunnel current changes when the magne
tization direct i ons are switched between parallel (left) and anti-parallel ( right). The 
ferromagnetic electrades are separated by a tunnel harrier typically 1 nm thick. 

Magnetic nanostructures such as the TMR and G MR structure offer a number of attrac
tive industrial applications [Pri95]. For example, GMR structures are used in the newest 
generation of hard-disk read heads and TMR structures are currently being developed for 
the non-volatile storage of information in a so-called magnetic RAM. 

The development of new and improved devices, rely to a great extent on the basic 
understanding of the spin polarization in these structures which, despite a large number 
of publications in this field, is still lacking. 

Although, with TMR or GMR one in principle is probing spin polarization, this is 
a rather indirect observation, which, moreover, depends on switching of magnetization 
directions. In this respect, techniques are required to probe the spin polarization directly, 
not relying on switching of magnetization directions. 

There are several of such techniques. In the spin-polarized tuneHing technique [Mes94], 
a tunnel structure is used in which one of the electrades is a superconductor. Related 
to this technique is the Andreev point contact technique, the topic of this report and 
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introduced below, where a tunnel harrier between the normal metal and superconductor 
is absent. In bath spin-polarized tunneling and the Andreev point contact technique, the 
spin-polarization is deduced from a current-voltage characteristic. They can he classified as 
a "superconducting probe technique", in the sense that the superconductor acts as a probe 
for the spin polarization of the other materiaL In a second field of techniques, which do not 
use a superconductor as a probe, the electrans are emitted from the solid by photoemission, 
fieldemission and other processes [Mes94]. Generally, the energy resolution obtained is less 
than in the superconducting probe techniques. 

In the Andreev point contact technique the metal under study is brought into direct 
contact with the superconductor. When a bias voltage is applied to force electrans to pass 
the normal-superconducting interface, they can do this by forming a Caoper pair with a sec
ond electron with opposite spin. This processis known as Andreev reileetion [And64] and 
its probability to occur is dependent on the spin polarization in the normal metal (figure 2). 
Therefore, the spin-polarization iniluences the transport properties of the contact and, in 
principle, from a current-voltage measurement the polarization can he deduced. The idea 
to use Andreev reileetion to study spin polarization was originally proposed in 1995 by 
de Jong and Beenakker [Jong95]. 

polarized 
normal metal superconductor 

~ 

··~ 

normal reneetion 
"low" current 

~ 

nonpolarized 
normal metal superconductor 

~ 

Andreev reneetion 
"high" current 

~ 

Figure 2: Illustration of polarization dependenee of Andreev reflection at the inter
face between a superconductor and a polarized (left) and nonpolarized (right) normal 
me tal. 

This report covers a brief theoretica! study and the realization of an experimental 
Andreev point contact set up with which some preliminary measurements are performed. 

The outline of this report is as follows. The next chapter describes a model for the 
transport across the normal superconducting interface. In chapter 3 the realized set up is 
described, chapter 4 presents the preliminary measurements and in chapter 5, conclusions 
are formulated and suggestions are given. 
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2 Theory 

In the first sectien a simple description of transport of the normal-superconducting (NS) 
interface is given. It is preceded by a brief reminder of some elementary superconductor 
physics. The simple description already accounts for the most prominent behavier of the 
conductance as a function of bias voltage. Subsequently the so called Blonder-Tinkham
Klapwijk (BTK) model is described. The BTK model, based on the Bogoliubov-de Gennes 
equation, is a relative simple theory for the current-voltage relationship of a ballistic point 
contact between a normal metal and a superconductor. Since the original BTK model 
does not include spin polarization, a modification is necessary, which will be discussed in 
sectien 2.4. 

2.1 A Simple Description 

The description of transport at the NS interface given in this section, is an approximate 
one. It avoids difficulties to which attention is given throughout this chapter. First, it is 
appropriate to distinguish between Cooper pairs, quasi-particles and electrens in a bulk 
superconductor [Ro78]. 

In a superconductor at zero temperature, electrens with opposite spin are paired into 
Cooper pairs. All the pairs have the same energy, the ground state energy-level, which is 
to be expected for bosons in a Bose-Einstein condensate. The minimum energy required to 
break a Cooper pair into two electrons, in other words to excite the superconductor in its 
first excited state, is 2Ll. The energy 2Ll is known as the superconducting bandgap. The 
two electrons, which have an energy Ll measured from the ground state level (figure 3), 
do not behave as independent electrens and are therefore denoted as quasi-particles (see 
sectien 2.2). While the temperature is increasing, the bandgap decreases (figure 3), pairs 
are breaking and the quasiparticles behave more and more like independent electrons. At 
the critical temperature Tc the condensate is empty and the quasiparticles have become 
independent electrons. 
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In order to roughly explain the transport behavior across the interface between a nor
mal metal and a superconductor, a comparison is made between two situations. In one 
situation, the superconductor is forced into the normal state by an applied magnetic field. 
This state will be denoted as NN. In the other situation the field is absent. This state will 
be denoted as NS. It is important to point out that the role of the magnetic field is not 
important, the field is necessary to force the superconductor in the normal state only. 

Wh en a small voltage e V « ~ is applied, there are electron currents flowing across the 
interface as shown in figure 4. In the NN state the current is JNN and in the NS state the 
current is JNs. Since the voltage is small, the electrans are "injected" in the superconductor 
at the Fermi-level EF. 
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Figure 4: Energy diagrams illustrating the injection of electrans in the supercon
ductor at the Fermi-level in the NN state (a) and the NS state (b). 

lf the current JNN has a spin polarization P, then it can he considered as a superposition 
of a fully polarized current P JNN and a fully nonpolarized current (1 - P) JNN. In this 
definition P is a positive number since it is irrelevant whether the polarization results from 
a majority of spin-up or spin-down electrons. 

