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Abstract

Electron Beam Induced Deposition (EBID) is one of the tools to grow material in the
micrometer range and potentially in the nanometer range. Inside a vacuum chamber a
precursor gas is introduced to a surface and with an electron beam this gas is decomposed
leaving a structure on the surface. Ferromagnetic and superconducting properties of some
materials can be used for fundamental research and potential spintronic devices.

Small cobalt wires were deposited using the precursor Co2(CO)8 with 80-85 at% pu-
rity and resistivities near 110 µWcm at room temperature. The temperature dependent
measurements show a resistivity increase of 13 % from 4.2 to 300 K, showing the metal-
lic nature of the deposition. Magnetic �eld dependent measurements of the cobalt wires
shows Anisotropic Magneto-Resistance (AMR) e�ects verifying the ferromagnet nature of
the deposit.

With Ion Beam Induced Deposition (IBID), dirty tungsten wires can be made out of
the precursor W(CO)6, these wires become superconducting near 5 K. Tungsten leads were
combined with cobalt wires to investigate proximity e�ects. First preliminary results show
comparable results as described in literature for single-crystalline cobalt wires.[82]

The magnetic in�uence of small magnetic cobalt pillars on DW motion inside Pt/Co/Pt
strips was investigated as well. With these experiments the energy landscape for the DW
could be veri�ed and indirectly the magnet properties of the cobalt pillars could be derived.
By changing the geometry or adding an extra in-plane �eld, the pinning behavior could be
in�uenced.
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Chapter 1

Introduction

The central subject of this thesis is the deposition of magnetic cobalt structures with a
technique called EBID. This deposition technique is described and a �rst characteriza-
tion was performed on this material. The cobalt structures should be ferromagnetic as
was earlier described for iron structures deposited with the same technique and shown in
literature.[23, 28] The combination of ferromagnetic and superconducting materials is de-
scribed in literature. Two papers are used as a guide through this �eld and experiments.[82,
70] Finally the e�ect of small magnetic cobalt pillars is used to study domain wall motion.

1.1 EBID

The process of Electron/Ion Beam Induced Deposition (EBID/IBID) can be used to deposit
small structure out of a precursor gas. The precursor gas is split up in volitile parts due to
the exposure of an electron/ion beam. The process is able to reach sizes below 30 nm.[74]
When the right precursor material can be created, all kind of elements can be deposited.
Especially the posibility to deposit ferromagnetic and superconducting materials makes
the EBID process a great tool for spintronic applications.[35]

Figure 1.1: SEM image of a EBID grown iron structures with a 65 nm width.[23]

Earlier research at the group of FNA was done on electron beam deposition of small
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2 Chapter 1 Introduction

ferromagnetic structures. The deposition of iron with this technique was and still is in an
experimental phase. The problem of these depositions was the large O content, resulting
in a low Fe content. By using the extreme settings of the electron beam an Fe content of
75% was reached and the ferromagnetic properties could be measured. The general growth
mechanisms of EBID structures was investigated extensively and this knowledge is used
for the deposition of new materials such as cobalt described in this thesis.[23, 73, 11]

1.2 Superconductivity and ferromagnetism

At a point contact between a superconductor and ferromagnet, a process called Anreev
Re�ection (AR) will take place. This AR doubles the current compared to the point contact
between a superconductor and a normal metal. In Zaragozo a point contact between cobalt
EBID and tungsten IBID was grown, from analysis of the electrical measurements the
polarization of the cobalt wire could be derived.[70]

These tungsten leads can also be used to induce superconductivity into metals, this is
called the proximity e�ect. In an article in Nature by Wang et al, experiments of single-
crystalline nanowires in combination with superconducting materials was described.[82]
The measurements showed zero resistance of the cobalt wire for a 0.6 mm distance be-
tween the tungsten leads; this distance was large compared to theoretical predictions for
ferromagnet materials. The question was rised if simular e�ects would take place for dirty
EBID grown cobalt wires.

