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Abstract

Focused beam induced deposition (FE/IBID) using either an electron (E)
beam or an ion (I) beam is an excellent method to quickly fabricate structures
on the nanoscale. Using appropriate materials, these structures can even be
superconducting [1] (W) or ferromagnetic [2] (Co and Fe). In this report, point
contact junctions were fabricated with FIBID W and FEBID Co.

In such a junction between a superconductor and a ferromagnet a process
called Andreev reflection occurs that influences the conductance across the
interface, and the resulting conductance is well described by a theory devel-
oped by Blonders, Tinkham and Klapwijk. [3] However, when measuring the
conductance of the FIBID W-FEBID Co junctions, several anomalies were
observed. Analysing these anomalies has allowed us to gain more insight into
the characteristics of FIBID W as a superconductor.

A compositional and electrical analysis was carried out on FIBID W,
indicating that it consists of multiple phases, each with a different critical
temperature. This multiphase nature leads to distinctive kinks observed in
the R-T dependence around TC .

To explain shoulder shapes that were observed in our Andreev reflection
spectra, we have introduced a multichannel model that describes how con-
ductance over the point contact consists of multiple independent conductive
channels. As each of these channels connects to a different phase on the
FIBID W side, this results in a superposition of multiple conductance curves
with different parameters. Numerical simulations are used to show that such
a superposition can indeed explain the appearance of shoulder shapes.

By annealing the sample or by using an etching step in the fabrication
process it was found that the shoulders could be removed, which means that
either the point contact is reduced to a single conductive channel, or the
FIBID W is made more homogenous, so that it no longer contains different
phases at the interface.
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Chapter 1

General introduction

When investigating superconductors, the so-called Andreev reflection process
can be used to learn more about several properties of a superconductor. An-
dreev reflection occurs in a junction of a superconductor with a metal. When
this metal is a ferromagnet, the polarisation of the magnet can also be deter-
mined using the same Andreev reflection spectra. Thus, Andreev reflection
spectroscopy techniques could be a useful tool in the exploration of material
characteristics at the nanoscale.

Using a technique called focused beam induced deposition, materials can
be deposited in a very fast and easy way, allowing for the fast fabrication of
different samples. Tungsten deposited in such a way was found to be super-
conducting below ±5.5K, but many of its properties remain unclear. Andreev
reflection experiments could provide new insights into this superconductor.

In this general introduction, we introduce the field of Andreev reflection
in focused beam induced deposited materials, including a short overview of
previous work on this topic, and the outline of this thesis is sketched briefly.

1.1 Andreev reflection on FIBID W

Andreev reflection is a process that occurs at the interface of a normal metal
and a superconductor. The formation of Cooper pairs that is required for
transport in the superconductor causes an electron coming from the normal
metal, which is incident at the interface to couple to a second electron in order
to pass into the superconductor. This extra electron leaves behind a hole that
travels back into the normal metal, effectively doubling the conductance of
the interface.

The two electrons that form a Cooper pair have to have opposite spin.
This means that for a fully polarised current Andreev reflection cannot occur
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Figure 1.1: A chessboard on the nanoscale made by FEBID showing that this tech-
nique can be used to produce any desired shape. Picture by Raith Instruments. [8]

since the electrons incident at the interface cannot find an electron to couple
to, and conductance becomes zero. For partially polarised currents, like those
running through a typical ferromagnet (which replaces the normal metal),
conductance depends on the exact value of the polarisation. A full theoretical
background of Andreev reflection is given in chapter 3.

Andreev reflection can be used as an analysis technique to measure spin
polarisation, and has been used in this way since its conception in the nine-
teen sixties [4]. It is also possible to measure other material properties such as
the bandgap of the superconductor. Various ways to produce the necessary
point contact have been implemented, depending on the materials of inter-
est. [5–7] One way to fabricate a sample is by using a technique called focused
beam induced deposition.

In focused beam induced deposition either an electron beam (FEBID) or
an ion beam (FIBID) is used. In order to fabricate a deposit, gas molecules
containing the desired material are introduced in a vacuum chamber. These
gas molecules adsorb to the substrate. Wherever the beam (electron or ion)
hits the substrate, the adsorbed gas molecules dissociate and the desired
material is left behind. In this way deposits can be made quickly, in any
shape, and on the nanoscale, such as the chessboard of figure 1.1. (More on
FE/IBID in section 2.2.)

FE/IBID materials have different properties from pure materials, due to
high carbon and oxygen contamination. When the FIBID technique is used
to deposit tungsten, the resulting deposit is a superconductor, but with much
higher critical temperature than pure W (±5.5K compared to 0.01K [9,10]).
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Figure 1.2: SEM image of a FEBID Co-FIBID W junction made by Vugts [1]. The
point contact at which Andreev reflection occurs is indicated by the blue circle. The
junction is connected to gold leads by FIBID Pt deposits.

Ferromagnets can be fabricated by depositing FEBID cobalt, nikkel or iron,
but these have different spin polarisations compared to their pure equivalents.
Andreev reflection junctions made entirely out of FE/IBID materials can
be used to gain new insight into these materials. Previously, in Zaragoza,
Andreev reflection was used to determine the spin polarisation of FEBID Co,
as well as the bandgap of FIBID W. [9]

Similar experiments were carried out before at FNA by Vugts [1]. At this
time, FNA already had a history of working with Andreev reflection in other
materials [5] and with ferromagnetic structures produced by FEBID. [2,11–13]

However, Vugts was the first to produce FEBID Co-FIBID W junctions, and
to observe Andreev reflection. One of these junctions is shown in figure 1.2.

Vugts goal was to reproduce the Zaragoza experiments and measure the
spin polarisation of FEBID Co in our system. (Note that due to varying de-
position parameters this polarisation could be different from deposits made
in Zaragoza.) However, it became clear that several additional effects were
also present in his measurements, making it difficult to extract any parame-
ters. When confronted with the appearance of unexpected shoulders in the
conductance curves Vugts speculated about multiple conduction paths be-
ing present in his contacts. Fig. 1.3, adapted from his master’s thesis, shows
how multiple channels with different conductance characteristics could, when
combined together, explain these shoulders.
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Figure 1.3: Sketch by Vugts speculating how multiple curves added together could
explain the appearance of shoulders in experimental results. [1]

1.2 This thesis

FE/IBID materials continue to be an easy source of custom structures on
the nanoscale, and more insight into the characteristics of the various mate-
rials that can be deposited is still needed. In this thesis we have continued
to explore the possibilities of a FEBID Co-FIBID W junction to gain this
insight. For example, we strived to find more supporting evidence for the
speculations Vugts made about multiple conduction paths, and to establish
a model that explains all the anomalous behaviour that is observed in exper-
iments. In addition we hoped to be able to extract the spin polarisation of
FEBID Co.

The following chapter provides a more elaborate introduction on the
FE/IBID process, and also includes short introductions on ferromagnetism,
superconductivity, and point contact physics, which are all needed to under-
stand Andreev reflection.

The full theory of Andreev reflection is discussed in more detail in chapter
3. The principle of Andreev reflection is introduced as well as the standard
and extended BTK theory that describe it.

In chapter 4 the experimental tools and methods used in this thesis are
discussed. The most important tools are the dualbeam setup used to fabri-
cate the samples, and the cryostat setup used to characterise them. Several
methods such as X-ray photoelectron spectroscopy and energy dispersive
X-ray spectroscopy were used for the sample characterisation and are also
briefly introduced there.

The experimental results are discussed in chapters 5 and 6. Chapter 5
reports on a characterisation study of the deposited materials, and discusses
the multiphase nature of FIBID W. Chapter 6 details an extensive study into
the various anamolous features that are observed, culminating in a model
that uses a multichannel point contact to explain these features.



Chapter 2

Introductory Theory

In this chapter some introductory theory is introduced. We provide a dis-
cussion on focused beam induced deposition, the technique that is used to
fabricate our samples. The concepts of ferromagnetism and superconductiv-
ity are briefly introduced, and in the final section point contact physics is
discussed.

2.1 Introduction

Before the theory of Andreev reflection is introduced in the next chapter,
we discuss the theory behind our samples. First, focused beam induced de-
position is the technique that is used to fabricate them, and it is discussed
more elaborately in the section below. Next, ferromagnetism and supercon-
ductivity are introduced, which are the phenomena that we combine in our
junctions. In the last section the physics of the point contact that links these
two together is discussed.

2.2 Focused beam induced deposition

Focused beam induced deposition is the physical process by which the sam-
ples used in this thesis are fabricated. It uses either a focused electron beam
or a focused ion beam. Both beams are available in the dualbeam system
present at FNA. For more details on this system, please refer to the descrip-
tion given in chapter 4. In the focused beam induced deposition process, what
is utilised is essentialy an unwanted side effect of electron (or ion) beam ir-
radiation, first seen in early scanning electron microscopes (SEM). [14,15] This
side effect occurs when a sample is exposed to a beam of highly energetic,
often charged particles, such as electrons or Ga+ ions. Carbon deposits are
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Figure 2.1: Artist impression of the beam induced deposition process. An electron
beam (top left) is hitting a substrate in the presence of precursor gas molecules
injected by a GIS (top right), thereby creating a deposition. Graphic design by M.
Cox.

formed on the illuminated spot, because there are hydrocarbons present in
very small amounts in the chamber of the microscope. These dissociate very
easily in an electron or ion beam illuminated area. Carbon rich depositions
are left behind wherever a beam has hit the substrate. A visual representa-
tion of this is given in figure 2.1.

In microscopes, such as the early SEMs, this is an unwanted effect. It
modifies the sample while it is being investigated, and introduces artefacts.
However, in focused beam induced deposition it is exactly what is needed and
used. With complete control over which areas are illuminated and which ar-
eas are not, it is possible to write structures on a substrate in the nanoscale.
In order to deposit materials other than carbon, a precursor gas is injected
near the substrate. This gas is usually a hydrocarbon containing the desired
material. It is dissociated by the beam in much the same way as the hy-
drocarbon contamination. This leaves behind a bit of carbon and oxygen,
but also a lot of the desired material is deposited. [14,16] All kinds of materials
can be deposited in this way, each with its own precursor gas. When using
precursors containing either iron or cobalt, these deposits are known to show
ferromagnetic behaviour. [11–13,17] The different physical processes involved in
making these depositions deserve special attention and is covered below.
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Precursor injection and dissociation

The precursor gas is injected into the sample chamber via a thin needle
connected to a reservoir. This is called a gas injection system or GIS. The
gas flows out of the needle because of a difference in reservoir pressure and
typical chamber pressure. The reservoir pressure can be increased by heating
the gas prior to opening the valve. The tip of the needle is placed very close
to the intended deposition spot on the surface of the substrate, so that gas
coming out of the needle immediately hits the substrate and adsorbes to it.
This process is called physisorption, and is based on van der Waals forces. It
does not change the electronic structure at the surface. Physisorption is very
important, as only precursor molecules that are adsorbed on the substrate
surface get dissociated and contribute to the deposition. Dissociation occurs
when the precursor molecule is hit by an electron or ion. However, this need
not be an electron or ion originating directly from the primary beam. In fact,
it is known that backscattered or secondary electrons (discussed in the section
below) contibute the most to precursor dissociation. [18] After dissociation,
part of the molecule remains on the surface, while the rest is pumped away.
The relative oxygen and carbon content of the deposit, as well as the purity
of the intended deposition material, are determined by various parameters
like beam type and current, precursor pressure and vacuum quality.

Electron types and interactions

The interactions of the electron or ion beam with the substrate can gen-
erate many other types of electrons. These electron types differ in typical
energy and in origin. The electrons in the incident beam are called primary
electrons. When this beam hits the substrate, the electrons scatter. If they
maintain their forward momentum and the sample is thin enough, they can
pass through the sample. These are the forward scattered electrons that are
fundamental to transmission electron microscopy. When the electrons are
instead scattered so much that their momentum is reversed, they can leave
the substrate on the same side as where they entered. They are then called
backscattered electrons.

Secondary electrons emerge from interactions with the substrate. When
an electron hits an atom in the substrate, it could possibly transfer some
of its energy to an electron bound to that atom. If the transferred amount
of energy is high enough, this bound electron leaves the atom to become a
secondary electron. Type I secondary electrons originate from interactions
with primary electrons, and type II secondary electrons are the result of
interactions with electrons that have already had several scattering events.
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Figure 2.2: Schematic overview of possible electron types and interactions occuring
when an electron beam hits the substrate. [1]

When a bound electron has been knocked out of its shell, an electron
from a shell with higher energy takes its place. The energy that is released
in this process can be used in two ways. First, it might be released in the
form of a photon of characteristic wavelength that is emitted by the atom.
Often this characteristic wavelength is in the X-ray range, and can be used
for EDX studies (4.4). Or the energy could be absorbed by another bound
electron that also leaves the atom. This type of electron is called an Auger
electron. The different types of electrons are depicted in figure 2.2.

Much about how each of these electron types is involved in precursor
dissociation remains unclear. Yet it is widely believed that secondary and
backscattered electrons play a vital role in the process. Because it is impos-
sible to focus the secondary electrons to a single spot, the resolution with
which you can illuminate the substrate is limited. By choosing lower beam
currents, the area around the incident spot where secondary and backscat-
tered electrons emerge from the substrate can be made smaller. Even so, it
will still be several times bigger than the spot size.