When the switch is made from the NN to the NS state, the electrans have insufficient 
energy to enter the superconductor in the conventional way due to the energy gap ~. 
However, in the absence of scattering due to interface non-idealities (see section 2.3), each 
incoming electron in the nonpolarized current (1 - P)JNN enters the superconductor via 
Andreev reflection, that is, the electron enters the superconductor by forming a Cooper 
pair with a second electron of opposite spin. After the pair is formed, a hole with opposite 
momenturn is required in order to conserve momentum. In other words, the incoming 
electrans are reflected as holes carrying a charge opposite to that of the incoming elec
trons. Because of this effect, when the switch is made the nonpolarized current (1- P)JNN 
changes to 2 ( 1 - P) JNN. The polarized current P JNN changes to zero since for these elec
trans no opposite spins are available for Andreev reflection. Accordingly, the current JNN 
changes to JNs = 2(1 - P)JNN and the conductance in the NS state GNs normalized by 
the conductance in the NN state GNN is given by 

GNs = 2(1- P), 
GNN 

4 

eV « ~. (1) 



At large bias voltage eV » ~ the electrons are injected in the superconductor at 
an energy eV above the Fermi-leveL When the switch is made from the NN state to 
the NS state, the conductance does not change because, at this energy, the density and 
character of the states in the superconductor does not change, 

eV » ~. (2) 

According to the previous description, the normalized conductance GNs/GNN of the in
terface equals 2(1- P) at small bias voltage and approaches unity at large bias voltage [*]. 
It is tempting to deduce P from the the normalized conductance at low bias voltage. 
However, scattering due to interface non-idealities decreases the Andreev reflection prob
ability and the nomalized conductance can be severely influenced. This non-ideality is 
accounted for in the BTK model described insection 2.3. The BTK model is basedon the 
Bogoliubov-de Gennes equation introduced in the next section. 

2.2 The Bogoliubov-de Gennes Equation 

Quasi-particles are excitations of a superconductor and obey the Bogoliubov-de Gennes 
equation [BTK82, Tink96] in analogy to electrans in a normal metal which obey the 
Schrödinger equation. 

A quasi-partiele is an electron which can be found in the two base states "electron-like" 
je-like) and "hole-like" jh-like). If the probability amplitudes to find the quasi-partiele 
in je-like) and in jh-like) are f(x, t) and g(x, t) respectively, then the state of the quasi
partiele can be described by the wave-function 

w(x, t) = f(x, t)je-like) + g(x, t)jh-like), (
f(x, t)) 

or w(x, t) = g(x, t) . 

In the base state je-like) the quasi-partiele obeys the Schrödinger equation, 

in81 
=Hf at 

112 d2 
where H = ---- EF + V(x). 

2mdx2 

(3) 

(4) 

In the base state jh-like) the quasi-partiele obeys the time-reversed Schrödinger equation, 

in~~= -Hg. (5) 

The base states are coupled by the energy 6.(x), accordingly, the wave-function W obeys 

. aw (H 6.) 
zhfit = 6. -H W, (6) 

which is the Bogoliubov-de Gennes equation. Since the hamiltonian matrix is independent 
of time, the substitution w(x, t) = '1/J(x)e-iwt, where E = hw, reduces equation (6) to 

(7) 
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In order to obtain some insight, equation (7) is solved for V (x) = 0 and a ~ independent 
of x. In analogy to the free electron approximation in normal metals, this can be denoted 
as "the free quasipartiele approximation". For the trial salution 

(8) 

one finds that 

(9) 

Due to the offset - EF, the energy E is measured from the Fermi-level and is therefore 
referred to as the excitation energy of the quasi-partiele. Figure 5-a shows E as a function 
of k for ~ = 0. The positive root of equation (9) belongs to an electron-like quasi-partiele 
and the negative root belongs to a hole-like quasi-partiele. 

In the situation ~ = 0, corresponding to a normal metal, the hole-like band seems to 
have no physical meaning since an electron will always obey the Schrödinger equation and 
not the time-reversed Scrödinger equation. However, a hole (not to be confused with a 
hole-like quasiparticle) in the electron-like band with energy -E and wave number -k can 
be described as an electron in the hole-like band with energy E and wave number k. 

E E 

k 

(a) (b) 

Figure 5: Excitation energy as a function of k for ~ = 0 (a) and fora finite ~ (b). 

The coupling ~ induces the superconducting energy gap 2~ as shown in figure 5-b. In 
this figure, ~ and EF are comparable in magnitude. Sirree in practice EF is several e V 
and ~ is several hundred JJe V the bandgap in the figure is exaggerated. 

2.3 BTK Model Excluding Polarization 

This section briefly describes the Blonder-Tinkham-Klapwijk model [BTK82] for the current
voltage relationship of the NS interface. It assumes that there is no spin polarization. The 
general approach is as follows. When an electron encounters the NS interface, there are 
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probabilities for reflection and transmission processes. The Bogoliubov-de Gennes equa
tion is solved to obtain these probabilities. Once the probabilities are known, the current 
can be calculated. 

The NS interface is positioned at x = 0 where the superconducting bandgap makes an 
abrupt step from zero in the N-side (x< 0) to ~in the S-side (x > 0). The Fermi-energies 
in N and S are assumed to be equal and the influence of an applied bias voltage V on 
the potential V (x) is neglected sirree the bias voltage of interest is comparable with ~ 
and therefore negligible compared to Ep. In order to incorporate elastic scattering at 
the interface due to, for example the preserree of an oxide layer, a ó-function potential is 
included, V(x) = Só(x). 

Calculation of Reflection and Transmission Probabilities 

An electron approaching the NS interface, has a probability to undergo reflection and 
transmission processes. In figure 6 the different prosesses are shown in an energy diagram. 

The possible reflections are Andreev and normal reflection and the transmissions are 
electron-like and hole-like transmission. 

reflected hole-Iike 

k 

normal metal superconductor 

Figure 6: Energy diagram illustrating an incident electron (1) along with the re
flected (a and b) and the transmitted ( c and d) particles. The reflected hole is the 
equivalent of the reflected hole-like quasi-particle. 

In the normal metal the salution of equation (7) will have the form 

where a and bare the amplitudes for Andreev reflection and normal reflection respectively. 
As mentioned earlier, the reflected hole-like quasipartiele with energy E and waverrum
her kp - kN is equivalent to a hole in the electon-like band with energy - E and wave 
number -(kp- kN ). In the superconductor the salution of equation (7) will have the form 

'1/Js (x) = c ( ~) ei(kp+ks)x + d ( ~) ei( -kp+ks)x, (11) 
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where c and d are the amplitudes for electron-like and hole-like transmission respectively. 
The wave-numbers kN and ks are measured from the Fermi-wave number kF. As required 
by the standard boundary conditions [Gri95], the wavefunction is continuous 

1/JN(O) = 1/Js(O) = 1/;(0) (12) 

and its derivative obeys 

(13) 

as is appropriate fora ö-function potential with strength S. Equation (7) and the boundary 
conditions allow to solve for a, b, c and d. 