1.3 Domain wall motion

On the interface between two domains with opposite magnetization, the magnetization
has to rotate. The region where the magnetization is rotating is called the Domain Wall
(DW), see �gure 1.2a. The total magnetization is a sum over small magnetic moments,
which want to allign to each other. Therefore the magnetization rotation between two
magnetic moments is limited. To rotate the magnetization 180 degrees multiple magnetic
moments are required, resulting in a DW width. Two types of DW can be distinguished,
the Néel wall with magnetization reversal in-plane and the Bloch wall with reversal out-
of-plane.

The �eld of spintronics has already some potential applications for these magnetic
domains and DWs. One memory application is the racetrack memory, see �gure 1.2b.
Magnetic domains are moved along a track by applying a current or a magnetic �eld. The
domains are either a 0 or a 1 depending on the magetization orientation.[67] After each
pulse the domains should be pinned to keep them seperate, this pinning potential could be
created by magnetic structures such as iron or cobalt.

Earlier research at FNA was done on the domain wall motion in�uenced by magnetic
iron pillars. A �rst pilot experiment was done by Ellis on the in�uence of iron and plat-
inum pillars, only showing in�uence from the magnetic iron pillars.[23] A systematic study
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(a) (b)

Figure 1.2: (a) Domain walls are formed between two domains with opposite magnetization, this
is shown for a wire with magnetization in the length axis. The rotation of the magnetization can
be in-plane (Néel wall) or out of plane (Block wall). (b) Racetrack memory: magnetic domains
as bits can be moved through a read and write head.[1]

was done for di�erent iron pillar heights by van der Heijden, which indirectly gave more
information about the magnetic iron pillars themselves.[37] It was suggested that the stray
�elds from these pillars created a pinning potential for the DW. In experiments it was
vari�ed that this energy landscape contained a large energy barrier (strong pinning) and
a small energy well (weak pinning).

1.4 This thesis

In this thesis the properties and research possibilities of nano-sized ferromagnetic cobalt
structures are investigated. The nano structures are fabricated with a process called Elec-
tron Beam Induced Deposition (EBID), this is described in the experimental part. The
thesis contains three subjects which are divided into three chapter, each with there own
introduction, theory and results. In the �rst chapter small and thin cobalt wires are de-
posited and the electrical properties and magnetic properties are measured, to show the
ferromagnetic quality of these wires. In the second chapter these cobalt wires are also
connected to superconducting tungsten leads, giving rise to superconducting e�ects over
larger distances of the cobalt wire. First preliminary results are shown and an outlook is
given for further research in this �eld.

The third chapter of the thesis is about small cobalt pillars deposited with the same
EBID technique. These pillars have a diameter of around 100 nm and a height of 0.1 to
2 mm resulting in magnetization along the height direction of the pillars. The stray �elds
from these pillars with perpendicular magnetization are used to pin domain walls. These
experiments also show the switching of the magnetization inside these small magnetic
structures. It is demonstrated that by changing the geometry and/or adding an extra in-
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plane �eld it is possible to change the pinning behavior of the pillars in these experiments.



Chapter 2

Experimental Setup

In this chapter the experimental toolbox used for this thesis will be described. The central
system in this thesis is the dualbeam setup from FIE company. This system contains
multiple tools which will be explained in the �rst section. With this setup it is possible
to create, analyze and modify small structures inside a vacuum chamber. The electrical
properties of the deposited structures are further investigated outside this vacuum chamber
with a home made setup and will be described in the second section. To make contrast
between opposite magnetization regions, a Kerr microscope is used; this will be described
in the last section.

2.1 Dualbeam setup

The central tool of this thesis is the Nova 600i Nano lab from FIE Company, which has
both an electron and an ion column attached and therefore is called the dualbeam. The
dualbeam setup consists of a vacuum chamber with multiple tools attached; the inside of
this chamber is shown in �gure 2.1a. The electron column is used to navigate electrons
(created from a ZrO source on top of a W tip) onto the sample surface, see �gure 2.1b. The
Primary Electrons (PEs) will ionize atoms from the substrate and move further as Forward-
or Back-Scattered Electrons (FSE or BSE) which loose their energy by the creation of
Secondary Electrons (SEs). These electrons are collected to give an image, this is called
Scanning Electron Microscopy (SEM).