Additional effects of the ion beam

Using an ion beam instead of an electron beam is different for two reasons.
First, the mass of the ions is much larger than that of electrons, which results
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Figure 2.3: Density of states for bulk Cobalt. There is a large difference in the
number of available states at the Fermi level (dotted line) for each spin direction.
Because of this, Cobalt has a spin polarisation greater than zero.

in much higher deposition rates. It is however much less pure, since ions may
get implanted inside the deposit, possibly even changing its characteristics.
Second, it is possible to use the ion beam to etch away the substrate mate-
rial. This is usefull for cutting out crosssections, for example to make TEM
lamellas. However, it limits the energy range and exposure times that can
be used when deploying the ion beam.

2.3 Introduction to ferromagnetism

Most examples of magnetism in everyday life are related to ferromagnetism.
as it occurs spontaniously in nature, it has been known to man since the
ancient Greeks. Today, it plays a key role in many modern technological
devices. It is, for example, used extensively inside most harddisks.

In ferromagnets, due to a phenomenon called exchange interaction, the
energy of any material system is directly dependent on the spins contained
in that system. Energy minimalisation leads to individual spins wanting to
align in the same direction. This is manifested in the materials density of
states, which has to be separated into a majority and a minority spin part,
and the material has a net magnetic moment. As an example of this, the
density of states for bulk cobalt is shown in fig. 2.3.

The majority and minority spin parts of the density of states have differ-
ent shapes. When this density of states is now filled with electrons up to the
Fermi level, the number of available states at the Fermi level can be different



10 CHAPTER 2. INTRODUCTORY THEORY

for the two spin directions. One spin direction is over represented, though
this is not necessarily the one that is parallel to the magnetic moment of the
material. We characterise the difference in electron states at the Fermi level
by the spin polarisation. The degree of spin polarisation P is defined as the
relative difference in up and down spins:

P =
N↑ −N↓
N↑ +N↓

. (2.1)

The spin polarisation in cobalt deposits made by focused beam induced
deposition was determined to be around 35%. [9] Though it is heavily depen-
dent on various parameters in the deposition process. For other materials,
different density of states will lead to different spin polarisations.

The electrons at the Fermi level are responsible for charge transport, so if
a current is send through such a spin polarised material, it too becomes spin
polarised. The spin polarisation of the current coming out of a ferromagnet
is the same as the spin polarisation of the ferromagnet itself. This will prove
crucial for using Andreev reflection spectra to determine the spin polarisation
of a ferromagnetic material.

2.4 Introduction to superconductivity

Superconductivity was first observed by Kamerlingh Onnes in 1911 in his
low temperature lab in Leiden. When lowering the temperature of mercury
to a sufficiently low value, he notices that the electrical resistance became
’practically zero’. This temperature is called the critical temperature, or TC .
A few decades later, in 1957, Bardeen, Cooper and Schrieffer gave a Nobel
prize winning microscopic explanation of this effect. [19]

The basic principle of the theory of Bardeen, Cooper and Schrieffer (BCS)
is that electrons inside a superconductor condensate into pairs. These pairs
are called Cooper pairs. Below the critical temparture TC , it is energetically
advantagous for electrons to bind into these pairs. The reason for this is
believed to originate in lattice vibrations. In quantum mechanics these vi-
brations are called phonons. The electrons in the Cooper pair are bound
to eachother because the phonons emitted by one electron are absorbed by
the other electron (and vice versa). Because of this, the two electrons in a
Cooper pair have opposite spin and k-vector.

All electrons with energy near the Fermi level can couple into Cooper
pairs to gain energy. The empty states they leave behind are replaced by
Cooper pair states, and an energy gap emerges in the density of states.
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Conventionally, the size of this gap is defined as 2∆. Here ∆ is the energy
that is gained per electron when a Cooper pair is formed.

Types of superconductors

Superconductors are generally divided into two categories, based on their
response to external magnetic fields. [20] When resistance is zero, very large
(super)currents can run inside a superconductor without any energy losses.
These currents appear in order to expell the intruding fieldlines when the
material is placed inside an external magnetic field. This can be considered
an extreme application of Lenz’ law, and it is called the Meissner effect.
Type I superconductors expell all fieldlines until the external field reaches a
critical value. Above this critical field HC the superconductivity is destroyed
or quenched. The superconductor simply cannot contain a large enough
current. Type II superconductors work slightly different. They have two
critical fields. Below the first critical field all fieldlines are expelled, as in their
type I equivalents. But in intermediate fields magnetic fields can penetrate
partially into the superconductor, only locally quenching superconductivity.
Above the second critical field the superconductivity is quenched completely.

If the external field is smaller then HC , and the temperature lower then
TC , a superconductor is in the superconducting state. Since resistance is zero,
according to Ohm’s law even the smallest voltage would produce an infinite
current. In reality, this does not happen. As soon as the current reaches a
critical value, the superconductivity is quenched. This critical current, IC ,
has been found to depend quadratically on temperature: [21]

IC(T ) = IC(0)

[
1−

(
T

TC

)2
]

(T ≤ TC). (2.2)

Besides the type I / type II distinction, a second distinction can be made
based on the temperature below which superconductivity is possible. The
distinction between high temperature and low temperature superconductors
is conventionally set at the boiling temperature of liquid nitrogen. The ma-
terials in the experiments described in this thesis are all low temperature su-
perconductors, and thus liquid Helium is used for cooling down the samples.
For more information on high temperature superconductors and supercon-
ductivity in general the reader is refered to some of the many good books
available on superconductivity. [22–24]
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2.5 Point Contacts

In the two previous sections the physics behind each of the two components of
a Andreev reflection junctions has been described. These were a ferromagnet
on one side and a superconductor on the other. Now, the focus shifts to the
interface between them. In order to make any measurements most sensitive
to the physics happening at the interface between our two materials, the
contact must be made as small as possible. This will increase the resistance
at the interface relative to that of the bulk, making the contribution of the
bulk to the measured signal smaller. Ideally the entire voltage drop would
be over the point contact, with no loss in the rest of the setup.

Different modes of charge transport exist in a point contact, depending
on its size. More precisely, transport through such a small point contact can
be defined based on the ratio between the contact diameter a and the mean
free path l of the electrons in the materials present. In fact, there are two
electronic mean free paths important here. The average distance travelled
by an electron between two elastic scattering events is defined as le, and the
average distance between two inelastic events as lin. Since elastic scattering
is more likely to occur, le < lin. When discussing electron mean free paths
at an interface, the fact that they are likely different for the two materials
has to be taken into account. In such a case the lowest of the two limits
the electron transport at the interface and should be used in the definitions
below. These two mean free paths can now be used to define three transport
regimes:

Ballistic transport Here a << le. The contact diameter is much smaller
than the smallest electron mean free path. This means that statisti-
cally the electrons do not scatter anywhere near the interface, except
because of interface effects. Because of this, energy and momentum of
all electrons incident at the interface will be equal. If there is a negligi-
ble voltage drop over the leads, their energy will be exactly eV . In this
limit, the resistance can be calculated with the help of a Knudsen gas
like model. The resistance for a ballistic point contact was first derived
by Sharvin [25] to be:

RS =
2h

e2(akF )2
. (2.3)

Here kF is the Fermi momentum. Note that conductance through the
point contact is constricted solely by the size of the contact, and not
by any bulk properties of either material other than kF . The Sharvin
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resistance is therefore completely independent of the bulk resistance of
both materials. Since the energy of all incoming electrons is the same, it
can be easily controlled by setting a desired bias voltage. By scannning
across a whole range of bias voltages, ballistic point contacts can be
used for energy resolved spectroscopy. Setting a high bias voltage does
not lead to Joule heating at the interface. Since there is statistically
no scattering occuring in the contact region, energy dissappation and
thus heating is negligible.

Diffusive transport Now le < a < lin. The elastic scattering mean free
path is smaller then the contact diameter, but the inelastic scattering
mean free path is still bigger. Statistically, elastic scattering now occurs
near the contact on a regular basis, but inelastic scattering does not.
This means that the momentum of incoming electrons is no longer
conserved, but the energy still is. Energy resolved spectroscopy is still
possible, but any momentum resolved methods are no longer applicable.
This is an intermediate regime. Point contact resistance is somewhere
inbetween the ballistic and thermal value.

Thermal transport a > le, lin defines the regime of thermal transport. The
contact diameter is large on the scale of the electron mean free paths.
And because of this, both elastic and inelastic scattering events are
now taking place within the contact region. Energy and momentum
of the incident electrons is no longer controllable, and transport is
effectively similar to that in bulk materials. Joule heating is now a
problem near the interface. The contact area is large enough to mimic
bulk conditions, but the point contact is still a constriction in the
device, leading to high current densities. Because of this, the effective
temperature Teff is much higher than the surrounding temperature T .
For an applied voltage V we find that:

T 2
eff = T 2 +

V 2

4L
, (2.4)

with L being the Lorentz number: 2.45× 10−8 V 2/K2. Effectively this
means the effective temperature rises about 3K per mV of bias voltage.
Because transport is similar to that in the bulk, point contact resistance
depends on the bulk resistivity (ρ). Thermal point contact resistance
was first derived by Maxwell, and is called Maxwell resistance:

RM =
ρTeff

2a
. (2.5)
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It is clear that the thermal transport regime is problematic. Energy
resolved spectroscopy is no longer possible under these conditions, since
any energy or momentum dependent information is completely lost and
the effective temperature at the interface will be very high. Interface
effects like Andreev reflection will obviously still occur, but measuring
them has become almost impossible.

To summarise, in order to avoid excessive Joule heating and be able
to do energy resolved spectroscopy, experiments should be performed on
samples with point contacts in the ballistic regime. In this regime the contact
diameter is smaller then the elastic and inelastic mean free paths of both
materials. Under these conditions bulklike scattering near the interface is
negligible and all the information about what happens at the interface is
conserved. In the intermediate diffusive transport regime, where the contact
diameter is somewhere in between the elastic and inelastic mean free paths,
energy resolved spectroscopy is still possible. However, if we get to regime
where the contact diameter is larger than the inelastic mean free path, all
energetic information is lost and our experiments would not succeed.



Chapter 3

Theory of Andreev reflection

After discussing some introductory theory in the previous chapter, this chap-
ter covers the Andreev reflection process. Both the Bogoliubov-de Gennes
equation and Blonders, Tinkham and Klapwijk theory are introduced, which
are both crucial to the understanding of the Andreev reflection process. Stan-
dard BTK theory is then extended to include spin polarised metals, and the
effects of varying the different parameters are discussed. The final section
elaborates on known deviations from theory that frequently appear in many
Andreev reflection experiments.

3.1 Introduction

Previously, in section 2.4, it has been concluded already that electrons in a
superconductor form Cooper pairs, and thus behave in a completely different
way than electrons in a normal metal. This radically different behaviour
leads to an interesting process taking place at a normal metal-superconductor
interface, called Andreev reflection, named after the Russian physicist who
first described it in 1964. [4] An intuitive picture of what happens in a normal
metal-superconductor junction is sketched in figure 3.1.

When electrons travel through a normal metal, they do so individually.
However, when their energy is smaller then ∆, a Cooper pair has to be formed
before the electrons can propagate into the superconductor. Since a Cooper
pair consists of two electrons of opposite spin, an electron incident at the
metal-superconductor interface needs to find an electron with spin opposite
to its own in order to pass through. In normal metals, such an electron is
present near the interface, and the two electrons form a Cooper pair that
continues into the superconductor. In addition, the second electron leaves
behind a hole that is then reflected back into the metal. This hole has the

15
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Figure 3.1: Conduction across a normal metal (NM) and superconductor (SC)
interface. A) Electrons flow through the normal metal and reach the interface. B)
In order to passes trough the interface, the incident electrons form Cooper pairs
with electrons with opposite spin present near the junction. C) The Cooper pair
travels through the superconductor. Meanwhile, a hole is reflected in the metal.
Figure adapted from Vugts. [1]

same spin as the electron that left the hole, so the net spin current does not
change because of Andreev reflection.

In a normal metal, electrons with different spins are readily available. Ig-
noring other effects such as interface scattering, all incident electrons could, in
theory, Andreev reflect, effectively doubling the current flowing through the
junction. Because of this, the conductance of a normal metal-superconductor
(NS) interface is twice that of a normal metal-normal metal (NN) interface;

GNS

GNN

= 2 (low bias, P = 0). (3.1)

Since we are interested in ferromagnet-superconductor junctions, we now
replace the normal metal by a spin polarised ferromagnet. In an fully po-
larised ferromagnet, all the transport electrons have identical spin. Electrons
incident at an interface between such a ferromagnet and a superconductor
are therefore not able to Andreev reflect. There are simply no electrons with
opposite spin available to form a Cooper pair with. No current can flow, and
the conductance drops to zero;

GNS

GNN

= 0 (low bias, |P | = 1). (3.2)

In the more realistic case where a ferromagnet is only partially polarised,
some conductance remains possible. The incident electrons can be divided
into two currents, one fully polarised, with all electrons having identical spin,
and one non-polarised current, with spins divided equally. The first current
is completely blocked at the interface, while the second current can Andreev
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Figure 3.2: Conductance over a ferromagnet-superconductor junction for differ-
ent polarisations. For P=0 Andreev reflection causes the conductance to double
for low bias, for P=1 conductance is blocked for low bias. Intermediate values
show a gradual transition between zero and double conductance. The graphs were
calculated using equation 3.27 which is derived in section 3.4.

reflect normally. The conductance is now linearly dependent on the spin
polarisation;

GNS

GNN

= 2(1− |P |) (low bias). (3.3)

For a bias voltage larger than the energy gap of the superconductor,
electrons are able to penetrate the superconductor individually as quasi-
particles, and the conductance over the junction becomes equal to that of
a normal metal-normal metal interface. An illustration of the conductance
over a ferromagnet-superconductor junction is shown for varying polarisation
in figure 3.2.