The probability A for Andreev refiection and the probability B for normal refiection are 
equal to lal 2 and lbl 2 respectively. The probability C+D for transmission as a quasi-partiele 
equals 1- (A+ B) sirree A+ B + C + D = 1. Recognizing the symmetry in the energy 
diagram, one sees that A, B, C and D are even functions of energy. For convenience, the 
dimensionless barrier strength Z = kFS/2EF is introduced. The probabilities A and Bare 
shown in figure 7 for different Z-values. ( 
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Figure 7: Probability for Andreev reileetion (left) and for normal reileetion (right ). 

At subgap energies the incoming electron cannot enter the superconductor, C + D = 0, 
so that A+ B = 1. For Z = 0, the only refiection is Andreev refiection sirree B = 0. 
Increasing Z leadstoa suppresion of Andreev refiection and an increasing normal refiection 
probability for all energies, exept for E = 6 where A= 1 independent of Z. 

Once the probabilities are known, the current can be calculated. 

Calculation of Current 

The current can be calculated in the normal metal or in the superconductor. For conve
nience it is calculated in the normal metal using the picture of an incoming electron from 
the N-side introduced previously (figure 6). First, the situation is considered without an 
applied bias voltage. 
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In the normal metal there are currents flowing to the right and to the left as shown in 
figure 8. The current flowing to the right consisting of incoming electrans in the energy 
interval [ E, E + dE] is equal to 

eAv ( E) N ( E) 1 f ( E) dE, (14) 

w he re e is the charge of the electrons, A is the area of the NS interface, v ( E) the electron ve
locity, N(E) the density of states and f(E) the Fermi distribution function. The part A(E) 
of the incoming electrans are Andreev reflected as holes. Accordingly an additional current 

eAv(E)N(E)A(E)f(E)dE (15) 

flows to the right. The part B(E) of the incoming electrans undergoes normal reflection 
resulting in a current 

eAv(E)N(E)B(E)j(E)dE (16) 

flowing to the left. There is a second current flowing to the left originating from incoming 
particles from the S-side. This current can be written as 

eAv ( E) N ( E) X ( E) f ( E) dE. (17) 

Sirree there is no applied bias voltage, the total current flowing to the right should be equal 
to the total current flowing to the left, implying 

1 +A= B +X {::} X= 1 +A-B. 

l---4t+-......,::; 
A+<>-..-'; 
B+--<_".., 

Figure 8: Illustration of the currents flowing in the N-side. 

(18) 

In general, when a bias voltage is applied, nonequilibrium partiele distributions will be 
generated. The situation is greatly simplified if one can assume ballistic acceleration of 
the particles without scattering. This is the case for a ballistic point contact for which 
the contact diameter is small compared to the mean free path of the particles. For a 
ballistic point contact, the distri bution functions of the incoming particles are given by the 
equilibrium Fermi function apart from the energy shift of the Fermi-level due to the applied 
voltage. With the convention that the applied voltage V increases the Fermi level of the 
normal me tal wi th e V, the incoming electrans from the N -si de have the distri bution f ( E -
eV) and the incoming particles from the S-side have the distribution J(E). In other words, 
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at finite bias voltage, f(E) in expressions (14), (15) and (16) must be replaced by f(E-eV). 
Accordingly, the current resulting from incoming electrans from the N-side is given by 

eA J v(E)N(E) [1 + A(E) - B(E)] f(E- eV)dE (19) 

and the current resulting from incoming particles from the S-side is given by 

eA J v(E)N(E) [1 + A(E) - B(E)] f(E)dE (20) 

where the result of equation (18) is used. The total current becomes 

I= eA J v(E)N(E) [1 + A(E)- B(E)] [f(E- eV)- f(E)] dE. (21) 

Si nee the function f ( E- e V) - f ( E) is nonzero only in a small region around E F, in which 
the velocity and density of states can be regarcled as constants, the expression simplifies 
to 

I= eAvpNp J [1 + A(E)- B(E)] [f(E- eV)- f(E)] dE, (22) 

where vp and Np are the electron velocity and density of states at the Fermi-level, respec
tively. The conductance GNs = dl/ dV is given by 

GNs = -e2 AvpNp J [1 + A(E)- B(E)] j'(E- eV)dE. (23) 

If both si des of the interface are normal me tal ( 6 = 0), A = 0 since there is no Andreev 
refiection and 1 - B reduces to 1 tion (23) becomes 

(24) 

The conductance in the superco 
state is given by 

e conductance in the normal 

g;: = -(1 + Z2
) J [1 + A(E)- B(E)] j'(E- eV)dE, (25) 

a convol tution of 1 +A-B and the derivative of the Fermi function. In the limit of T -----t 0, 
this function approaches -6Ee V and equation (25) reduces to (1 + Z 2

) (1 + A - B). At 
finite temperature, the convolution with the derivative of the Fermi function smears this 
result. Figure 9 shows the normalized conductance for 6 = 1.5 meV at 4.2 and 1.5 K for 
different Z-values. At small voltage, the normalized conductance equals 2 for Z = 0 which 
is the P = 0 result of section 2.1. When Z increases, Andreev refiection is surpressed more 
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Figure 9: Normalized conductance according to the BTK model at temperatures 
4.2 K (left) and 1.5 K (right). 

and more and eventually normal reflection is the only process which remains. In this limit, 
the zero bias conductance is zero similar to what one observes for a tunneljunction. 

An important simplification in the BTK model is the assumption of an abrupt NS 
interface. In practise the normal metal and superconductor have interaction (proximity 
effects). For example, the superconductor can in duce superconductivety in the normal 
metal. One can expect that this interaction leads to a somewhat smeared NS interface, 
that is, the superconducting bandgap appears gradualy in going from the N-side to the 
S-side. The effect of a smeared NS interface on the conductance can be predicted with 
the following intuitive argument. The sharp behavior of A(E) and B(E) at E = L1 is 
attributable to the abrupt interface [**]. For a smeared interface, the behavior of A, 
B and will be less sharp and, accordingly, the conductance peaks at E = ±il will appear 
less pronounced. This smearing of the conductance due to a smeared NS interface, shows 
up as an apparent temperature higher than the actual experimental temperature. 