The ion column focuses ions instead of electrons and these ions are created from a
gallium source; imaging is done by collecting the ions. Imaging with the ion beam is
limited to a short time span, because the heavy ions destroy the surface. The setup has
di�erent gas injection needles which introduce a gas on top of the surface; this gas is used
for depositing material which will be explained in the �rst two paragraphs. Finally the
sample holder is screwed on top of a stage and this stage can be moved along all axes,
rotated around the perpendicular axis and tilted with respect to this axis. The ion source
is mounted in a 52 degree angle with respect to the electron column. To correctly use
the ion column �rst the stage must be tilted to a position perpendicular to this column.

5



6 Chapter 2 Experimental Setup

Composition analysis and electrical measurements can be done inside the chamber as well.
These techniques will be explained in the �nal two paragraphs of this section.

(a) (b)

Figure 2.1: (a) Image inside the dualbeam vacuum chamber, showing the di�erent
components.[73] (b) Schematically overview of electron beam interactions with the surface. Pri-
mary Electrons (PE) reach the substrate surface with a precursor material on top. The PEs ionize
the surface atoms, creating Secondary Electrons (SEs) with a lower energy. PEs will scatter for-
ward (FSEs) and backward (BSEs). Relaxation of the ionized atoms causes the excitation of
X-rays.[23]

2.1.1 Electron beam deposition

For Electron Beam Induced Deposition (EBID) a vacuum vessel is needed where a precursor
gas is introduced to the sample surface. In this case the precursor gas is Co2(CO)8, C and
O atoms are bonded to the Co atoms to reach the gas state, see �gure 2.2a. The electron
beam focuses electrons with a certain energy (beam energy in kV) and rate (beam current
in A or C/s) towards the surface, see �gure 2.2b. The electrons will destroy the bonds of
the precursor molecule and leave behind Co atoms and combinations of C and O volatiles
which in gas form are pumped away. Part of the C and O atoms are trapped in the
deposition and will cause contamination, but the C atoms may also work as a catalyst
for the dissociation process.[12] The probability of dissociation by an electron depends on
the energy of this electron. The primary electrons have a too high energy and therefore a
too low probability for the dissociation process; the created SEs from the substrate have
a lower energy and therefore a higher probability to break the bonds. The penetration
depth of the primary electrons depends on the beam energy and the atomic number of the
substrate. A higher energy and lower atomic number results in deeper penetration and far
less SEs will reach the surface. Because a lower beam energy means a higher amount of
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SEs, the Co content for low beam energy is expected to be higher compared to high beam
energies due to a faster deposition.[78, 14]

(a) (b)

Figure 2.2: (a) The precursor molecules Co2(CO)8 and W(CO)6 used to deposit Co (blue) and W
(gray), with C (black) and O (red) atoms attached.[36] (b) Electron beam deposition by injection
of a precursor gas.[23]

To make a surface deposition �rst the path of the beam has to be selected. A rectangular
surface is selected, which is divided into a number of beam positions; the overlap between
the positions can be controlled. To make a surface deposition the small electron beam will
move across the selected surface positions several times depositing more and more solid
material. The dwell time is the time the beam stays at a position and the number of passes
is the number of times the beam moves across the selected area. When holding the beam
at the same position, vertical growth will be the main mechanism creating a pillar and
other 3D structures. Material will also be deposited around the selected area, because the
secondary electrons can scatter in all direction. Due to the rapid growth of cobalt this
could in�uence the properties. The resolution of the deposited material depends on the
focus point of the electron beam.[74]

2.1.2 Ion beam deposition and milling

The process of Ion Beam Induced Deposition (IBID) also makes use of a precursor gas
introduced to the sample surface. The ions are created inside a gallium source and are
focused onto the sample surface with the ion column. In the case of W deposition a
W(CO)6 precursor gas is used, see �gure 2.2a. In theory the primary ions will now destroy
the bonds directly and the C and O atoms will di�use away leaving the W behind at the
surface. The beam current and dwell time should be kept low to prevent the ion beam
from milling instead of depositing (in fact there is always a competition between milling
and depositing). In reality the deposition is not optimal and the deposition will contain C
and O from the precursor gas and also the Ga ions will partly stay in the deposition.[78]

Due to the precursor cloud above the selected area of the deposition, the ions will scatter
resulting in depositions near the selected area. For electrical measurements the region
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between deposited wires (both IBID and EBID) should be cleaned to prevent electrical
contact due to this unwanted deposition. This cleaning is done by ion beam milling. By
holding an ion beam of 30 kV and 0.92 nA at the same position the beam will start milling
into the material. For milling only a single pass is needed with a long dwell time. By
tuning the dwell time, the depth of the milling can be changed. For deposition the dwell
time is small and many passes are used.