It is assumed here that the current does not reach high enough values to
quench the superconductivity, which does not always hold for experiments. [26]

This concludes an intuitive picture of Andreev reflection, but many effects on
the conductance other than the polarisation of the metal were disregarded.
However, effects such as scattering at the interface are also important. Be-
cause of this, when using equation 3.3 to determine the polarisation of a
ferromagnet, it can easily be overestimated. A more complete theory that
incorporates the effects of interface scattering is needed. This theory, devel-
oped by Blonder, Tinkham and Klapwijk is introduced in the next sections,
starting with the Bogoliubov-de Gennes equation.
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3.2 The Bogoliubov-de Gennes equation

Any deduction of Blonder, Tinkham and Klapwijk (BTK) theory starts with
a derivation of the Bogoliubov-de Gennes equation. This equation is used to
describe the quantummechanical nature of electrons inside a superconductor
in much the same way as the Schrödinger equation provides a description
for electrons in normal metals, and is used to describe the electrons inside
a superconductor which are not paired into Cooper pairs. These are elec-
trons with an energy higher than the superconducting gap ∆ (relative to the
Fermi level). By solving the Bogoliubov-de Gennes equation, the reflection
and transmission coefficients at the metal-superconductor interface can be
determined. This serves as a stepping stone to model the conductance over
such an interface.

A complete derivation of the Bogoliubov-de Gennes equation is beyond
the scope of this report. Here, only a short explanation is given. And only
a one dimensional model is discussed. For a more elaborate deduction, the
reader is kindly referred to Alexandrov. [24] For an extension to two or even
three dimensional space, several excellent papers are available. [27–30]

Electron wave function inside a superconductor

Besides the Cooper pairs mentioned earlier, there are unpaired electrons
inside a superconductor. These are described as quasi-particles. Inside the
superconductor, these electrons can be found in either an electron-like |e〉
state or in a hole-like |h〉 state. The probabilities for these states are |f(x, t)|2
and |g(x, t)|2 respectively. A simple superposition of these states gives the
wave function of the quasi-particle:

Ψ(x, t) = f(x, t) |e〉+ g(x, t) |h〉 , or Ψ(x, t) =

(
f(x, t)
g(x, t)

)
. (3.4)

In order to apply a Schrödinger like formulation to this wave function,
Cooper pair formation needs to be taken into account. When an electron is
part of a Cooper pair, it has lower energy than an unpaired electron. An
electron in a Cooper pair is now considered to be in the ground state, with
energy set to zero. The unpaired electrons now have an energy that is equal
to or higher than the superconducting gap ∆. This minimal energy ∆ is
thus added to the Schrödinger equation and this results in the Bogoliubov-
de Gennes equation:

ih̄
∂Ψ

∂t
=

(
H ∆

∆ −H

)
Ψ. (3.5)
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Figure 3.3: Band structure for a quasiparticle in a superconductor for ∆ = 0 (a)
and for finite ∆ (b). [5]

Here H is the conventional Hamiltonian as it is used in the Schrödinger
equation. The minus sign for the hole-like state is there, because a time-
reversed Schrödinger equation is used to describe a hole state. When Ψ(x, t) =
ψ(x)e−iωt, with E = h̄ω is substituted into the equation, equation 3.5 can be
reduced to: (

H ∆
∆ −H

)
ψ = Eψ. (3.6)

If ∆ is taken as a constant the equation can be solved. The resulting
solution contains an eigen energy that is very similar to the well known
result [31] for normal metals. The only difference being an extra term of ∆2:

E2 =

(
h̄2k2

2m
− EF

)2

+ ∆2. (3.7)

This result is also displayed in a more graphic manner in figure 3.3. In
part (a) two solutions to the equation are clearly visible. One corresponds
to a band of electron-like states and the other one can be attributed to a
band of hole-like states. In part (a), ∆ is set to zero. This essentialy mirrors
a normal metal. In part (b) the solution for finite nonzero ∆ is shown, and
an energy gap opens at the Fermi level. This represents the superconductor.
The energy gap has a size of 2∆, corresponding to the energy needed to break
up a Cooper pair. Note that, since ∆ is very small compared to EF , the size
of the energy gap is exaggerated in order to show the effect more clearly.
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3.3 Blonder, Tinkham and Klapwijk Theory

The original BTK theory [3] does not include spin polarisation effects. It can
however be easily extended. This is done in the next section. First, the
original theory is introduced.

Consider electron transport through a normal metal-superconductor in-
terface in one dimension. By constructing the wave functions for the normal
metal and superconductor side and finding the right boundary conditions,
the appropiate Bogoliubov-de Gennes equation can be constructed. Its so-
lutions can be used to calculate the current running over the interface, and
thus derive the interface conductance.

Figure 3.4 shows an energy diagram similar to figure 3.3, showing the
possible particles travelling through a NM-SC interface. The graph on the
left, with ∆ set to zero, serves as a model for the normal metal and the
graph on the right, with finite ∆, illustrates the energy landscape inside the
superconductor. All the possible particles that could be present are included
in both pictures.

The normal metal wave function

In the normal metal side of the point contact three possible particles can
be distinguished. First there is the incident electron, denoted with its prob-
ability amplitude 1. It is situated in the electronband with a wave vector
k = kF + kN , and is above the Fermi level (at E=0). The other two parti-
cles are not necessarily present. And they are indexed with their respective
probability amplitudes a and b. a denotes a particle that results from An-
dreev reflection. It can be described either as a reflected hole with energy
-E, situated in the electron-like band, or as a hole like quasiparticle with
positive energy E in the hole-like energyband. In either case, it travels to
the left, away from the superconductor. There is also a probability that an
electron reflects of the interface by ways other than Andreev reflection, this
is symbolised by the particle labeled with probability amplitude b. Normal
reflection means that no Cooper pair is formed on the superconductor side
and the electron has not contributed to the conductance over the junction.

Using equation 3.5, and assuming a plane wave solution, the wave function
of the particles in the normal metal can be written as:

ψN(x) =

(
1
0

)
ei(kF+kN )x+a

(
0
1

)
ei(kF−kN )x+b

(
1
0

)
e−i(kF+kN )x. (3.8)



3.3. BLONDER, TINKHAM AND KLAPWIJK THEORY 21

Figure 3.4: Band structure for quasiparticles in a normal metal (left) and super-
conductor (right) in BTK theory. Left we see the incident electron (1), and also a
Andreev reflected hole, or quasiparticle (a) and a reflected electron (b) are depicted.
In the right picture there are two possible quasiparticle states, (c) and (d), for the
transmitted electrons are shown. [5]

With a and b the probabilities described earlier. The first term describes
the incident electron. The second term describes the hole created by Andreev
reflection. The minus sign in front of kN is there because the hole is in the
electron-like band. We use the reflected hole description here. The third and
final term describes a normally reflected electron. It is in the electron-like
band, but heading to the left, hence the −(kF + kN) wave number.

The superconductor wave function

Now, if the incident electron is not reflected, but is instead transmitted
through the interface, it enters the superconductor side. The superconductor
band diagram is depicted on the right of figure 3.4. and shows that two elec-
tron states are possible, labeled with their probabilities c and d. The particle
with probability c has a wave number k = kF + kS above the Fermi wave
number, it represents transmission were the particle stays on the same side
of the Fermi surface. The quasi-particle labeled with d has negative wave
number k = −(kF − kS). It crosses the Fermi surface when it is transmitted
through the interface. The wave function in the superconductor becomes a
superposition of these two waves:

ψS(x) = c

(
u
v

)
ei(kF+kS)x + d

(
v
u

)
ei(−kF+kS)x. (3.9)
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Note that the incoming and outgoing waves do not need to have the same
wavenumber, meaning that kN is not necessarily equal to kS. In equations
3.8 and 3.9 wave functions for both sides of the junction are constructed.
These can be used to construct the Bogiulobov-de Gennes equation.

Solving the Bogiulobov-de Gennes equation

To solve this equations, adequate boundary conditions are required at the
interface. A simple set of conditions could be that the wave function and
its first derivative are continous at the interface. But this implies negligible
interface scattering, which is not realistic. In order to account for interface
scattering, a technique is used that is very similar to what is used when
solving a Schrödinger equation in normal state quantum mechanics. [31] It
includes an extra scattering potential Vscat(x) in the form of a delta function
of strength S at the interface (at x = 0):

Vscat(x) = Sδ(x). (3.10)

The underlying assumption that is made here is not only that the poten-
tial that describes interface scattering is highly localised in a delta function,
but also that any (non Andreev reflection related) scattering at the interface
occurs independent of the spin of incident electrons, which is not actually
the case. Other, more elaborate ways of modelling interface scattering that
do take spin dependent scattering into account are available, [32–34] but are
not discussed in detail here. At the end of this derivation, it becomes clear
that including spin dependent scattering explicitly is not necessary. Its ef-
fects can be accounted for in a very simple way even within a model that
did not include spin dependent scattering initially. This is discussed in more
detail later. For now, a simple spin independent delta potential is used at
the interface. As a second boundary condition, the wave function is taken to
be continous at the interface:

ψN(0) = ψS(0) = ψ(0). (3.11)

Because of the introduction of Vscat, the first derivative of the wavefunc-
tion cannot be taken continuous. Instead it has to be:

ψ′S(0)− ψ′N(0) = S
2m

h̄2
ψ(0). (3.12)

Based on these boundary conditions a dimensionless parameter Z is intro-
duced to describe interface scattering. It is based on the (also dimensionless)
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strength S introduced in Vscat. Using Z instead of S is useful later in the
derivation.

Z =
kFS

2EF

. (3.13)

When the Bogoliubov-de Gennes equations and these boundary condi-
tions are combined, solutions can be found for the probability amplitudes
for Andreev reflection (a), normal reflection (b), and the two transmission
amplitudes (c and d), as described in figure 3.4. The exact calculation is
not discussed here. For more details the reader is referred to the original
paper. [3] For now, all that is needed are the actual probabilities for Andreev
and normal reflection. These are given by |a|2 and |b|2, respectively. These
probabilities are energy dependent, and shall be called A(E) and B(E).
(C(E)+D(E)) denotes the total transmission. It can be calculated easily,
given that the laws of probability dictate that:

A+B + C +D = 1. (3.14)

Currents running to and from the interface

The individual probabilities of the relevant particles are now known. But
in order to calculate the total current, the partial currents that result from
these particles are needed. This can be done using the principle of no charge
accumulation. The currents flowing towards the interface have to be equal
to those flowing away from it. Using the picture sketched in figure 3.4, there
is always a current of incident electrons, with probability 1, flowing towards
the interface from the metal. These electrons can be either transmitted or
reflected. If they are reflected this can happen either via Andreev reflection or
normal reflection. Andreev reflection has a probability A(E). The Andreev
current should be considered as holes flowing towards the interface, and thus
it adds to the incident current.

Normal reflection, probability B(E), causes a current to flowaway from
the interface, back into the metal. The electrons that are transmitted also
flow away from the interface in the superconductor. Because of Andreev
reflection there is an extra current that flows in the same direction as the
transmitted electrons. These two currents are taken together and are con-
sidered as one current from now on, called X(E). Summarising:

1 + A(E) = B(E) +X(E) (3.15)

Since there is no charge accumulation regardless of whether there is a
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current running or not, this result is valid for both a zero bias and a biased
system.

Calculating a partial current

In order to calculate the magnitude of the partial currents discussed above,
consider all the electrons contributing to this current with an energy in the
interval [E,E+dE]. The number of electrons in this interval is proportional
to a number of factors. First, there is the density of states N(E), describ-
ing the electron states available. This is a material characteristic and varies
between different materials. Next, the Fermi-Dirac distribution f(E) is used
to describe which of these states are filled, introducing a temperature depen-
dence. The product N(E)f(E)dE gives the electron density in the desired
energy interval.

If these electrons hit the interface, the probability that they are Andreev
reflected is given by A(E). In order to calculate the current density of the
current due to Andreev reflection, the electron density is multiplied by the
Andreev reflection probability A(E), and by the rate at which charge is
transported to the interface. This is the electron velocity v(E) multiplied by
the single electron charge e.

To go from current density to the total contribution to the Andreev cur-
rent, the current density is integrated over the interface surface. Assuming
uniform current density, this amounts to multiplying by the surface area A
of the point contact. This results in:

IAnd(E) = eAv(E)N(E)f(E)A(E)dE. (3.16)

The above expression gives the Andreev reflection part of the total cur-
rent, corresponding to A(E) in equation 3.15. Other contributions can be
found by replacing A(E) by B(E) for normal reflection and (C(E) +D(E))
for transmission (which is part of X).

In equation 3.16 N(E) is the local density of states at whatever position
the calculation is made, be it in the normal metal or the superconductor.
However, since the total current is conserved over the junction this position
is arbitrary. In order to avoid dealing with quasi-particles and Cooper pairs
in the superconductor, it is easiest to do the calculation on the metal side.
Thus the density of states of the metal is used.