2.4 Modified BTK Model Including Polarization 

The BTK model can be modified to include spin polarization with the following simple 
arguments which are not explicitly published to date. As mentioned in section ??, If the 
current I has a spin polarization P, then it can be considered as a superposition of a fully 
polarized current PI and a fully nonpolarized current (1- P)I. The nonpolarized current 
can be calculated in the same way as is done in the previous section. The polarized current 
can be calculated by modifying the probabilities A, B and C + D. To avoid confusion, the 
modified probabilities will be denoted as A, iJ and 6 +iJ. It is impossible for electrans 
contributing to the fully polarizd current to undergo Andreev reflection since no opposite 
spins are available to form caoper pairs. That is, A = 0 and !herefore iJ + 6_ + iJ = 1. At 
energies smaller than 6, there is no transmission, implying B = 1. To find B for energies 
larger than 6, one has to reconsider the relation A+ B + C + D = 1 which can be written 
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as 

____!!_+ C+D = 1. 
1-A 1-A 

(26) 

The fi.rst term is the probability that_an electron, which does not Andreev reflect, undergoes 
normal reflection, which is exactly B, 

- B 
B=--

1-A IEl>~. (27) 

The polarized part of the current can be calculated in the same way as the nonpolarized 
part using À. and B instead of A and B. This gives the result 

~: = -P(1 + Z2
) I [1- B(E)] j'(E- eV)dE 

- (1- P)(1 + Z2
) I [1 + A(E)- B(E)] j'(E- eV)dE (28) 

The dependenee of the normalized conductance on P is shown in figure 10 in case 
of Z = 0. For temperatures kT « ~ (1.5 K) the normalized conductance at zero bias 
equals 2(1 - P), the result of section 2.1. Important to notice is that the curves for 
small P look very similar to the curves for small Z in figure 9. This means that a small 
polarization is difficult to resolve when scattering processes at the interface are present 
which, in practise, is always the case. The dependenee on Pin case of Z = 0.25 and Z = 

0.50 is shown in figure 11. The effect on the conductance of a finite Z is smallest for large 
polarizations. 
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Figure 10: Polarization dependenee of the normalized conductance according to the 
modified BTK model at temperatures 4.2 K (left) and 1.5 K (right) for Z = 0. 
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3 Experimental -~ 
A basic requirement, of a set up to be used for the study of normal-superconducting point 
contacts, is a sufficiently low temperature. A common liquid 4He bath cryostat provides 
a temperature of 4.2 K, low enough to use the elements Nb or Pb which have a Tc of 9.5 
and 7.2 K respectively. 

The main requirement, of course, are the point cantacts themselves. More stringently, 
the BTK model assumes a ballistic point contact for which the contact diameter is small 
compared to the electron mean free path. The mean free path in metals at liquid He 
temperatures is typically 100 A (Blo83, ErtsOO], therefore the required contact diameter 
is 10 to 100 A. The resistance of a ballistic contact is expected to be 1 to 100 n [Blo83]. 
Fr om an experimental point of view, this resistance is convenient si nee it garantees that the 
voltage drop in the bulk of the metals is negligible compared to the voltage drop across the 
point contact, essential for resolving the current-voltage characteristic of the point contact. 

The main issue is the method by which the point cantacts are realized. This can be 
done in several ways as illustrated in figure 12. Lithographic procedures can be applied 
to obtain a planar point contact where current fows parallel to the wafer [JacOO]. Point 
cantacts can also be realized by depositing metallayers onto both sides of a silicon-nitride 
membrane containing a tapered hole of 30 to 100 A diameter [Upad98]. A straightforward 
way to realize the point contact is by mechanically lowering a tip onto a sample. 

Sample 

(a) (b) (c) 

Figure 12: Point contacts realized by means of lithographic procedures (a), depo
sition onto both si des of an isolating membrane containing a nanohole (b) and by 
mechanically lowering a tip onto a sample ( c). 

Most easily, the tip height is controlled with a micrometer mechanism [Blo83, Sou98, 
StrijOO]. This allows controlled tip movement on the 100 nm scale. 

In the realized set up, presented in this chapter, the tip is moved using a piezo ceramic 
element. The piezo expands when a voltage is applied across its electrodes. At room 
temperature, this change in length is several nm per volt. Sirree the piezo voltage is 
variabie with steps of about 100 m V, the tip movement is controllable on the angstr0m 
scale which is 1000 times smaller than the controlability obtained with the micrometer. 
Upon cooling, the change in length per volt decreases resulting in a controllable movement 
on an even smaller scale at low temperature. 

Generally, tip preparation procedures are applied to make the tip as sharp as possible. 
Forsome metals, electrochemical etching can result in a radius of curvature of several 11m or 
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lower. In the field of scanning tunneling microscopy it is known that simply cutting a wire 
with scissors under grazing angle result in tips sharp enough to obtain atomie resolution. 
From this it can be expected that cutting under a grazing angle is already a sufficient 
preparation for the realization of ballistic point contacts. 

If the sample and tip are isolated from vibrations, the controllability of the tip height 
determines the amount of structural damage of tip and sample when the contact is made. 
This implies that a more accurate controlability enables the study of thinner films. Fur
thermore, if the sample surface is fiat, the control accuracy determines the spread in the 
contact diameter and accordingly the spread in contact characteristics. 

The experimental set up can be devided in three parts. The first part involves the 
piezo system tagether with the control electranies with which the cantacts are made, the 
second part involves the electronic for the current-voltage measurement and the third is 
the cryogenic part. The three parts will bedescribed separately in sections 3.1, 3.2 and 3.3 
respectively. Section 3.4 gives an overview. 

3.1 The Piezo System 

The dynamical range of the piezo is several J-Lm. A disadvantage compared to the micro
meter is the need of a course approach mechanism since manually positioning the sample 
within several f.-LID from the tip is impossible. 

Stick-Slip Coarse Approach Mechanism 

The coarse approach is realized using a so-called stick-slip mechanism. This mechanism 
can be demonstrated clearly with a book lying on a sheet of paper. When the paper is 
moved slowly into one direction, the book moves along since it sticks. However, when the 
sheet moves fast in the other direction, the book slips due to inertia and limited friction. 
Subsequently rnaving the paper slow in one direction and fast in the other, results in a net 
movement of the book. 

The developed coarse approach system consists of a capper sample holder ( about 
25 x 25 x 15 mm) lying on a quartz table as shown in figure 13. The table can be moved to 
the left and right by the coarse piezo. The tip is fixed via a small quartz tube at one end 
of the cylindric fine piezo. The other end of this piezo is fixed to the capper base of the 
system. The fine piezo can move the tip to the left and right over a range of several f.-LID 
at room temperature. 