2.1.3 Composition analysis

To measure the composition inside the chamber the EDAX genesis tool is used, which
makes use of the technique of Electron Dispersive X-ray (EDX) spectroscopy. Electrons
with a de�ned energy are focused on a speci�c region. The incoming electron will release
an SE, leaving behind an ionize atom. An electron from a higher orbital will relax to
the vacant state in the lower orbital under the emission of an X-ray, see �gure 2.3a. The
energy of the X-ray will be the energy di�erence between the two energy levels, which is in
turn material dependent. The energy spectrum of the received X-rays will show peaks on
speci�c energy levels each from di�erent elements; see the measurement example in �gure
2.3b. The amount of measured X-rays will show the weight percentage (w%) of a speci�c
elements, which can be converted in an atomic percentage (at%).

(a) (b)

Figure 2.3: (a) Schematic illustration of electrons (blue) in orbitals around an ionized atom
(red). Relaxation to to the ground state of the ionized atom will take place under the emission of
an X-ray.[11] (b) Example of an EDX spectrum of a cobalt deposition. The deposition contains
C, O and Co atoms, in this example 10-5-85 at%, respectively.[79]

Depending on the beam energy the electrons will penetrate deeper inside the material.
For a beam energy of 2 kV the electrons will stay near the surface, and only the composition
of the surface is measured. The content at the surface could be di�erent compared to
the composition deeper inside the deposition. With the 5 kV beam energy the electrons
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will penetrate deeper, but for thin depositions could reach the substrate. Measuring the
substrate (SiO2) will be indicated by an Si peak along with an increase of the oxygen
content (increase should be twice the Si at%). Both beam energies should be used for a
complete composition analysis.

2.1.4 Kleindiek manipulators

For manipulation and electrical measurements two Kleindiek manipulators can be mounted
inside the vacuum chamber of the dualbeam setup, see �gure 2.4a. The manipulators can
move in three directions: in-out, up-down and left-right. The movement is controlled
with piezoelectric stick-slip motors, which use the expansion and shrinkage of piezoelectric
material caused by an applied electric �eld.

(a) (b)

Figure 2.4: (a) Micro manipulator from Kleindiek is attached to the door of the vacuum chamber.
The tip can be moved up-down, right-left and in-out.[83] (b) SEM image of electrical measurements
inside the dualbeam setup using two micro manipulators with W tips to connect to the Au contacts
on the surface. The Au contacts become smaller and at the end the deposition is made on top of
this Au.

Tungsten needles of di�erent width and length can be attached to the manipulators and
these needles will touch the surface. These needles are positioned on top of gold contacts on
the sample, see �gure 2.4b. With the Keithley 2601 source meter a voltage is applied over
the gold contacts and the current is measured to derive the resistance. The characteristics
of depositions can be measured before, during and/or after the deposition process.[27, 19]
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2.2 Magneto-transport and cryostat setup

With the magneto-transport setup magnetic �eld dependent (up to 800 mT) and temper-
ature dependent measurements (between 3 and 300 K) can be done, see �gure 2.5. The
setup consists of a large insert which is part of the cryostat setup, in which liquid helium
is used to decrease the temperature. A long sample stick with the sample on the bot-
tom and contacts on the top is inserted into this insert. The contacts are connected to a
Keithley 2400 Source meter to measure the current voltage characteristics of the deposited
structures. Two large coils are positioned on both sides of the sample position and with
the Delta Electronics Power Supply (SM 70-45 D) a current is sent through these coils to
produce magnetic �elds onto the sample. The magnetic �eld strength is measured with
the Lake shore 421 Gauss meter.