Applying a bias voltage

We now focus on what happens when we apply a bias voltage. For simplicity,
it is assumed that transport at the interface is ballistic in nature. This means
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that the contact area is much smaller than the electron mean free path, and
the interface resistance is completely independent from the bulk resistance.
The interface resistance is also much higher than the bulk resistance, so that
the voltage drop over the interface is equal to the voltage that is applied
over the sample. This is crucial because it is the only situation in which the
actual voltage over the interface is known and qualitative information could
be extracted from measurements.

The metal part of the junction is described by an equilibrium Fermi-Dirac
function in which the energy is corrected for the applied voltage. The Fermi
level of the superconductor also aligns with the metal when they are con-
nected. The incident electrons now have a distribution given by f(E − eV ),
with V the voltage drop over the interface. The electrons in the superconduc-
tor are described by f(E), due to the voltage drop over the interface. This
difference causes a net current to start running. This current flows from the
superconductor (and the electrons from the metal). This is the current X
from equation 3.15, which can be used to express X in terms of A and B:
X(E) = 1 + A(E) − B(E). For the total current calculation an expression
similar to equation 3.16 is used with the newfound expression for X instead
of A(E). It is then integrated over all energy values. This results in an
expression for the net current:

Itot = eA
∫
v(E)N(E)[1 + A(E)−B(E)][f(E − eV )− f(E)]dE. (3.17)

This integral is zero outside of the region ±eV around EF . For E around
EF the electron velocity and the density of states can be taken as a constant.
Their respective values at the Fermi-level are used:

Itot = eAvFNF

∫
[1 + A(E)−B(E)][f(E − eV )− f(E)]dE. (3.18)

Calculating conductance over the interface

In the experiments described later in this thesis, the conductance GNS =
dI/dV will be measured instead of the current. Remember that A(E) and
B(E) do not depend on the applied voltage;

GNS = −e2AvFNF

∫
[1 + A(E)−B(E)]f ′(E − eV )dE. (3.19)

This result holds for any normal metal-superconductor point contact. To
interpret this result though, a comparison to a normal metal-normal metal
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junction is needed. Here too interface scattering needs to be incorporated
in the same way. Luckily, the model that was just derived can be used for
this. With no Andreev reflection possible, A has to be zero and B can be
calculated to be equal to Z2/(1 + Z2). [3] Inserting this into equation 3.19
gives:

GNN =
e2AvFNF

1 + Z2
(3.20)

As the end result for the original Blonders, Tinkham and Klapwijk theory,
conductance over our normal metal-superconductor junction normalized to
the normal metal-normal metal conductance is given:

GNS

GNN

= −(1 + Z2)

∫
[1 + A(E)−B(E)]f ′(E − eV )dE P = 0. (3.21)

With this final result, we come back to the earlier statements made after
assuming spin independent scattering. In deriving BTK theory quite some
assumptions have been made along the way. Not only was scattering assumed
to be spin independent, but also a very localised delta function interface
potential was postulated, as well as a ballistic regime, which implies that all
scattering and the entire voltage drop in our device occurs at the interface.
This is only true for a truly ideal ballistic point contact.

It turns out however, that this is not a problem. The parameter Z,
which is used to incorporate scattering effects and includes the delta function
strength S, can be varied as a free parameter. By doing this, it turns out,
BTK theory can be used to describe experimental Andreev reflection curves
very well. It seems that more physics is captured within Z than just the
strength of the delta potential, which is a simplification. In fact, Z as a free
parameter captures far more than just interface scattering. [33] Many elaborate
and complicated adaptions to BTK theory, as for example including spin
dependent scattering, can be incorporated in a much more simple way by
varying Z.

3.4 Expanded BTK Theory

Having derived a result for a normal metal-superconductor junction, we now
expand this result to be applicable to spin polarised metals. It was published
in the form presented here by Strijkers et al. in 2001. [35] Strijkers expands
the result from the last section for zero polarisation into an equation valid for
any polarisation between zero and one, using the fact that a current with any
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arbitrary polarisation can be described as a superposition of a nonpolarised
and a fully polarised current:

Itot = PIP=1 + (1− P )IP=0. (3.22)

This means that only a solution for a fully polarised current is needed to
construct a solution for any desired value of P .

A solution for fully polarised currents requires the equivalents of A, B,
C, and D. These shall be denoted by Ã, B̃, C̃, and D̃, respectively. For a
fully polarised current it is known that Ã = 0, since there can be no Andreev
reflection. There are simply no electrons with opposite spin available to form
the necessary Cooper pair. This means that an electron with energy lower
than the superconducting bandgap cannot penetrate the superconductor and
has to be reflected in the traditional (non-Andreev) way. Therefore, for sub-
bandgap energies, the probability for normal reflection B̃ has to be unity:

B̃ = 1 E < ∆. (3.23)

Some of the electrons of higher energy are transmitted, though not all of
them. Since for these energies the polarisation of the electrons is no longer
an issue, it is assumed that transmission is spin independent, meaning that
the ratio of reflected and transmitted electrons is the same for the polarised
and the unpolarised current:

B̃

C̃ + D̃
=

B

C +D
E > ∆. (3.24)

All transmission coefficients can be eliminated from this equation by using
the fact that A + B + C + D = 1 and B̃ + C̃ + D̃ = 1. This results in an
expression for B̃ in terms of A and B:

B̃ =
B

1− A
E > ∆. (3.25)

The equivalent of equation 3.21 for polarised current can now be con-
structed. A(E) is set to zero and B(E) is replaced by B̃(E). Note that
B̃(E) has different values for E larger or smaller then ∆.

GNS

GNN

= −(1 + Z2)

∫
[1 +−B̃(E)]f ′(E − eV )dE P = 1. (3.26)

For the endresult of the expanded BTK theory the equations 3.21, 3.22,
and 3.26 are combined into one, providing a total expression for the nor-
malised conductance over a metal-superconductor interface where the metal
can have any arbitrary spin polarisation P :
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GNS

GNN

= −P (1 + Z2)

∫
[1− B̃(E)]f ′(E − eV )dE

− (1− P )(1 + Z2)

∫
[1 + A(E)−B(E)]f ′(E − eV )dE. (3.27)

This completes a full theoretical framework to describe spin polarised
charge transport over a metal-superconductor interface in the ballistic regime.
One way of using this framework would be as a model to fit experimental
data too, in order to determine the spin polarisation and other parameters of
various materials. However, this is not as straightforward as it sounds. Sev-
eral problems can arise. The effects of varying each parameter are discussed
in the next section.

3.5 Simulations with the BTK model

All the conductance curves in this section were calculated using equation 3.27.
The overall shape of the curves can change dramatically with only slightly
different parameter choices, and this warrants a more detailed discussion of
the resulting curves. Temperature is discussed first because we present the
effects of the other parameters for both low and high temperature.

Temperature (T) and spectral broadening

Within the BTK model, temperature acts as a broadening parameter. If the
temperature rises, features broaden and get smeared out over a larger area.
Mathematically, the equations 3.21 and 3.26 are essentially convolutions of
the relevant zero temperature solution and the derivative of the Fermi-Dirac
distribution function. This derivative is only a delta function for T = 0,
but becomes more broad and nonzero over a larger area when T is positive.
This broadening of the Fermi-Dirac derivative causes the broadening of the
resulting solution.

However, temperature is not the only physical mechanism that causes
broadening. As Bugoslavsky et al. [36] showed, other effects such as multi-
ple channels, high junction resistance, and interface scattering can also have
broadening effects and contribute to the smearing out of features in exper-
imental data. This means that, if the temperature in our model is fixed to
the real temperature used in the experiments, the features of our model, and
the resulting fit, are too narrow.
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Figure 3.5: Normalised conductance as a function of bias voltage according to the
extended BTK model, for different effective temperatures T , and all other param-
eters fixed. Peaks at eV = ∆ are smeared out over a larger area when temperature
is raised to a few Kelvin. As a result of this, we even see zero bias conductance
increasing. This effect is discussed in section 3.5.

Bugoslavsky et al. provide us with a solution. Just as the interface
scattering paramater Z turned out to incorporate other effects as well, the
temperature (T ) can do the same. If the temperature is not kept fixed
to the measured temperature from the experiments, but is instead a free
parameter in the fit, it automatically includes other broadening effects as
well. Conventionally this is done by adding an extra term (ω) to the thermal
energy in the Fermi-Dirac distribution. This means T is replaced by Teff :

kBT → kBTeff = kBT + ω. (3.28)

In practice ω/kB takes on values of 1 to 2 Kelvin. However, the effects
of this can be larger than expected. Figure 3.5 shows what a difference in
effective temperature of only a few Kelvin can do. For Z values above a
few tenths, there are peaks in the conductance near the bias voltages that
corresponds to the gapsize ∆ (more on this later). These peaks can get
quite sharp and high for zero temperature, but get smeared out very fast for
increasing temperature, mostly because they are so narrow. As can be seen
in the figure, an effective temperature of just a few Kelvin can completely
erode the peaks.

This poses problems when fitting experimental data. There are now four
parameters in the fit. These are ∆, Z, P and T (or ω). All of them can
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Figure 3.6: Normalised conductance as a function of bias voltage according to the
extended BTK model, for different values of P . The temperature T in this graph
can be interpreted as Teff and set to a realistic value. For comparison with low T ,
we refer to the next figure (3.7).

have very dramatic effects on the overal shape of our conductance curves.
Furthermore, two of these, Z and P have effects that can be very similar and
hard to distinguish from one another. This creates problems when trying
to extract information about a single parameter. The broadening effect of
temperature make things worse by making the effects of the other free para-
maters less visible. Clearly temperature and other broadening effects should
be kept as low as possible. The effects of varying the different parameters
other than T are discussed in further detail below.

Polarisation (P)

For an experimentalist working with Andreev reflection techniques, determin-
ing the polarisation of a ferromagnetic material is often the main objective.
The concept of Andreev reflection offers a quick way to measure the polar-
isation of a material. To do this with any accuracy, a good understanding
of the effects of polarisation on conductance is needed. Figure 3.6 shows a
number of curves for fixed ∆, Z and T , and different polarisations:

It is clear that conductance for low bias (|eV | < ∆) decreases for increas-
ing polarisation. This is in good agreement with the intiutive picture that
conductance is doubled for zero polarisation and blocked for full polarisation.
However, for zero polarisation conductance is not double its large bias value.
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Figure 3.7: Normalised conductance as a function of bias voltage according to the
extended BTK model, for different values of P . T is Teff and is set to almost
zero. This has dramatic effects on the conductance curves as features are far less
broadened by temperature effects.

Neither is conduction blocked for a polarisation of one. This is not because
of any error in the intuitive image or the model. Rather, it is because the
intuitive image assumes perfect conditions, i.e. no interface scattering and
zero temperature.

For T=Z=P=0, the normalised conductance would be two at zero bias.
But for an effective temperature of a few Kelvin or higher, the smearing
out effects are already large enough to lower conductance around zero bias,
regardless of the value of Z. Note that in return conductance is raised for
voltages just outside of this range. Conductance is raised above the large
bias level al the way up to approximately 2.5V, corresponding to |eV | = 3∆.
Three times further than one would expect conduction to be above unity.

For full polarisation something similar is observed. Conduction is raised
for low bias because of the smearing, but is lowered for voltages just outside
the normal range. This mirrors the P = 0 behaviour. Polarisation values in
between show similar, less pronounced behaviour.

For intermediate polarisations, a dip is observed at zero bias. This is
most pronounced for P = 0.4 and 0.6 in figure 3.6, but visible in almost all
curves in figure 3.7, where temperature has been set to almost zero. This
dip is not caused by polarisation, but is the effect of the nonzero interface
scattering parameter.

Figure 3.7 depicts polarisation at almost zero temperature. For P = 1
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Figure 3.8: Normalised conductance as a function of bias voltage according to the
extended BTK model for different values of Z. Notice that the effect of raising Z
can be very similar to raising P , making it difficult to discern the right values for
P and Z from experimental data. T is again Teff and set to a realistic value.

zero conductance is observed, but for P = 0 conductance is still lower than
two value for zero bias, which is due to the scattering dip. But remarkably,
values of even slightly higher then two are observed right around eV = ∆,
which are also caused by a nonzero Z. Without these Z effects, the nor-
malised conduction would be exactly two for zero polarisation. For low
enough temperature and Z the intiutive image of the effects of changing
polarisation is correct. The two figures together show that for realistic tem-
peratures polarisation effects are far less pronounced than would be expected
intuitively.

Interface scattering (Z)

As mentioned in the previous section the interface scattering parameter Z
causes a dip in the conductance around zero bias and also causes normalised
conductance values above two around eV = ∆. Z was initially introduced to
describe just interface scattering, and was linked to the strength of a delta
potential at the interface in equation 3.13. However, it can also incorporate
other effects when considered as a free parameter. As in the previous section
on polarisation, two figures are presented, figure 3.8 for high temperature
(4.2K) and figure 3.9 for negligible temperature (0.2K). In these graphs the
values for Z range from 0, the ideal, no scattering, system to 1.5, a system
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Figure 3.9: Normalised conductance as a function of bias voltage according to
the extended BTK model, For different Z, at very low (effective) temperature.
Increasing Z causes peaks to appear at the edge of the Cooper pair regime, eV = ∆.

with reasonably high scattering, but still below the tunneling regime. Typ-
ical Z values from experiments are somewhere in the depicted range. The
tunneling regime starts at Z >> 1, usually 5 or 10.