When the voltage applied to the coarse piezo electrades increases slowly from zero to 
an end-voltage, the sample holder, and accordingly the sample, moves towards the tip. 
When the end-voltage is removed abruptly, the coarse piezo retracts and the sample holder 
slips. For an end-voltage of 500 V the net movement, or stepsize, is about 1 f.-LID per stick
slip sequence, comparable with the dynamica! range of the coarse piezo. By reversing the 
polarity of the coarse piezo voltage, the movement can be switched between approach and 
withdraw direction. 
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Figure 13: Schematic cross-section of the piezo system (left) and principle of the 
coarse piezo driver (right). 

The desired saw-tooth-like signal is supplied by the coarse piezo driver (figure 13). 
When the input of the driver switches to high, the output voltage starts to increase with a 
time constant of 10 ms to 500 V. When the input switches to low the output falls abruptely 
to zero. The end-voltage and accordingly the stepsize depends on the duration of the input 
pulse t (figure 13). the circuitry of the coarse piezo driver is described in appendix A and 
details of the piezo system can be found in appendix B. 

Contacting Procedure 

In order to make the point contact as gentie as possible, the, tunnel regime is used as 
a "reference point" for the tip height. One knows that in tunnel regime a 1 nA tunnel 
current fiowing at a bias voltage of several hundred m V, the tip height is several angstrç>ms 
or nanometers. From tunnel regime the tip is lowered with the fine piezo to make contact. 

Basically, the procedure is as follows. The fine piezo starts by rnaving the tip towards 
the sample to check for tunnel current. When the fine piezo is unable to sense tunnel 
current, due to its limited dynamical range, it withdraws the tip and a coarse approach 
step is taken. For the second time the fine piezo checks for a tunnel current and, if necessary, 
again a coarse approach step is taken. This continues until the tunnel regime is reached. 

Stabie tunnel current is achieved using a straightforward PI (proportional-integrator) 
controller circuit. The contacting procedure is described in more detail below with the use 
of figure 14 showing schematically the controller circuit. 

The current signal, comming from the ampere meter (A), is substracted from a fixed 
signal which corresponds to a current of 1 nA. When the current is lower than 1 nA, the 
input signalof the integrator is positive and, accordingly, the output signalof the integrator 
increases. This increasing signal is amplified by the high voltage amplifier and fed to the 
fine piezo which lowers the tip. As long as the current is smaller than 1 nA, this continues 
until the output of the integrator reaches the limiting value of+ 15 V. At this point a coarse 
approach step is required. The coarse step can be taken after the tip is withdrawn by the 
fine piezo. This is dorre by closing switch 81, thereby adding a signallarger than 1 nA to 
the input signal of the integrator. In this situation the integrator acts to withdraw the tip, 
its output decreases to -15 V. After the coarse approach step, switch 81 is opened and 
the integrator again starts to lower the tip. 
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Figure 14: Schematic of the electranies used for the realization of the contact (see 
text). 

After a number of coarse steps, the tunnel regime will he reached. That is, the current 
between sample and tip reaches 1 nA and the integrator output is stationary at some 
voltage between -15 and + 15 V due to negative feedback. This is the regime in which a 
conventional scanning tunneling microscope works. 

When a positive signal, comming from the DAC, is added to the input of the amplifier 
attempting to increase the piezo voltage and thereby lowering the tip, it is imediately 
compensated by a decrease in the integrator output. In other words, it is impossible to 
lower the tip using the DAC due to the feedback. The feedback can he switched off by 
opening switch 82. However, when the integrator output is negative, opening switch S2 
results in an abrupt increase at the amplifier input and the tip may he crashed brutely. 
Therefore, it is important for the integrator output to he positive before switching off the 
feedback. This can he realized by extra coarse approach steps or by decreasing the DAC 
output. Once the feedback is switched off, the tip can he lowered by increasing the DAC 
output. The moment when the tip makes contact with the sample, is identified by a sudden 
jump of the current. 

It is possible to make a contact at a different position on the sample simply by taking 
several hundred withdraw steps and then starting the contacting procedure again. A 
different contact position results since the sample holder has freedom to move in transverse 
direction during the coarse steps. 

In order to demonstrate that the system is able to achieve stabie tunnel current, the 
left graph of figure 15 shows an arbitrary current-voltage characteristic measured in tunnel 
regime. The behavior is typical for tunnel current. The right graph of figure 15 shows 
tunnel current measured as a function of distance between sample and tip. As one expects 
from theory, the current increases exponentially. 

The adders and the integrator shown in figure 14 are straightforward opamp circuits. 
The circuitry of the high voltage amplifier is described in appendix A. Stabie tunnel current 
and stabie delicate point cantacts are realizable only when sample and tip are isotated from 
vibrations. The vibration isolation is described in section 3.3. 

17 



100 

50 

< ..=.. 0 
ë e !3 -50 
u 

-100 

-150 

l 
: 
• 

~ 
I 

-800 -600 -400 -200 0 200 400 600 800 
Bias Voltage [mV] 

lOOn 

~IOn 

~ 
ë 
~ 
"' U In 

Tunnel Current 
at Room Temporature 

lOOp+------.---.,----,--~---, 

251 252 253 254 
Piezo Voltage [V] 

Figure 15: Arbitrary current-voltage characteristic measured in tunnel regime (left) 
and tunnel current measured as a function of the distance distance between sample 
and tip by varying the fine piezo voltage (right). 

3.2 The Current-Voltage Measurement 

Once the feedback is switched off and the contact is realized, the current-voltage char
acteristic is measured. Some considerations and the final configuration will be described 
below. 

Current Souree vs Voltage Souree 

Generally, in characterizing a two-terminal device, one can choose between measuring 
voltage as a function of bias current using a current source, or measuring current as a 
function of bias voltage using a voltage source. The choice between bias current and bias 
voltage depends on the charaderistics of the device of which the most important one is 
the order of magnitude of the resistance. For example, if one chooses to do measurements 
in the 11 V regime on a MO device with a bias current, a souree with pA-resolution is 
needed. Using bias voltage seems more appropriate in this case since a voltage souree with 
11 V resolution is simpler to built than a current souree with pA resolution. 

Although usually bias current is used for the characterization of ballistic point contacts 
(1...100 0), the presented set up uses bias voltage since the contact making procedure 
requires a fixed voltage between sample and tip. 