Figure 2.5: Image of the magneto-transport-setup with helium �ow cryostat and two large
Electro-magnets.[73]

The sample can be cooled down with the Helium Continuous �ow Cryostat. Helium
in gas and liquid form can be pumped inside the cryostat insert, which will lower the
temperature of the sample. Temperature and helium �ow is controlled with the Oxford
Spectrometer CF Dynamic Exchange Gas. To decrease the temperature below 4.2 K, the
cryostat has to be �lled with �uid helium and the pressure has to be lowered.[2, 9, 3]

For most resistance measurements described in this thesis a 4-point measurement ge-
ometry is used to exclude the contact resistance, see �gure 2.6. In this geometry the two
outer contacts are used as current leads and the two inner contacts as voltage leads. A
normal 2-point uses only two leads for both the current and the voltage and measurements
will include this contact resistance. The contact resistance can be derived from the 2-point
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and the 4-point measurement with equation 2.1. In the 4-point measurement electrons
could still move into the voltage leads and thereby in�uencing the measurement, this is
illustrated by the dashed arrows in �gure 2.6.[22]

Rcontact =
R2p −R4p

2
(2.1)

Figure 2.6: Overview of a 4-point measurement of a microwire on top of four contacts. The two
outer contacts are current leads and the inner two are voltage leads.

2.3 Magneto-Optical Kerr microscope

The Kerr microscope is an optical microscope which can show contrast di�erences between
regions with opposite magnetization due to the Magneto Optical Kerr E�ect (MOKE), see
�gure 2.7a. Light with linearly polarized electric �eld is sent onto the magnetic specimen,
see �gure 2.7b. When the light re�ects at the surface the magnetization is able to rotate
the polarization of the incoming beam. The origin of this rotation is suggested to be
from electron-phonon interactions and the coupling between spin angular momentum and
the orbital angular momentum (spin-orbit coupling).[50] The light intensity is measured
through a polarize which is rotated 10 degrees with respect to the incident beam. This
will result in a strong contrast between opposite magnetized regions. In the experiments
perpendicular magnetization regions were analyzed.[40, 6]

To change the magnetization of magnetic structures on the sample, magnetic �elds can
be applied perpendicular and parallel to the sample surface (separate or simultaneous).
The sample is positioned in the center of an air coil which is able to produce magnetic
�elds perpendicular to the sample up to 100 mT, see �gure 2.7a. With the Kerr microscope
the change in magnetization of the specimen will be visible as a function of the applied
magnetic �eld strength. With two bar magnets on top of the coil a constant in-plane �eld
of 20 mT can be applied to the specimen. These magnets are positioned on both sides of
the sample to create parallel magnetic �eld lines. In this case the sample is position above
the air coils instead of in the center, which will reduce the applied perpendicular �eld to
a maximum of 86 mT. Height dependent �eld calibration of this coil is done with a Gauss
meter.
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(a) (b)

Figure 2.7: (a) Kerr microscope used for measuring contrast between regions with opposite
magnetization.[60] (b) Magneto Optical Kerr E�ect (MOKE): incoming polarized light is rotated
by the magnetization on the surface. With a polarize the intensity of one of the rotations can be
increased, where the other is decreased.[40]



Chapter 3

Cobalt characterization

At the beginning of this project the new precursor material Co2(CO)8 was included to
the existing dualbeam setup which made it possible to deposit cobalt structures. Earlier
research in the group of FNA was focused on electron beam deposition of iron with the
precursor material Fe2(CO)9 . This was an experimental precursor material and much
e�ort had to be done to increase the iron content to a reasonable level. The ferromagnetic
behavior was demonstrated for high iron content, but for lower iron content the magnetic
properties were less clear.[23] In this chapter the properties and issues of electron beam
deposition of cobalt wires are described. Tuning the cobalt content and deposition processes
of electron beam deposition is not the main goal of this thesis, but some composition and
characterization checks were done to demonstrate transport and magnetic properties of the
cobalt wires.

3.1 Deposition

The deposition of cobalt for this thesis is always done with Electron Beam Induced Depo-
sition (EBID), by dissociation of the precursor gas Co2(CO)8. The vacuum chamber of the
dualbeam setup was pumped down for at least one night to reduce the amount of oxygen,
water and other contaminations. This procedure was needed to increase the quality of
the deposition. The cobalt wires are deposited by selecting a rectangular surface in the
electron beam window. The precursor gas is induced on top of the sample surface and
the electron beam will scan the de�ned surface and thereby dissociate the gas and leaving
behind solid material. Target points for the electron beam are de�ned in this rectangle.
The beam stays at one point for a de�ned dwell time and moves past all target points,
which is repeated for the whole deposition time resulting in many passes.