When comparing the high temperature figures for polarisation and inter-
face scattering (figures 3.6 and 3.8) many similarities are observed. Both P
and Z lower low bias conduction when they get higher. For high tempera-
tures, this happens in a very similar way. This is a problem for anyone fitting
experimental data. For intermediate values of P and Z, it is difficult to dis-
tinguish between them correctly. This potential pitfall was first reported by
Kant. [26] There is one major difference, around eV = ∆. For increasing Z
the zero bias conductance drops much faster than the conductance in this
area. This causes a type of bump in the curve at both sides of the dip which
is not present in the equivalent P graphs.

The origin of these bumps becomes clear in the low temperature graphs
(figure 3.9). It is the appearance of large peaks for higher Z. These peaks are
very explicit in the low temperature graphs, but get smeared out over larger
areas for a temperature of 4.2K, leaving only bumps. For high Z (Z = 1.5)
this smearing also raises the zero bias conductance at 4.2K to almost triple
its low temperature value (0.6 and 0.2), because so much of the peaks at
eV = ∆ is redistributed.

It is surprising to note that the Z peaks reach values well over two. In
fact, for arbitrarily large Z, these peaks can become arbitrarily large too.
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Figure 3.10: Normalised conductance as a function of bias voltage according to
the extended BTK model, with different sizes of the superconducting gap ∆, for
realistic Teff .

This is a result from the abrupt change from individual quasiparticle to
Cooper pair charge transport. At |eV | = ∆, suddenly a enormous number
of possible states become available in the form of Cooper pairs compared to
the limited number of quasiparticle states at a slightly higher energy. These
extra available states give rise to a strong increase in the possible conductance
that is more pronounced for higher Z, since Z decreases the number of states
available at the slightly higher energy values. This also explains the influence
of Z on the rate at which conductance decays to its large bias value for
these energies. This decay rate also depends on the temperature, since it is
influenced by the broadening of the peaks at |eV | = ∆, but in figure 3.9 for
low temperature this decay is not instant.

Superconducting gap (∆)

The final parameter in the model is the size of the superconducting gap,
∆. It divides every conduction spectrum into two regimes. For small bias
voltages |eV | < ∆, Cooper pairs have to be formed when electrons try to
enter the superconductor. Because of this Andreev reflection can occur and
all the intracy of our model happens in this regime. Outside of this regime,
|eV | > ∆, the electrons incident from the normal metal have sufficiently high
energy to cross into the superconductor individually as a quasiparticle. Thus,
Andreev reflection does not need to occur and conductance decays to what
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Figure 3.11: Normalised conductance as a function of bias voltage according to the
extended BTK model, for different sizes of the superconducting gap ∆, for near
zero temperature.

is expected from Ohm’s law. Two figures depicting the influence of varying
∆ for high and low effective temperature are now presented.

At high temperature, in graph 3.10, a scattering dip is observed, but only
for the higher values of ∆. For the lower values there is no visible scattering
dip, and also the zero bias value is lowered. Both these effects originate in the
fact that for such low bandgap values there is just not enough room for all
the features. They are so close together that the thermal broadening mixes
them into a single generic rise in the conductance.

For intermediate values of ∆ the thermal broadening becomes less of a
lowering effect on the zero bias conductance, because the large bias conduc-
tance is getting out of its reach. In fact, it even starts to raise the zero
bias value as the thermal broadening of the peaks becomes dominant. Even-
tually, for the larger gapsizes, even this effect fades out and the zero bias
value actually decreases with increasing ∆. It eventually converges to the
low temperature value as seen in the next graph, figure 3.11.

In figure 3.11, two new effects are observed. First, the zero bias conduc-
tance is the same for all gapsizes. Without thermal broadening a change in
gapsize has become irrelevant. Second, the peaks at |eV | = ∆ increase in
magnitude with increasing gap. It is believed that the reason for this lies in
the explanation for the peaks given earlier, when discussing the influence of
the Z parameter. With lower ∆, the difference in available states is smaller.
Therefore, the peak will be less pronounced. With increasing ∆, more and
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Figure 3.12: Typical experimental spectrum showing Andreev reflection. Several
features that are not explained by standard or extended BTK theory are visible.
These are well structures, zero bias enhancement and shoulders.

more of the density of states gets absorbed into the bandgap. The difference
in available states, and with it the size of the peaks, increases with it.

3.6 Experimental deviations from theory

We have introduced an established model for Andreev reflection and gained
a basic understanding of the effects of varying its parameters. However,
many of the experimental results published on Andreev reflection show a
number of deviations from the standard (extended) BTK theory. The three
most common anomalies are illustrated in the typical spectrum of figure 3.12,
taken from our own measurements. These are well structures at larger biases,
zero bias enhancement to values above two, and shoulderlike shapes in the
area of raised conductance. All three have been explained before in literature
and as a conclusion to this chapter these explanations are discussed here.
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Figure 3.13: Left: Typical I-V curve in an Andreev reflection sample, showing a
transition area that occurs when the critical current is reached. Right: Conductance
curve (dI/dV) of the same measurement, showing that this transition leads to wells
forming in the conductance.

Well structures

Well structures occur not only in junctions with spin polarised metals, but
also those containing normal metals. They are not material specific. A
plausible explanation for these wells is offered by Sheet et al. [37] They postu-
late that the wells are appearing because of an effect that originates in the
transition from zero to finite, normal state resistance in the superconductor,
as illustrated in figure 3.13. This effect is most pronounced when the nor-
mal state resistivity of the superconductor is much higher than the normal
metal resistivity. Such a superconductor typically has a short electron mean
free path, making it likely that the point contact is in the intermediate or
even thermal regime. Here, the bulk resistivity is a factor in the point con-
tact resistance. If the normal state resistivity of the superconductor is high,
the point contact resistance increases drastically when the critical current
is reached. Resulting in a major jump in the voltage drop over the point
contact. This jump in resistance and voltage drop translates to a well in the
conductance.

The transistion from superconducting to normal state occurs when the
current running through the junction reaches a critical value. This critical
current value depends on temperature. Because of this the wells move out
to larger bias voltages for lower temperatures.
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Zero bias enhancement

An extraordinary high normal state resistivity of the superconductor com-
pared to the normal metal resistivity also causes problems in normalisation.
The zero bias conductance is expected to by twice the large bias conduc-
tance, but sometimes ratios of higher than two are observed. Again Sheet
offers a possible explanation. [6,37] And again it is related to the high ratio of
normal state superconductor and normal metal (or ferromagnet) resistivity,
and the low critical current. When normalising such a junction to its large
bias conductance, faulty zero bias values much higher than two can appear.

The reason for this is that for large bias the superconductor is in its
non-superconducting state, which is clear from the presence of the wells.
Since it has a large resistance compared to the normal metal, the sample
resistance is increased significantly compared to when the superconductor is
in its zero resistance state. Only when the superconductor is still below its
critical current at large bias is the normalisation correct. If the conductance
is normalised to a large bias where the superconductor has quenched, the
zero bias conductance scales with the resistivity ratio of the normal metal
and superconductor.

Shoulders

The third recurring feature is a shoulder-like shape which is also observed in
figure 3.12. These shoulders appear where it is expected that the conductance
rises gradually. Similar anomolies have been reported before for other materi-
als. [38–40] Some reports have explained them by the bandgap properties of the
superconductor used. Some superconductors exhibit an anisotropic bandgap,
where in different crystalline direction the superconducting bandgap has dif-
ferent values. Other materials exhibit multiple bandgaps. In both cases this
gives rise to multiple Andreev reflections which are superimposed. This su-
perposition of these two Andreev reflection processes creates a pair of shoul-
ders. Thus, the shoulders, in this case, are (superconductor) material specific.

Later in this thesis, in chapter 6, the bandgap models will prove to be
inadequate to fully explain the shoulders that are observed experimentally.
A different model is introduced which does not involve anisotropic gap su-
perconductors, but explains the shoulders by assuming multiple conductive
channels in the point contact instead.



Chapter 4

Experimental tools

This chapter introduces the experimental methods and setup used in this the-
sis. The first section describes the dualbeam system which was used for fab-
rication of the complete sample. In the second section, the measurement
setup is introduced, including the lock-in amplifier technique that is used for
noise reduction in Andreev reflection experiments. A short introduction to
the various characterisation techniques that were used is provided in the third
section.

4.1 Introduction

The two most important tools used in this thesis are the dualbeam system
and the measurement setup. The dualbeam system is a commercially bought
device that is used to fabricate our samples. The measurement setup is
custom build and uses a helium flow cryostat to cool the samples down to
2.5K. Both are described below. After discussing these tools we introduce
some of the methods used for sample characterisation and the specifics of the
sample fabrication process are discussed.

4.2 Dualbeam

Sample fabrication was carried out using a technique called beam induced
deposition. The theory behind the beam induced deposition process is de-
scribed in the introductory theory (section 2.2). The tool that is used for
this technique is the commercially available FEI Nova Nanolab 600i dual-
beam system. It is depicted schematically in figure 4.1. It contains both a
focused electron beam and a focused ion beam that can be used for both
imaging and deposition purposes. Several gas injection systems (GIS) are
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Figure 4.1: Schematic depiction of the FEI Nova Nanolab 600i dualbeam system
containing a focused electron beam (vertical column in the center), a focused ion
beam (tilted colum to the left), and an EDX detector (on the right).

present containing the precursor gasses for W (W (CO)6), Co (CO2(CO)8),
and Pt (C5H4CH3Pt(CH3)3). Other precursor gasses are also present, but
were not used in this project.

The focused electron beam (FEB) is generated by a field emission gun,
and is accelerated by a bias voltage that can range up to 30kV. It then passes
through a series of lenses and other optics to create a coherent focused beam.
The maximum current that can be generated is 24nA. In our case, the system
is typically operated at 5kV and 6.3nA. For these parameters the system has
a resolution of about 2.5nm.

The focused ion beam (FIB) uses a liquid metal ion source that produces
Ga+ ions. The source and its accompanying optics are rotated 52 degrees
with respect to the electron beam which is set up vertically. The stage can be
tilted to this 52◦angle to allow the ion beam to hit the sample perpendicularly.
At a typical accelerating voltage of 15kV and typical current of 56pA, the
ion beam has a resolution of 7nm. The maximum accelerating voltage is
30kV. The FIB can also be used as a microscope, though ion beam exposure
heavily damages the sample surface. Thus, the total exposure of a sample
to the ion beam is usually kept to a bare minimum. The FIB is mostly used
for etching, preparing TEM lamellas or focused ion beam induced deposition
(FIBID) purposes.
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4.3 Measurement setup

Since Andreev reflection measurements can only be carried out when the
FIBID W exhibits superconducting behaviour, the measurements need to
be carried out at very low (T<5.5K) temperatures. To be able to do this,
the samples are inserted into a helium flow cryostat. The liquid helium is
supplied by a seperate helium vessel, and is inserted into the cryostat via
a small needle, usually in gaseous form. This needle contains a valve that
controls the exact amount of helium flowing into the cryostat. The cryostat
itself is a vertical cylinder that houses a samplestick. The sample is on the
bottom of the cryostat, near a heating element. The heater and helium flow
are both used to control the temperature inside the cryostat, and they are
operated using a Oxford Instruments ITC503 temperature controller. For
temperatures above 5K, the integrated PID feedback mechanism is used, but
below this temperature the system is less stable due to small amounts of
liquid helium entering the cryostat and therefore the values for He flow and
heating are set by manual input. To reach temperatures below the boiling
temperature of liquid helium (i.e. 4.2K) a pumping technique is used. With
this technique, the temperature can be decreased to a stable 2.8K or a less
stable 2.5K when using a one-shot method.

In a one-shot method liquid helium is allowed to enter the cryostat, after
which the helium flow is stopped completely. While the cryostat is pumped,
the evaporating helium extracts heat from its surroundings, lowering the tem-
perature. This effect lasts untill all the liquid helium has evaporated, which
is usually just enough time to perform a single measurement. To achieve a
more stable situation a similar technique can be used where the helium flow
is not stopped completely, but only limited instead. This produces a similar
effect, but since new helium is constantly provided the temperature is stable
for a much longer time period.

Electrical setup

All electrical measurements are carried out using a four point method. In a
four point measurement four separate contacts are used for measuring voltage
and current. The two inner contacts are used for voltage, and the two outer
contacts for the current. Since little or no current flows through the volt-
age contacts, the voltage drop over the wires is minimal and wire resistance
can be neglected. However, in previous Andreev reflection experiments by
Vugts [1], the regular four point methods proved insufficient for accurate con-
ductance measurements. The reason for this is that in a four point method
the resistance of the sample is measured. To calculate the conductance a
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numerical differentiation is needed. This creates problems because any noise
also gets differentiated. Since random noise has a very large derivative, this
causes large errors. To combat this, a lock-in technique was utilised.

To explain the working principle of the lock-in technique, consider the
Taylor expansion of the measured current as a function of the applied bias
voltage:

I(V + δV ) = I(V ) +
∂I

∂V
δV +O(δV 2). (4.1)

The second term in the equation describes how for a small perturbation,
the expression for the added signal is proportional to the conductance ∂I

∂V
.