Four-Probe Measurement 

Since the lead resistances ( contacts on sample and tip, wires) are in general not negligible 
small compared to the point contact resistance, the voltage supplied by the voltage souree 
is larger than the actual bias voltage between sample and tip. One solution to circumvent 
this is measuring the voltage between sample and tip directly with an additional volt-meter 
using two extra contacts as shown in figure 16-a. In this situation the souree is used to 
sweep the voltage, the volt-meter measures the voltage and an ampere-meter measures the 
current. Essential, is the fact that there is no current fiowing through the extra contacts 
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and wires so that parasitic voltage drops are avoided. Another solution, the one applied 
in the presented set up, is shown schematically in figure 16-b. A bias voltage controller, 
using feedback from sample and tip, ensures that the bias voltage is equal to the desired 
voltage so that only measurement of the current is necessary. The bias voltage contolier is 
described further on in this section. 

(a) (b) 

Figure 16: Straightforward four probe measurement (a) and, schematically, the bias 
voltage controller (b). 

Standard Lock-in Technique 

In order to resolve small features, also the derivative of the current-voltage characteristic is 
measured using a standard lock-in technique. The basic concept of this technique becomes 
clear in the following brief discussion. If l(V) is the current through the contact at bias 
voltage V then the current at a somewhat larger bias voltage, V + dV, can be expressed 
as a Taylor series 

dl 
l(V + dV) = l(V) + dVdV + ... (29) 

Here dl I dV is defined as the conductance G. When dV is equal to v sin wt, an ac modu
lation voltage superimposed on the de bias voltage, the above expression becomes 

dl 
l(V + v sin wt) ~ l(V) + dV v sin wt. (30) 

That is, there is an ac current signal proportional to the conductance with the modulation 
frequency. This ac current signalis measured by a lock-in amplifier (LIA). Basically, a LIA 
is an amplifier sensitive for signals at one frequency only. 

Sirree the modulation amplitude v has a fini te magnitude, the dl I dV in equation (30) 
represents a mean value over the bias voltage interval [V- v, V+ v]. This means that fea
tures smaller than 2v are smeared out and features larger than 2v are resolved. Generally, 
the smallest features in the current have a size determined by thermal braaderring of the 
Fermi level kT= 86 J.LV IK. At a temperature of 4.2 K, kT equals 360 J.LV implying that a 
peak-peak modulation 2v on the scale of 10 J.LV should be used. 
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Measurement Electronics 

The electranies realized for the current-voltage measurement is shown schematically in fig
ure 17. The bias voltage controller, introduced earlier, consistsof the differential amplifier, 
substractor and integrator. The difference between the input voltage, defined in the figure, 
and 1000 times the bias voltage is the input signal of the integrator. Current flows from 
the output of the integrator via the sample, tip and the ampere-meter to ground. 

IV -Converter 
I' 

1..---~ to Sen se Current Comparator 

.~("" Differential Amplifier 

Sample 

Figure 17: Schematic of the electranies used for the current-voltage measurement 
(see text). 

The controller ensures that the bias voltage is equal to 1/1000 times the input voltage. 
A standard DAC with -10 ... 10 V range and 5 m V resolution is used as the souree for 
the input voltage. This gives a desired bias voltage range of -10 ... 10 m V and 5 J.L V 
resolution (see chapter 2). The DAC output is "cleaned" with a 20 Hz low-pass filter 
and the ac modulation voltage is superimposed with a transformator. The output of the 
ampere-meter (A), which is actually a current-voltage converter, is connected to an ADC 
for de current measurement and lock-in amplifier (LIA) for the conductance measurement. 

Additionally to the control of the bias voltage, noise is reduced since the controller acts 
as a first order low-pass filter 

I 
Bias Voltage I 1 1 

Input Voltage = 1000 J1 + ( TeffW ) 2 ' 
(31) 

with Teff the "effective time constant" of the system 

( 
2Rlead ) T 

Teff = 1 + --, 
Rpoint contact 1000 

(32) 

On the other hand, it is important to realize that the cut-off frequency 1/27!Teff of the 
controller is dependent on 2Rlead/ Rpoint contact. One has to make sure that this cut-off 
frequency is high compared to the used modulation frequency. 
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The current-voltage converter, integrator and the substractor are straightforward opamp 

circuits. The low-pass filter at the output of the DAC is a second order RC-network and 
the differential amplifier is a comercialy available integrated circuit. 

3.3 The Cryogenic Part 

The cryogenic part of the set up consist of a 4He bath cryostat suspended by springs, as 
shown in figure 18, isolating the cryostat from ground vibrations. The wall of the cryostat 
contains a liquid nitrogen shield. The piezo system is suspended by a rnass-spring system 
inside the experimental vacuum chamber fully emersed in the helium bath. The rnass
spring system isolates the piezo system from vibrations produced by the boiling helium and 
nitrogen. Tubes connected to the vacuum chamber facilitates gas handling and electrical 
feed through. 

\ i 

L.,u~ 
l 
i[ lnsert 

3 Tesla Super Coil 

Figure 18: Schematic overview of the cryogenic part with the vibration isolation. 

The thermal contact between the piezo system and the helium bath during cooldown 
is realized by injecting a few mbar of helium contact gas into the vacuum chamber. Before 
using the piezo elements, it is necessary for the contact gas to be pumped out, since 
otherwise gas discharges shortcircuit the present piezo signals (several hundred volts). The 
temperature of the piezo system is monitored using a carbon resistor. This temperature 
measurement is described in more detail in appendix A. In order to minimize vibrations 
the pumping unit is disconnected during the measurements. The cryostat is equiped with 
a supercoil capable of generating a field up to 3 Tesla in vertical direction which is parallel 
to the plane of the sample. 

3.4 Overview 

Figure 19 shows a schematic overview of the set up. The bias voltage controller and IV
converter are housed in the "IV measurement unit" positioned as close as possible to the 
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experiment avoiding unnecessary long lines with low signals. The box is directly mounted 
mechanically and electrically to the insert using a panel plug. The "main unit" contains 
the ±15 V and 500 V power supply, all the piezo cantrolling circuitry and the temperature 
sensor circuitry. The lock-in amplifier (EG&G 5209) is equiped with a oscillator which 
provides the modulation voltage. 

In the IV measurement unit, the power supply coming from the central unit is stabilized, 
digitallines are cleaned by low-pass filters and the amplifiers most sensitive to distartion 
are placed in an additional housing for extra screaning. 

Main Unit 

/ 
Conductsnee ,.....__,.....,.__----", IV Messurement 

Signa! Current Unit 
Signa! Cryostat 

Figure 19: Schematic overview of the set up. 