The microwires are deposited on top of four 100 nm thick gold contacts on a SiO2-wafer,
see �gure 3.1. The cobalt wires are deposited on an area of 12.5 x 0.5 mm² with di�erent
heights depending on the deposition time, 900 s (a) and 300 s (b). The deposition is fast
compared to the iron deposition, which needed 15 minutes to reach 100 nm thickness for
this surface. The fast growth is suggested to be caused by the carbon which works as a

13
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catalyst to the dissociation process.[12] This carbon could be introduced from the precursor
gas which contains 5 % hexane or from residue in the chamber. This fast deposition could
be one of the reasons for the higher purity of cobalt compared to iron. The 900 s deposition
has four times the thickness of the 300 s deposition where the deposition time is only three
times higher. The reason for this di�erence in growth rate could be from two types of SEs
(SE1 and SE2). The �rst type (SE1) is created from the PEs and this amount is constant
throughout the whole deposition. The second type (SE2) is created from the BSEs and
this amount depends on the penetration depth of the electrons. The penetration depth
will decrease because more cobalt is deposited and the the amount of SE2 will increase;
more electrons will result in a higher dissociation probability. Another mechanism could
be deposition by local heating, the heat loss is di�erent for the SiO2 substrate compared
to the cobalt deposition. From iron depositions it was suggested that the �rst part of
the deposition was amorphous and the second part on top was polycrystalline. In cobalt
deposition similar mechanisms could be possible.[23]

(a) (b)

Figure 3.1: Two cobalt wires deposited on top of four gold contacts grown with a beam energy of
5 kV and the highest possible beam current of 15-20 nA. The wire deposition area was 12.5 x 0.5
mm² with a deposition time of 900 s (a) and 300 s (b), resulting in thicknesses of approximately 2
and 0.5 mm, respectively. The image was taken with the SEM with the sample not perpendicular
to the beam, but tilted 30 degrees to be able to see the thickness of the deposition.

3.2 Composition

To measure the content of a deposition, Election Dispersive X-ray (EDX) spectroscopy is
used, see chapter experimental. This analysis is done by irradiating the deposition with
electrons and measure the energies of the X-rays coming back from the interaction volume.
The X-rays are created by the relaxation of the ionized atoms from the deposition. The
analysis can be accelerated by increasing the current of the electron beam. The energy
of the electrons was set to 2 kV to measure the composition near the surface (for thin
depositions) or 5 kV to measure deeper inside the deposition.
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Depositions of 1 x 1 mm² were used for this analysis, see �gure 3.2a. Depositions were
done for a constant beam energy of 5 kV and di�erent beam currents, for low beam energy
the content is expected to be high. At this low beam energy more secondary electrons will
be created near the surface, increasing the deposition rate.[26, 74] The EDX analysis was
done with 5 kV beam energy and 3.4 nA beam current. The resulting content is shown in
�gure 3.2b. The deposition contains C, O and Co atoms. Higher beam currents increases
the Co content. The C content is strongly reduced for higher beam current, but the O
content is slowly increased.

(a) (b)

Figure 3.2: (a) SEM image of a cobalt structure deposited on a 1 x 1 mm² surface with a thickness
of 1.3 mm; structures like this are used for composition analysis. (b) Di�erent cobalt structures
were deposited using di�erent beam currents and a constant beam energy of 5 kV. Composition
was measured using EDX with a beam energy of 5 kV; this technique is described in paragraph
1.1.3. For higher beam currents the Co content was increasing.