The lock-in can now be used to filter out all other frequencies except for
the oscillation frequency. Thus conductance can be measured directly by
measuring the current. In the lock-in this perturbation is a fixed oscillation.
This results in the following equation for the measured signal:

I(VDC +VAC sin(ωt)) = I(VDC)+
∂I

∂V
VAC sin(ωt)+O((VAC sin(ωt))2). (4.2)

In order to be able to distinguish between the applied oscillation and
actual features in the measurement, the oscillation amplitude VAC needs to
be at least two times smaller than the smallest feature in the measurement. [41]

For our case, this means at least two times smaller than the superconducting
gap of the point contact: 2× VAC < 0.7mV, and ideally as small as possible.
However, all features smaller than the thermal energy (360µeV at 4.2K) are
no longer measureable, so we can choose 2 × VAC > 360µV without loosing
any information. Thus the oscillation amplitude is chosen somewhere in
between 180µV< VAC <350µV.

In order to connect the lock-in amplifier to the sample in the right way,
some custom built circuitry was required, shown in figure 4.2. The reference
signal from the lock-in is used in the modulation part to construct the re-
quired signal. It is then passed through a buffer and a summator is used to
apply the signal to the sample. In the feedback unit, the current running
through the sample is compared with the applied voltage through an inte-
grator. This ensures the stability of the applied voltage on the time scale
of the integrators RC time, which is 1,5ms. Part of the feedback unit also
serves as I-V converter. The resulting signal is lead back to the lock-in.
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Figure 4.2: An overview of the electrical circuitry that was custom build for this
setup. It connects the sample to the lock-in amplifier that both provides the refer-
ence signal and measures the resulting signal.

4.4 Characterisation techniques

Several different characterisation techniques were used to gain more insight
into the nature of the deposited materials. These are scanning electron
microscopy, energy dispersive X-ray spectroscopy and X-ray photoelectron
spectroscopy. Each of these is discussed below.

Scanning electron microscopy

Scanning electron microscopes (SEM) form an image of the sample by using
a focused electron beam, and collecting the secondary and backscattered
electrons (see 2.2), and sometimes emitted X-rays (more on this later). The
detectors are all placed at the same side of the sample as the electron beam.
In our case, the SEM is part of the dualbeam system described earlier. It
allows us to make images from the nanometer to the micrometer scale.
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Energy dispersive X-ray spectroscopy

The X-rays that can be collected in SEMs form the basis of a technique called
energy dispersive X-ray spectroscopy or EDX. The X-rays are emitted when
the high energy electrons from the scanning e-beam knock core electrons out
of their shell. These electrons fly away from the atom they were bounded
to, and they are replaced by an electron from a higher energy shell. When
relaxing into this lower energy shell, these electrons emit excess energy in the
form of an X-ray photon. As the energy differences between different shells
are material specific, we can collect these X-rays to learn about the material
composition of the sample.

X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy or XPS is a characterisation technique that
enables us to learn the elemental composition of a sample, illustrated in
figure 4.3. When the sample is illuminated with X-rays, core electrons will
be excited. The energy of the X-ray is partly used to remove the electron
from the atom it is bounded to. The rest is absorbed by the electron and
transformed into kinetic energy. The X-rays have an energy that is so high,
that the electrons have enough kinetic energy to leave the sample. It is these
electrons and their kinetic energy that we measure. In this way XPS is the
opposite of EDX. In EDX electrons are used to generate X-rays, in XPS
X-rays are used to generate electrons.

When the X-ray energy is known, measuring the excited electrons kinetic
energy allows us to calculate the energy that was needed to excite it. Since
this binding energy is material specific, this provides information on the
elemental composition of the sample. The chemical shift that occurs in the
binding energy as a result of chemical bonds allows for the extraction of phase
information. When the electrons scatter and lose some of their energy, the
information on material characteristics is lost. This limits the penetration
depth of XPS to only a few nanometers. The X-rays have no problems
penetrating that deep.

4.5 Sample fabrication

The Andreev reflection samples, the XPS sample, and the W nanowire sam-
ples used for electrical characterisation of FIBID W were all fabricated com-
pletely in the dualbeam system. Champer pressure was kept at around 10−7

mbar. The precursors for W and Co were preheated to 26◦C and 55◦C re-
spectively before insertion into the chamber. The chamber itself was kept at
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Figure 4.3: Schematic representation of X-ray photoelectron spectroscopy. An in-
cident X-ray photon excites a core electron. When the X-ray energy is known and
the electrons energy is measured, the binding energy of the electron can be calcu-
lated, which provides information on the elemental and phase composition of the
sample.

room temperature. W was always deposited using the ion beam (FIBID) at
15 kV and 56pA, while Co was deposited using the electron beam (FEBID)
at 5kV and 6.3nA.

All samples were deposited on oxidised Si-wafers. For the Andreev reflec-
tion and W nanowire, the wafers were prepatterned with leads made of Au
on top of a Ti layer. The leads were fabricated using conventional lithogra-
phy techniques. One wafer can hold up to eight samples which can then be
inserted into the cryostat simultaneously.

The XPS measurements described in the next chapter have been carried
out on a 50× 60µm rectangle of FIBID W 100nm high, using a commercial
Thermo Fisher K-Alpha XPS system. Deposition parameters such as beam
energy and beam current were kept identical to all other deposits described
in this report.

Sample geometry

The Andreev reflection samples were all fabricated using a similar geometry
as depicted in figure 4.4. Here W was always deposited before Co in the
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Figure 4.4: SEM pictures of the Andreev reflection sample geometry. Left: the
whole sample showing the connection to the leads. The leads are Au on top of Ti
fabricated by conventional lithography. Both the W and Co are connected to two
leads in order to be able to do four point measurements over the point contact.
Right: zoom-in of the point contact. (White rectangle in the left picture) The
coloured insert shows the orientation of W and Co.

Andreev reflection samples. This way the Co was never irradiated by the
ion beam. The left picture shows a picture with the four prepatterned gold
leads below. These leads are about 100nm high. On top of these leads first
the FIBID W rectangle was deposited. This way the Co is not irradiated by
ion beam. The Co is then deposited using FEBID. It consists of a rectangle
and a triangle in order to make a point contact with the W. The size of the
contacts is between 100 and 400nm, measured by AFM. However, it could be
possible that the electrical contact size is smaller. The right picture shows a
zoom-in of the point contact area.



Chapter 5

Characterisation of beam
induced deposited materials

The characteristics of the deposited materials are of great influence on the
appearance of the Andreev reflection spectra. As explained earlier in section
3.5, material specific properties such as the ferromagnetic spin polarisation,
and the superconducting bandgap, among others, play an essential role in
the BTK theory that governs Andreev reflection. Combinations of different
materials result in different resistance, and interface scattering, which are
both crucial in explaining the experimental data. Therefore a great deal of
attention has been spent on characterising these deposits. The results of these
studies are discussed in this chapter.

5.1 Introduction

In order to fully comprehend the Andreev reflection experiments described
in the next chapter, a good understanding of the materials that make up
the sample is required. In this chapter a compositional and an electrical
characterisation of FEBID Co and FIBID W are presented, focussing on the
latter.

5.2 Compositional characterisation

Several different characterisation methods were used to gain more insight
into the composition of our FIBID W as well as the FEBID Co. First,
the elemental composition of the deposits was determined by in-situ EDX
analysis. A typical EDX spectrum for W is shown in figure 5.1. The analysis
was performed before breaking the vacuum to avoid any exposure of the
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Figure 5.1: EDX profile of FIBID W. By identifying the different peaks the ele-
mental composition of the sample can be determined, including atomic percentage
ratios. The main peaks corresponding to W, C, O, and Ga are indicated.

samples to the atmosphere. A typical FEBID Co deposit consisted of 74
at% Co, 14 at% C, and 12 at% O. It was fabricated with 5kV beam energy
and 6.3nA beam current. The FIBID W deposits typically consisted of 57
at% W, 22 at% C, 3 at% O, and 18 at% Ga, and were deposited at 30kV
and 56pA. The atomic percentages can vary with system parameters such
as beam energy and beam current, precursor gas pressure, and so on. The
chamber pressure also varies slightly between various samples. Hence, there
are always small differences in the elemental composition of different samples.
Using an ion beam instead of an electron beam increases the conductivity of
a deposit due to the implantation of Ga ions.

Since the superconductor side of the junction is used as a detector in
Andreev reflection experiments, it is vital to know as much as possible about
the nature of the material used, in this case this is FIBID W. Although the
elemental composition of the deposited W has been determined by EDX,
this does not provide any information on different phases present in the
sample. However, there are various reports in literature [42] that mention
many different phases and compounds such as tungsten carbide in FIBID W.
To gain more insight into which phases are present in our samples an XPS
study was performed on a FIBID W sample with dimensions 50x60x0.1µm3,
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deposited with the same parameters as the EDX and Andreev reflection
samples. The results are shown in figure 5.2. It shows a depth profile,
together with individual spectra from the surface, bulk, and sample-substrate
interface. There are large differences between the different spectra.

At the surface there are several phases present, namely metallic W and
WOx (WO2 and WO3). This metallic W is likely to be partially WC, since
there is a high amount of C in our deposits according to the EDX results, and
the chemical shift in WC is too small to distinguish W and WC from each
other using XPS. The ratio between W and C from the EDX measurements
indicates that there is both W and WC. The bulk spectrum shows no WOx,
but only W and WC, indicating that the oxides at the top are likely the
result of oxidation.

On the interface between the sample and the substrate there is again
a layer of WOx. This cannot be formed by oxidation. The oxygen likely
originates in the SiO2 substrate. Exposure to the ion beam has damaged the
substrate surface and the deposited material has mixed with the top layer of
the substrate.

This analysis shows that FIBID W is not a homogeneous material, but
consists of multiple phases. These phases are W, WC, WO2, WO3. Spectra
taken at different positions within the sample indicate that the tungsten
oxides are placed at the top and bottom of the deposit, while the bulk consists
of W and WC.

5.3 Electrical characterisation of FIBID W

After determining the composition of the FIBID deposited W, we move on
to study of electrical properties. First the resistivities of both FIBID W and
FEBID Co were determined, which typically are 1600 µΩcm for W and 780
µΩcm for Co. In order to study the superconducting properties of FIBID
W, R-T measurements were carried out and in these experiments the typical
critical temperature (TC) of FIBID W was also determined. A SEM picture
of a typical wire is shown in figure 5.4.

The R-T measurements are performed at a fixed current. They cannot be
measured at a fixed voltage, because if the material becomes superconducting
even a small voltage is enough to drive a huge current through the sample
that would likely quench the superconductor. Measurements were repeated
for different applied current values.

All measurements have been performed by slowly lowering the temper-
ature from 10K to 3K, at a rate of approximately 0.25K/min, in order to
avoid any temperature gradients in the cryostat. Since the thermocouple
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Figure 5.2: Phase analysis and depth profile of FIBID W determined by XPS.
It was made by slowly etching away the sample (by Ar milling) and taking XPS
spectra in between each etch step. Three individual spectra are shown at different
positions on the sample. The top left spectrum was taken on the surface before
etching and shows large amounts of metallic W and WOx. Top right shows a
spectrum from the bulk, with only metallic W, though there is likely WC as well,
but this is not distinguishable from W by XPS. The bottom left spectrum is taken at
the interface between the sample and the substrate, showing the presence of WOx.
Bottom right shows the total depth profile. This shows a combination of the W
based spectra shown in the other graphs, and C based scans for the C1s lines. The
etch time from the bulk and interface spectra are indicated.
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Figure 5.3: Resistance versus temperature for a 100nm W wire (room temperature
resistance 239 Ω) for various applied currents. For all currents unexpected kinks
are observed when the resistance is dropping from its normal state resistance to
zero. The kinks for 100µA are indicated by the blue circles. The crossing of each
line with the dashed blue line indicates the highest TC .

is not placed directly on the sample, a small gradient can cause errors in
the measurements. We define TC to be the temperature where the sample
resistance has dropped to 90% of its value in the normal state. (Note that
this is just one of several possible definitions of TC . It is often used in litera-
ture [43], but other definitions such as the midpoint temperature can also be
used. [44,45])

Now consider the single R-T measurement, at a current of 100µA, that is
shown as the green line in figure 5.3. According to our definition TC is 5.1K,
as indicated by the dashed blue line. It is expected that the resistance drops
from its normal state value to zero in a constant fashion, but this is not the
case here. Two additional kinks are observed at 4.0 and 3.5K.

These kinks can be explained when the multiphase nature of the FIBID
W as discussed in the previous section is taken into account. Several of the
phases in the deposited material are known to be superconducting. However,
each of them has a different critical temperature. Literature reports for the
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Figure 5.4: SEM picture of a typical W nanowire used for resistance and TC
measurements. The wire is connected to the gold contacts at the top by FIBID W
leads.

individual phases do not exist, but reports on similar thin film materials
report values that are close to the 5.1K found in figure 5.3. These values
are: 2,7K (cubic W2C), 3.5-5.5K (hexagonal W2C) [46], and 5K (amorphous
WC) [47] for tungsten carbides, and 3K (WO3−x) [48] for tungsten oxides.

When the FIBID W nanowire is considered as a whole, it has multiple
TC ’s, each one for a different phase, which is indeed observed in figure 5.3.
When the temperature is decreased, some parts of the wire containing the
phase with the highest TC , become superconducting, while others are still
in their normal state. This causes the resistance to drop, but not to zero.
Instead the resistance stabilises at some lower value untill the temperature
has fallen below the second highest TC . At this point another part of the
wire becomes superconducting and the resistance drops again, creating a
kink in the R vs T. This process continues untill all the phases have become
superconducting, with a kink appearing for each phase beyond the first.
Figure 5.3 also shows graphs for different applied currents. In each of them
the same kinks are observed, but for low current they are less pronounced
than for high current, because for low current the different TC ’s are closer
together according to equation 2.2.