The contacting procedure, current and conductance measurement and temperature 
measurement are automized using labwindows. Figure 20 shows the panel of the userinter
face with which the contacting procedure is controlled. The necessary DACs, ADCs and 
digital output are provided by a comercially available data aquisition board (National In
struments) for the personal computer. A steel frame is constructed to realize the suspension 
of the cryostat and can be seen, together with the rest of the set up, on the photographs 
shown in figure 21. 
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Figure 20: The userinterface with which the contacting procedure is controlled. 

Figure 21: Photographs of the suspended cryostat with in the bankground (left) 
equipment including the main unit , lock-in amplifier and computer and with in front 
(right) a liquid helium tank and the pumping unit. 
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4 Results of Preliminary Measurements 

The preliminary measurements presenteel in this chapter, show that with the use of the 
realized experimental set up, point cantacts can be stuclied at low temperature and give 
a first impression of the characteristics of the obtained contacts. It has to be pointed out 
that the measurements do not represent a systematic study. 

All the measurements are performeel with a niobium tip, prepared by cutting a 0.25 mm 
99.99 % pure niobium wire with scissors under grazing angle without any additional pol
ishing, etching or cleaning treatments. 

The samples used in the first experiments are of-the-shelf pieces of capper of which the 
surfaces are cleaned mechanically or by etching. 

When the tip touches the sample for the very first time, the contact can have a resistance 
up to several hundred MD. These high resistive cantacts are not metallic, most likely, due 
to a tunnel barrier between tip and sample orginating from oxides. In such high-ohmie 
situations, increasing the tip pressure with the fine piezo, in an attempt to pin through 
the oxide, tends to decrease the resistance. This decrease, however, is at most one order 
of magnitude. More effective is repeatedly contacting, that is, tapping the sample with 
the tip, which is done with the fine piezo also. Typically, after a few taps, a sudden huge 
drop in resistance occurs to 1 to 10 n. As mentioned earlier, ballistic cantacts have a 
resistance between 1 and 100 n [Blo83]. However, when a contact with such a resistance is 
obtained, it is not necessarily a ballistic one since a large contact diameter in combination 
with contact oxide can give a resistance in this range also. 

A wide variety of coductances is measured of which some of them are shovvn in figure 22. 
The conductances are unique for each contact and unreproducible. Probably, the variety 
results from the surface roughness of the copper. 
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· Figure 22: Selection of measured conductances of different NbCu point cantacts 
~~ ...._~obtained with of-the-shelf pieces of copper. Probably, the wide variety results from 

'"" '\ }// the surface roughness of the copper. 

~Iore reproduciblc concluctances are measured on sputtered samples which from hereon 
are considered only. The samples of concern, two nonmagnetic samples of gold and capper 
and a ferromagnetic sample of cobalt, are preparcel by CHV dc/rf magnetron sputtering 
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(base pressure < 5 ·10-10 mbar) onto Si02 substrates. Contact conductances are measured 
in the presence of a magnetic field parallel to the plane of the sample. Although in general, 
different cantacts on a sample show spread in characteristics, each sample has its own 
distinctive behavior as will become clear below. For a comparison, at the end of this 
chapter measurements publisheel by other research groups are shown. 

Niobium on Gold 

For gold it can be expected that the surface is less oxidized compared to other metals. 
The gold layer is 450 Á thick and, as is also the case for the other samples, no surface 
treatments are performeel befare the measurement. 

Most of the measured conductances can be reasonably fitteel with the BTK model. 
Representative measurements are shown in figure 23. At first glance, one might argue that 
in order to obtain a fair comparison between the measurement and the BTK model, one 
should normalize the conductance in the superconducting state by the conductance in the 
normal state to obtain a curve free from effects not originating from superconductivety. 
However, as is clone here, it is justified to normalize the measured conductance in the 
superconducting state by its value at large bias voltage since, consistent with equation (24), 
conductance measurements at temperatures well above the literature value of the Tc of 
niobium (9.5 K), show no significant voltage dependence. 

The fits are obtained using the data at small bias voltage only, revealing a systematic 
deviation at large bias voltage. Possible explanations for this deviation can be found in 
inelastic processes dominating the transport across the interface at high voltage, or the 
point cantacts might not be in the pure ballistic regime, for which an extended model 
incorporating nonequilibrium distribution functions is required (see section 2.3). 

" u 
c:: s 1.6 
u 
:::l 

"" c:: 
8 14 
-::l 

" -~ gu 
a z 

1.0 

r = 7 ó K 
6. = 1 )4mcV 

z = 05.1 

z: 0.44 

2.7" 

-X -ó -4 -2 0 2 4 
Bias Voltage [mV] 

T = l.R K 
t:. = 1.5-tmcV 

z: 0.5] 

u 2.0 
u 
c:: 
"' ;:) l.X 
.g 
§ I ó u· 

-::l 
u 

.::: 1.4 
:; 
E a 1.2 
z 
10---10.5 

-X -6 -4 -2 0 2 4 
Bias Voltage [mV] 

Figure 23: Conductance of NbAu point cantacts with BTK fits (left) and the mag
netic field dependenee of a Nb A u point contact ( right). Th ere is an offset added 
to the curves in order to clearly separate them. The fitting parameters and contact 
resistances are indicatcd in the figure. The experimental temperature is 4.2 K. 

The two fitteel bandgaps of 1.54 me V are in excellent agreement with the bulk value of 
niobium at zero temperature (1.53 meV). The fitteel temperatures are significantly higher 
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than the actual experimental temperature of 4.2 K, attributable to the effect of a smeared 
NS interface as mentioned in section 2.3. 

Bulk niobium is a type II superconductor with the critical magnetic fields Hc1 = 

0.4 ... 1.1 kOe and Hc2 = 3.0 ... 5.5 kOe [HCP]. The evolution of the conductance with 
increasing applied magnetic field shows a decrease in both the magnitude of the effect and 
superconducting bandgap, and proves the superconductive origin of the effect. At a field 
strengthof 10.5 kOe no effect can be measured within the experimental accuracy. This field 
has the same order of magnitude as Hc2· Additionally, its has been checked by sweeping 
the field forth and back, that the field dependenee of the conductance is reversible, that 
is, the conductance does not depend on the history of the field. 

Niobium on Copper 

The second nonmagnetic sample studied is a 360 A copper layer. In contrast to the 
gold sample, the contacts differ drastically from BTK-like behavior. Figure 24 shows a 
representative measurement. 

One expects that the observed effect appears on the voltage scale of the superconducting 
bandgap (1.5 mV), however, it appears on a suprisingly large scale ofseveral mV which is 
not understood. 

Minima in the conductance, similar to those measured here, are observed by other 
research groups also (see below). The evolution of the conductance with increasing applied 
magnetic field shows a decrease in both the magnitude of the effect and the distance 
between the minima. 
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Figure 24: Conductance of a 1.8 n NbCu point contact (left) and its magnetic field 
dependenee ( right). Th ere is an offset added to the curves in order to de ar ly separate 
them. The experimental temperature is 4.2 K. 

Niobium on Cobalt 

Additional to the nonmagnetic samples, a ferromagnetic 450 A cobalt layer is studied. 
Figure 25 shows representative measurements. The cantacts have conductances similar to 

26 



the ones obtained with the copper sample, that is, they can not be fitted with the BTK 
model and accordingly no spin polarization can be determined. 

Note that the effect is small compared to that obtained with the gold and copper 
samples. Most remarkable is the voltage scale of 20 m V on which it occurs, an even larger 
scale than observed with the copper sample. The measurement at 20 K and the one in 
an applied field of 18 kOe prove the superconducting origin of the effect. The evolution 
of the conductance with increasing applied magnetic field is similar to that observed for 
the copper sample. In order to supress the effect completely, an applied field between 14 
and 18 kOe is required. 
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Figure 25: Conductance of NbCo point cantacts (left) and the magnetic field depen
denee of a NbCo point contact (right). There is an offset added to the curves in order 
to clearly separate them. Except for the measurement at 20 K, the measurements 
are performed at 4.2 K. 

Published Results 

This paragraph gives the reader an impression on what is measured by other research 
groups. tvlaterials such as copper, iron, nickel, cobalt and chromiumdioxide are stuclied 
mostly with a niobium tip controlled with a micrometer mechanism. One should realize 
that in the published work probably numerous cantacts are stuclied and only the best 
results are shown. Figure 26 shows copper and cobalt results taken from the paper by 
Soulen et al [Sou98] and Strijkers et al [StrijOO]. 

In the paper by Soulen it is claimed that there is no scattering at the interface ( Z = 0) 
and the polarization is deduced from the normalizeel conductance at zero bias voltage which 
is equal to 2 for copper and about 1.1 for cobalt giving a spin polarization of 0 and about 
45 % respectively. The cobalt measurement of Strijkers can be fitted with thc BTK model, 
giving a polarization of 42 %. Both copper measurements show minima similar to the ones 
in figure 24. Strijkers attributcs these to a proximity effect. ~1ore specifically, it is argucd 
that the particles at the NS interface which undergo normal refiection experience a larger 
superconducting bandgap than the particles which undergo Andreev reficction. 
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Figure 26: Conductance of Nb Cu and NbCo point cantacts taken from [Sou98] (left) 
and [StrijOO] (right). Only the cabalt measurement by Strijkers is fitted with the BTK 
model. The fit parameters are presented in the figure. 

To the knowledge of the author, Andreev point contact measurements with gold and 
experiments showing magnetic field dependenee are unpublished to date. 
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5 Conclusions and Suggestions 

Regarding the realization of the experimental set up, the most important condusion is that 
fully piezo controlled point contacts can be realized at liquid helium temperature with the 
developed system. It has to be pointed out that with a regular STM one can not study 
low-ohmic point cantacts due to the absence of a four probe configuration. The advantage 
of the finer tip controlability obtained with the use of piezo elements, compared to the 
micrometer approach of other research groups, has to be adressed in the future. 

The experimental set up has the potential to be used for studies other than NS point 
contacts. For example, for the study of point contacts between two ferromagnetic metals, 
currently a topic of interest in literature. 

Sirree the variety in point contact characteristics measured on the of-the-shelf bulk 
copper samples is significantly larger than observed for the sputtered samples, it can be 
concluded that it is very important that the surface of the samples should be as fiat as 
possible. Despite some spread in contact characteristics, each sputtered sample has its 
own distinctive reproducible behavior. Conductance measurements of contacts on the 
sputtered gold sample, can be well fitted with the BTK model on the expected voltage 
scale. The sputtered copper and cobalt sample show conductance behavior drastically 
different from BTK-like and, accordingly, the spin polarization of the cobalt sample could 
not be determined. Moreover, the measured effects appear on suprisingly large voltage 
scales of which the origin is not understood. The observed effects in the conductance 
disappear upon applying a magnetic field. This indicates that the effects originate from 
su percond uctivety 

Possible explanations for the results can be given after further experimental and theoret
ica! research. This research, essential for an unambigious determination of spin polarization 
in the future, should consider the following points. 

• Most likely, various oxides and other contaminations present on the tip and sample 
surfaces affect the characteristics of the point contact. Therefore, it is important to 
develop optimized procedures fortipand sample preparation in order to minimize the 
infiuence of these oxides and contaminations. By optimization of the sample, one can 
think of, for example, an in-situ coverage of the surface with a few monolayers of a well 
defined passivating oxide. Such an oxide can proteet the metal from contaminations 
while the sample is transferred between the deposition chamber and the Andreev set 
up. In the experimental vacuum chamber and at low temperature, the thin oxide can 
then be removed locally by, for example, tapping the sample with the tip. Another 
possibility for obtaining well defined point contacts might be the use of a voltage 
between sample and tip sufficiently large to cause electric breakdown [***]. 

• The considered BTK model neglects interaction between the normal metal and the 
superconductor (proximity effects), size effects, inelastic processes in the transport 
across thc interface, and assumes that the contact is in the pure ballistic regime 
exclucling nonequilibrium ancl heating effects. Research must show which of these. 
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and possible others, are important and lead to more extended models. Furthermore, 
the magnetic field dependenee can play a key role in verifying these models and, 
accordingly, in the determination of spin polarization. 

• The layer thicknesses of the sputtered samples studied, are typically 300 to 500 A. 
The contact diameters are expected to be in the order of 100 A or lower and the 
superconducting coherence length of niobium is about 400 A. One can argue that a 
sample layer thickness comparable to the contact diameter or the superconducting 
coherence length, might lead to a correlation between the thickness and the char
acteristics of the point contact. With the use of the presented set up, it might be 
possible to demontrate this correlation as a function of layer thickness. 
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A Details of Electronics 

Currently under construction. 

B Details of Piezo System 

Currently under construction. 
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[*] As is evident from the BTK model, G s / G N is symmetrie with respect to bias 
voltage. However, at this point it may be possible to deduce this from funda
mental arguments. 

[**] In the authors opinion, a discontinuous function or a function with a discon
tinuous derivative can never represent a physical quantity unless simplifying 
assumptions are made. 

[***] G.J. Strijkers, private communication. 
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