As can be seen from this electrical characterisation study, the presence of
multiple phases in FIBID W is one of its most important and defining proper-
ties. Unusual kinks observed in resistance versus temperature measurements
are thought to originate from the presence of these phases. It is essential to
realise that all measurements performed on FIBID W probe multiple phases
at the same time. This gives rise to new phenomena that are not usually
observed in single phase materials, which are discussed in the next chapter.



Chapter 6

Multichannel Andreev
reflection in FEBID Co-FIBID
W

Andreev reflection experiments were performed on samples fabricated inside
the dualbeam system. The data obtained from these experiments display many
extra features which cannot be explained by conventional BTK theory. Well
structures, the presence of shoulders in the conductance curves, and a large
zero bias enhancement were observed. We present a systematic study on
these extra features and propose possible explanations. A multichannel model
is introduced to describe the FEBID Co-FIBID W junctions. This model uses
the multiphase nature of the superconducting material. Experimental results
are described which show multiple shoulders which cannot be explained by an
anisotropic bandgap or multigap model.

6.1 Introduction

In this chapter the results of our Andreev reflection experiments on FEBID
Co-FIBID W nanocontacts are presented. These results are explained by a
multichannel model that is introduced in section 6.4.

Previously (section 3.6), a number of well-known deviations from BTK
theory that occur in experiments were discussed. These were well struc-
tures, zero bias enhancement, and shoulders, and they have all been found
in measurements on FE/IBID samples, as shown in figure 6.1. Here, three
measurements are presented on the same sample at different temperatures,
showing typical results observed in our experiments.

Wells are observed at large bias voltages, which move to higher voltages
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Figure 6.1: Andreev reflection spectra of a typical sample for three different tem-
peratures. All spectra are normalised to their large bias conductance value. The
zero bias conductance peak confirms Andreev reflection, but also shows zero bias
enhancement as it reaches a normalised value above 2 for 2.7K. Several other
anomalous features are present. Both wells and shoulders are observed in the con-
ductance indicated by the blue areas. Both appear to move to higher biases for lower
temperatures. The appearance of extra shoulders is observed at low temperature.

when temperature is lowered. As discussed before, these wells appear at the
superconducting to normal state transition when the critical current of the
superconductor is reached. This IC depends on temperature (equation 2.2)
and thus the position of the well also depends on temperature.

Most samples also exhibit a large zero bias enhancement, but it only
reaches values above the expected maximum of 2 predicted by BTK theory
for very low temperatures. Zero bias to large bias conductance ratios in our
samples can reach values as high as 3 to 4.

Shoulders were also observed in each sample, though the number of shoul-
ders varies for different samples (discussed in the next section). In addition
to the shoulders at high temperatures, extra shoulders can appear when the
temperature is decreased. The reason for this is discussed in section 6.4.
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6.2 Uniqueness of each sample

Figure 6.1 shows measurements on just one typical sample. However, every
sample was found to produce different results. The FE/IBID process ensures
that every sample is unique, which results in differences in the measured
conductance, as can be seen in figure 6.2.

Here conductance curves for four different junctions are shown, including
the one from figure 6.1. The exact bias voltage at which the wells appear
changes for each sample. This is expected, even at an equal temperature,
since the samples have different resistances, and thus the bias voltage at
which the critical current is reached has to be different for each of them.
Because of this, the wells appear at a varying bias for each sample. The
different sample resistance also explains the differences at zero bias. This
height is influenced by the large ratio in the resistivity of FEBID Co and
FIBID W, as was also discussed in section 3.6.

Similar to the wells, the shoulders appear at different bias voltages in
each graph. This could also be due to different junction resistances, similar
to the well structures. This could still be consistent with the bandgap related
models used for other materials. These models assume superconductors with
multiple or anisotropic gap. Shoulders that look similar to those in figure 6.1
have been reported and explained in this way for several different materials
like MgB2

[49–51] and Fe-based superconductors. [38,39,52] However, in our case,
this cannot be the right explanation as explained in the following section.

6.3 Shoulders

In figure 6.2, some samples have more than one set of shoulders, while others
have not. For example sample 1 exhibits two pairs of shoulders (at ±1.5mV
and ±2.5mV respectively), while sample 4 only has a single pair (at ±2mV).
Since all samples are made of the same materials, this means that at least
some of these shoulders cannot be the result of an intrinsic material prop-
erty, like an anisotropic bandgap or multiple gaps. Instead, they are likely
the result of the individual junction characteristics, which make these sam-
ples completely different from other materials that exhibit shoulders. In
addition, even though there is abundant literature available on IBID-W as a
superconductor, [10,42] not even a single source reports anisotropic or multigap
properties.

The shoulders have a different explanation, and it is suspected that this
is the multiphase nature of the FIBID W. In order to confirm this, two
experiments were performed. In the first experiment, designed to prove that



56 CHAPTER 6. MULTICHANNEL ANDREEV REFLECTION

-

Figure 6.2: Measurements performed under identical circumstances on samples
deposited on the same chip show diverse outcomes. Most importantly the number
of shoulders is not constant over all the different samples. This indicates that the
shoulders do not originate in any intrinsic material properties, but rather have their
origins in the characteristics of each individual point contact. All measurements
shown here were performed at 4.3K.

the FIBID W is the cause of the shoulders, the FEBID Co is replaced by
FIBID Pt. The resulting measurements are shown in figure 6.3.

The measurements clearly show that a FIBID W-FIBID Pt junction also
exhibits shoulders very similar to the ones that are observed in W-Co junc-
tions. Clearly this eliminates the possibility that the FEBID Co is causing
the shoulders to appear. The origin must lie within the FIBID W.

The second experiment tries to confirm that the different FIBID W phases
present at the pointcontact play a role in the formation of the shoulders. In
this experiment, the bias voltages at which the shoulders appear are investi-
gated. As seen in figure 6.1 shoulders, like wells, move to higher bias voltages
with decreasing temperature. It is known that for the wells this is because
the critical current that causes the wells depends on temperature according
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Figure 6.3: Conductance of a FIBID W-FIBID Pt junction for varying temper-
atures. Replacing the FEBID Co with FIBID Pt does not remove the shoulder
shapes from the measurements. Clearly the origin of these shoulders has to be
found in the FIBID W that the samples have in common.

to the BCS model. It is therefore possible to fit the bias voltages at which the
wells appear using equation 2.2. The point where this fit hits the horizontal
axis corresponds to the TC for zero current. If the different phases are caus-
ing the shoulders, a similar fit for the bias voltages at which the shoulders
appear should yield a different TC for each pair of shoulders. Fits for both
wells and shoulders are shown in figure 6.4.

Both the shoulder and the well fits agree to the data, as is expected since
both originate in the superconducting FIBID W. If our hypothesis on the
role of the different phases is correct, there are also multiple wells. However,
these tend to be more difficult to distinguish than the shoulders, which is
why we will focus on them.

When we look at the horizontal axis, the shoulders have different TC ’s
for zero bias voltage (and thus for zero current). This means that they can
be linked to different phases. The TC ’s for the shoulders seem to correspond
to those for various tungsten carbides, which have TC ’s of around 3.5-5.5K.
This confirms that the shoulders are connected to the multiphase nature
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Figure 6.4: The bias voltages at which certain features in the Andreev spectra occur
are measured for different temperatures. The data shows a satisfactory fit to a BCS
model, but all the fits lead to different TCs. This is a clear indication that they
originate in different phases. In the right picture the different shoulders and wells
are indicated in a copy of figure 6.1.

of FIBID W, which is in agreement with the speculations made earlier by
Vugts [1] about multiple electrical channels being present at the point contact
between the FIBID W and FEBID Co. This model will be discussed in
the next section, and further proof of the existence of multiple channels is
provided consequently.

6.4 A model for multichannel Andreev reflec-

tion

Based on the experimental results discussed in the previous section, we have
concluded that the unusual shoulders observed in the conductance curves of
our junctions are the result of the multiphase nature of the FIBID W that is
used as the superconductor. There are two shoulder features that our model
should be able to explain. First, the appearance of new shoulders when the
temperature is decreased, and second the different number of shoulders for
different samples. In addition, it should be considered that Andreev reflection
is only occurring at the interface, and not in the bulk of the materials.

We suggest that these shoulders can be explained using the different
phases present in FIBID W. Since Andreev reflection only probes the dif-
ferent phases present at the interface with the FEBID Co, this indicates that
these are causing the shoulders, which can only be the case if each phase at
the interface forms its own conduction channel with the FEBID Co on the
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Figure 6.5: Schematic representation of a metal-superconductor pointcontact (M-
SC) showing multichannel transport across the interface.

other side of the junction. The pointcontacts in our samples should then con-
sist of multiple conduction channels, which is illustrated in figure 6.5. Each of
these channels would essentially behave as an individual point contact. Since
each channel connects to a different phase, each one has its own values for Z,
and possibly Teff . ∆ also differs between channels, since the different phases
have slightly different TC ’s. We propose that the superposition of these mul-
tiple channels could lead to shoulders in the measured conductance. This is
illustrated using numerical simulations in the next section (figure 6.6).

Before we use this model to explain the temperature effects and sample
uniqueness, it should first be discussed how a point contact can contain
multiple channels. It is important to note what constitutes a channel, or more
precisely, how two channels can be distinguished from each other. In order to
be able to differentiate between two channels that are constricted to form a
single pointcontact, they should be distinguishable for the electrons passing
through them. The electrons travel through the superconductor in Cooper
pairs. Two electrons that form a Cooper pair can be separated by a certain
distance before they are disconnected. This distance depends on the material
and is called the coherence length (ξ) of the superconductor. The coherence
length of FIBID W is 5.9 nm, [10] which is very small compared to other single
element superconductors which can have coherence lengths in the micrometer
range, [53] and also compared to the physical size of our point contacts (100-
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400nm). This means that two electrons that travel through different phases
are likely to far away from each other to form a Cooper pair together, and can
be considered to travel through different channels. This also explains why
these shoulders have not been reported in other superconductors, since most
superconductors used in Andreev reflection experiments have either large ξ,
are homogenous, or both.

To explain the appearance of new shoulders when the temperature is
decreased, consider that each channel only exhibit Andreev reflection once
it has become superconducting. Shoulders can only appear in the measured
conductance if two or more channels exhibit Andreev reflection. Each channel
has a different TC and becomes superconducting at a different temperature.
Now consider a junction at a temperature where some phases are supercon-
ducting, but one is not. The conductance of this sample at this temperature
might show a single pair of shoulders. Now the temperature is lowered so
that the last phase becomes superconducting as well. This last phase also
starts to exhibit Andreev reflection and this causes a new pair of shoulders
to appear.

Moving on to sample uniqueness, we consider that due to the deposition
process, not every point contact is identical. The number of phases in FIBID
W at the interface is different between different samples. Thus, some samples
have more channels and some have less. The number of shoulders depends
on the number of different channels at the interface. This can hardly be
controlled in the fabrication process. The uniqueness of each sample is caused
by the FE/IBID process and explains the different number of shoulders for
varying samples.

Numerical simulations

In order to confirm that the superposition of multiple channels can indeed
lead to the formation of shoulders, numerical simulations were carried out.
We have used a slightly extended version of the simulation code written for
the simulations in chapter 3. This code was used to generate three conduction
curves (G1, G2, G3). A superposition of the three was then constructed
which exhibits shoulders. In order to keep the superposition normalised to
the large bias conductancee each individual curve was given a weight such
that W1 + W2 + W3 = 1. Due to possible differences in channel resistance
these weights do not have to be equal to each other. The resulting curve is
constructed as:

Gsup = W1G1 +W2G2 +W3G3. (6.1)
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Figure 6.6: Numerical simulations of three conduction curves according to the ex-
tended BTK model (left), and their superposition which displays shoulders (right).
This shows that shoulders as observed in experiments can be explained by a multi-
channel model.

If the right set of parameters for the individual conductance curves and
their weights is chosen, a superposition can be constructed that has shoul-
ders similar to what is observed in the experiments. Figure 6.6 shows such
a superposition, proving that it is indeed possible to explain shoulders by
assuming contributions from multiple channels.

These shoulders are most easily achieved when different values for ∆ are
used. This is the result of the crucial role of ∆ in determining the width of the
area where conductance is affected by Andreev reflection. When compared
to the values of ∆ that are expected in real samples, these different values are
exagarated to show the effect more clearly. This is necessary because of the
differences between the simulation model based on BTK theory and the real
experiments. The model does not take into account critical currents, leading
to the absence of wells. The normal state resistivity of the superconductor
is also not taken into account, which reduces the conductance at zero bias
and eliminates zero bias enhancement. Note that the values for all other
parameters (P, Z and T) are considered to be realistic.

6.5 Channel manipulation

If the hypothesis of a multichannel pointcontact is correct, it might be possi-
ble to manipulate these channels. If either extra channels could be created,
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or some of the channels in a multichannel contact could be destroyed, this
would further support the claims of the multichannel model. It might also
prove useful in potential applications of FIBID W. In order to achieve succes-
ful channel manipulation, two techniques have been attempted. By annealing
the sample the structure and perhaps the elemental composition of the de-
posits can be influenced. This might have an effect on the channels present
in the sample. The second technique focuses on eliminating channels before
they are even made by making a sharper contact. This is done by etching
away the halo that is formed around our deposits. This halo could result in
a broader electrical contact containing more channels. The results of both
experiments are discussed in more detail below.

Annealing

The for the annealing experiments sample was heated in a vacuum oven,
to a temperature that increased with each iteration, starting from 150 and
finishing at 240 degrees Celsius. It was kept at the maximum temperature
for 30 minutes. Between each annealing step, the sample was placed into the
cryostat and conductance was measured, which results in an overview of the
effects of annealing on the conductance that is shown in figure 6.7.

When the results before and after the first annealing step (150◦) are
compared little difference is observed between them. This is not unexpected,
since it is known that carbon diffusion starts at about 200◦. Since carbon is
such a major part of the depositions and (heat assisted) diffusion is the main
process of change in the annealing process, it is not expected that anything
will happen until the temperature reaches 200◦.

At 200◦the shoulders disappear. This is exactly what would be expected
if one of the channels is removed at the interface or the material becomes
more homogeneous because some phases disappear and only one remains.
However, some caution has to be taken here. The wells that indicate the
superconducting to normal state transition have also moved to lower bias
voltages and are now directly at the bottom of the central peak. This places
them around the same bias voltage where the shoulders used to be. Unfor-
tunately, this means it cannot be stated conclusively that the disappearance
of the shoulders means a channel has been elimated. Possibly, the channel
is still there, but the shoulders are no longer visible due to the fact that at
this bias the superconductivity has already been quenched.

The inward movement of the wells indicates a degradation of the super-
conductor. It shows that the superconductor can support less current before
quenching. The annealing process does not only effect the point contact,
rather it affects the sample as a whole and might change bulk properties too.
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Figure 6.7: By annealing the sample the composition of different grains is affected.
After heating the same sample to a higher temperature with each iteration, a dis-
tinct change in the conductance curve is observed after the sample was heated above
200 degrees Celsius. Here, the shoulder has disappeared completely, possibly indi-
cating a change has occured at the point contact interface. The degradation of the
superconductor has moved the wells closer to the shoulders, possibly effecting them
too.

The wells form a clear indication that the critical current is one of these prop-
erties being affected. The reason for this change could be that during the
annealing the local crystal structure in the FIBID W is changed. This leads
to more scattering sites and this in turn could lower the superconducting
current that can be sustained.

It would also lead to an increasing resistance in the normal state. If this
effect is larger than any similar effects in the Co, this would explain the
increase in zero bias conductance that is seen in graph 6.7.

For temperatures above 200◦the wells keep moving to lower bias voltages
and zero bias enhancement continues to increase, as is expected.
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Figure 6.8: On the left, an unetched sample with a halo around the tungsten (the
lighter bar without a triangle), on the right, an etched sample. The areas that
were illuminated by the ion beam are clearly visible. The halo has been completely
removed close to the contact area.

Etching away the halo

The second technique that is used to influence the channels is a change in
sample fabrication. This change is meant to reduce the number of channels
in the samples made in this way. When the samples are fabricated, a halo
is formed around the intended deposits, which is quite normal in FE/IBID
processes. It is a result of secondary and backscattered electrons that radiate
outward from where the beam has hit the substrate. The halo is a result of
interaction of these electrons with precursor material that is present on the
substrate. The halos of tungsten and cobalt overlap and conductive channels
may be formed that contribute to the measured conductance.

The formation of the halo cannot be prevented, but the halo can be
removed. After the tungsten has been deposited with the ion beam, the
top layer of the substrate around the new deposit is milled away with the
same ion beam, but at a higher beam energy. This etches away the halo and
provides a clean, most likely non conducting surface. When the cobalt is
deposited in the etched area, a cobalt halo is created. But since there is no
tungsten halo, this is no longer a problem. Furthermore the cobalt halo is
always less pronounced, as a result of using the relatively low energy electron
beam instead of the higher energy ion beam. Figure 6.8 shows SEM pictures
of the samples with (right) and without (left) etching of the halo.

If there are indeed conductive channels present in the halo, the conduc-
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Figure 6.9: By etching away the halo around the tungsten before depositing the
cobalt a much cleaner interface is created with less channels contributing. Because
of this no shoulders are observed and likely only one conducting channel remains.
Other features, such as the wells and zero bias enhancement, however, remain
present. There is also some raised conductance and a sharp drop back to the
expected value on the right hand side which will be discussed in more detail in the
outlook (7.2).

tance of a sample like the on the right of figure 6.8 should show less shoulders
than a sample similar to the one on the left. The sample on the left is the
standard sample that has been discussed in detail earlier in this chapter. A
typical measurement of a sample with etched halo is shown in figure 6.9.

Etching away the halo certainly has the desired effect. None of the sam-
ples that were measured had any shoulders. This is a possible indication
that the halo is the origin of extra channels in these junctions or the etching
affects the edge of the FIBID W in such a way that the point contacts are
modified and no longer contain multiple phases.

Even though the shoulders have dissappeared, the wells and zero bias
enhancement have remained. This is to be expected as neither phenomenon
finds its origin in the extra channels. Their causes are still the same as
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explained before and remain present since the number of chanels does not
directly affect them.

To conclude, we have introduced a multichannel model to explain the
shoulder shapes observed in experiments, and have used numerical simula-
tions to show that a superposition of channels can indeed lead to shoulders in
the measured conductance. By annealing and an etching technique we man-
aged to remove these shoulders. We also started a study on he sharp drop
and raised conductance that is observed in the conductance curves in figure
6.9 at high positive bias. There was not enough time to finish this study, so
its results are discussed in the outlook as a starting point for further research.



Chapter 7

Conclusions & Outlook

A short overview is given of the most important conclusions that can be drawn
from the work described in this thesis. An outlook is also provided describing
possible future continuations and extensions of this work.

7.1 Conclusions

The conclusions that can be drawn from the results discussed in this thesis
can be divided into two parts, corresponding to the chapters 5 and 6 respec-
tively. They are discussed in turn, starting with the characterisation study
on FIBID-W.

Characterisation of FIBID W

• Using EDX and XPS the elemental composition and the structure of
FIBID W was determined. It was found that FIBID W consists of mul-
tiple phases. These are pure tungsten, tungsten carbides, and tungsten
oxides. An XPS depth profile showed that the tungsten oxides appear
mostly at the top and bottom of the depositions, and the pure tungsten
and tungsten carbide appear in the bulk part.

• Resistance versus temperature measurements of superconducting FIBID
W nanowires showed distinctive kinks in the conductance at temper-
atures around TC . These kinks are thought to originate in the mul-
tiphase nature of these deposits. Different phases have differrent TC ’s
and thus become superconducting at different times. Each time a phase
becomes superconducting, the resistance drops abruptly as expected.
However, since each phase only makes up a part of the nanowire, the
total resistance does not become zero untill all phases have become
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superconducting. Hence, every phase beyond the first causes a kink to
appear in the conductance.

Andreev reflection in FEBID Co-FIBID W pointcon-
tacts

• Point contact junctions of superconducting FIBID W and ferromag-
netic FEBID Co exhibit a raised conductance at low bias due to An-
dreev reflection. When compared to the extended BTK theory, the
measured conductance curves show some anomolies, such that fitting
the data to extract any parameter is no longer possible. Wells at in-
termediate bias can be explained as the result of the superconducting
to normal transition, and enhanced zero bias conductance can be ex-
plained by the high normal state resistance of the superconductor (com-
pared to the resistance of the ferromagnet). However, shoulders in the
conductance could not be explained by existing models since these do
not predict a different number of shoulders for different samples.

• A model was introduced that uses the multiphase nature of FIBID W
to explain the observed shoulders. Due to the very small coherence
length of Cooper pairs in FIBID W, different phases present at the
point contact interface can form seperate conductive channels. Each
of these channels exhibits Andreev reflection with its own values for
the different parameters. Numerical simulations have shown that a
superposition of these channels could have shoulders like the ones that
are observed in experiments The randomness of the number of phases
present at the FIBID W side of the junction explains how different
samples can have a different number of shoulders.

• By annealing the sample to above 200◦C it is possible to influence the
number of channels. Though the exact mechanism remains unclear,
it is likely that the annealing process affects the phases in such a way
that only one phase remains at the pointcontact, since no shoulders are
observed. However, annealing not only affects the point contact, but
also the bulk properties of the materials. Annealing also decreases the
critical current of the superconductor.

• By etching away the halo that is formed around the FIBID W prior
to depositing the FEBID Co, the number of shoulders is also affected.
None of the samples with etched halo showed any shoulders. It seems
that etching away the halo either removes additional channels or affects
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the FIBID W side of the point contact in a similar way as the annealing,
making it more homogenous.

7.2 Outlook

Two possible starting points for continuation of this project are presented
below. Both have been explored briefly, but because of time concerns they
were not fully investigated and leave room for further work.

Hysteresis in Andreev reflection spectra

Raised conductance together with a sharp drop back to the expected value
was observed for positive bias in figure 6.9. Similar features can also be
found on closer inspection in figures 6.1 and 6.2. Since they occur in both
etched and unetched samples, these features are completely independent of
the halo. The raised conductance only appears on one side of the graph, the
side that is measured last. Normally conductance is measured in a sweep
from negative to positive bias voltages, that is from left to right. In this
case the raised conductance appears on the right, at positive bias. If the
conductance is measured in the reverse way, from right to left, the raised
conductance appears on the left, at negative bias..

Experiments were also carried out where the bias voltage was swept from
a high negative bias to zero and then back again. Here too a raised conduc-
tance was found when sweeping back. This indicates some sort of hysteresis
behaviour. The drop back to the expected conductance seems to change
position when temperature changes.

To investigate this further, a number of loops starting at high negative
bias and sweeping to zero bias and back again is shown in figure 7.1. It shows
a study of the effects of temperature on the measured hysteresis.

The largest of these effects is the drop moving to the right. Note that
this means it occurs earlier in the loop (which is left-right-left here). The
size of each step becomes larger at the high end of the temperature range.
The exact bias voltage corresponding to each drop is plotted in the insert of
figure 7.1 together with a BCS fit similar to the one used in figure 6.4.

Unfortunately the range of data is somewhat limited for this fit. Within
the range where data is available the parabola of the BCS fit is almost linear.
Even so, the drops seem to follow a BCS fit. The critical temperature of this
fit is around 4.5K.

The BCS fit can be considered as a hint towards the superconductor as the
origin of the hysteresis, but it is too little to be conclusive. Much remains
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Figure 7.1: The measurements exhibit hysteresis at large bias. Conductance is
at a raised level when the bias is increasing compared to the level of conductance
measured with decreasing bias. With increasing temperature the bias voltage at
which the drop back to expected conductance occurs moves closer to zero bias.
Temperature was changed by 0.1K between measurements and ranges from 2.9K
to 4.2K. The complete legend is not shown, but instead we indicate the trend that
shows the effects of increasing temperature. The insert shows a BCS fit of the
drops vs temperature.

unclear about this hysteresis effect. From the measurements at different
temperatures and other measurements at different sweep speeds it can be
concluded that this is likely not caused by heating of the sample. Both very
fast and very slow sweep speeds have no effect on the drops. Trying to explain
this phenomenon could be a possible continuation of this project.

Exploring the possibilities of Pb-FEBID Co

The second possible continuation of this project lies closer to the original goal
of Vugts [1], to use Andreev reflections as a way to measure the polarisation
of magnetic materials. The multiphase nature of FIBID W makes it not well
suited for this purpose and an alternative material is needed. Pilot experi-
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Figure 7.2: SEM image taken inside the dualbeam system of the Pb-FEBID Co
sample. The large thin film of Pb is connected to gold leads to the left, which are
not in this picture. The Co wire is connected to the gold on the right.

ments were carried out on a thin film of lead (Pb), which has an expected
TC of around 7 to 10K.

The Pb was depositeded on a standard oxidised Si-wafer using thermal
evaporation. This produced a homogeneous Pb thin film, though some rough-
ness and even some holes remained near the edges. However, this roughness
could easily be removed as the lead proved very susceptible to ion beam
milling. Contacts with the perpatterned gold were made by depositing lead
directly on top.

It proved too difficult to position a mask in such a way that some leads
were close enough for the final contacts to be made using FEBID Co. Instead,
part of the leads covered by the Pb were etched away to cut the connection
to the lead completely. Connection was reestablished by a FEBID Co wire
to complete the sample. An in situ SEM picture of this is shown in figure
7.2.

Unfortunately, the thin film turned out to have a much lower critical
temperature than what would be expected from literature. Instead of a
TC around 7 to 10K, it was found that superconductivity only commenced
at around 3.5 to 4K. Exact measurements of TC were not succesful. The
measured conductance of a typical sample is shown in figure 7.3.

Though something similar to an Andreev reflection spectrum is observed,
the magnitude of the zero bias peak is very small. Most likely there is
Andreev reflection, but its signal is not clear enough to be conclusive. A
possible explanation could be a layer of PbO that has formed on the thin film
when it was first exposed to air. This PbO layer will also be in the junction
in between the pure Pb and the Co, interfering with the measurements.
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Figure 7.3: Conductance over a Pb-FEBID Co junction.

If Pb or another suitable superconductor can be used to fabricate a junc-
tion with FEBID Co, Andreev reflection provides a way to measure the spin
polarisation of the cobalt. Since the spin polarisation can vary between dif-
ferent samples made by FEBID it remains very useful to have a easy and
fast way of measuring spin polarisation.
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