To increase the Co content the dissociation process must be optimized. For the ideal
dissociation process the amount of C and O from the precursor material is reduced. The
introduced precursor material contains Co2(CO)8 and hexane which will induce some extra
C; other C could come from residue in the chamber and from an incomplete dissociation
process. Extra O can come from the leakage of air or from vapor attached to the chamber
walls. A higher beam current increases the deposition rate because more electrons are sent
to the surface, resulting in a lower C content.[14] After the deposition, the chamber will be
vented with nitrogen and the material will be exposed to air; this could result in oxidation.
This oxidation is expected to be slow but could result in an increase of the resistance and
a reduction of the magnetic properties. The oxidation is more clear for smaller structures
(pillars) as will be shown in chapter 5, section 2.
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3.3 Conductivity

The resistance of a cobalt wire during the deposition was measured with two Kleindiek
manipulators and a Keithley source meter, see �gure 2.4b. The current was measured for
a constant voltage of 0.1 V, from which the resistance was derived. The deposited wire
was 0.5 mm wide and 12.5 mm long and the beam energy was 5 kV and beam current was
16.9 nA. During the deposition the resistance decreases because the wires becomes thicker,
see �gure 3.3a. Because only two contacts could be used to measure the resistance, the
resistance will contain a constant part due to the resistance of the leads and the contacts
(R0 = Rleads + Rcontacts) and the resistance of the cobalt wire with increasing thickness in
time. The total resistance can now be described in terms of a constant resistance R0 and a
term depending on the constant resistivity ρ of the cobalt wire and the thickness t, length
l and width w:

R = R0 + ρ
l

wt
(3.1)

The width and length are constant and only the thickness is changing in time, for a
linear growth in time, the time can be replaced with thickness. For increasing thickness the
resistance will saturate to the constant resistance R0; indeed the resistance is saturating
to R0 = 45 W (see �gure 3.3a).[19] Equation 3.1 can be used to �t the time dependent
measurement by replacing the time by the thickness of the cobalt wire tCo. The resistivity
can be derived from this equation by writing the formula in a di�erent form:

1

R−R0

=
w

ρl
t = slope ∗ t (3.2)

ρ =
w

slope ∗ l
(3.3)

A plot of (R−R)−1 versus thickness is shown in �gure 3.3b, from the slope of the linear
�t the resistivity can be derived. The time is replaced with thickness, using a thickness of
160 nm after 100 s. This cobalt wire has a calculated resistivity of 198 µWcm.

To compare the in-situ resistance measurement to the measurement with the magneto-
transport setup, a cobalt wire was grown on the same sample (under identical conditions)
but on a di�erent position. This wire was grown with a deposition time of 100 s and AFM
measurements showed a thickness of 160 nm. A four-probe measurement of this wire gave
a resistance of 95 W. The time dependent resistance measurement showed a resistance of
150 W at 100 s. Subtracting the contact resistance would give 105 W for the resistance of
the wire, which is in good agreement with the separate wire.

The resistance of this thin wire was measured as a function of temperature. The
resistivity is calculated from the size of the wire and is 110 µWcm at room temperature.
The resistivity as a function of temperature is shown in �gure 3.4. The resistivity is
decreasing for lower temperatures, which for metals is caused by the reduction of lattice
vibrations. Below 50 K the resistivity is constant and only caused by the impurities (mainly
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(a) (b)

Figure 3.3: (a) In-situ electrical measurement during the deposition of a cobalt wire, with a
deposition area of 12.5 x 0.5 mm² on top of four gold contacts. The current was measured through
the outer two gold contacts with distance l = 10 µm for a constant voltage of 0.1 V. During the
deposition the deposition thickness is increasing resulting in a lower resistance. After 400 s the
resistance saturates to the contact resistance R0, see equation 3.1. The time is expected to be
proportional to thickness of the cobalt wire (b) The graph in �gure a is now plotted in the form
as described in equation 3.2. From the slope the resistivity can be derived, which is in this case
198 µWcm.
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C and O). At low temperatures the measurement shows instabilities, which is caused by
contact problems, probably caused by the long measurement time and the helium cooling.

Figure 3.4: The temperature dependence of the resistivity of a 160 nm thick cobalt wire (12.5
x 0.5 mm²) which contains 80-85 at% cobalt. The Residual Resistivity Ratio (RRR) value is
the ratio between the resistivity at 4.2 K and 300 K: RRR = ρ(298K)/ρ(4.2K). In this case
RRR was 1.13 and resistivity at room temperature was 110 µWcm. Resistivity instabilities at low
temperatures are due to contact problems, probably caused by the long measurement time and
the helium cooling.

To analyze the quality of the cobalt wire, the Residual Resistivity Ratio (RRR) has
been calculated, which is the ratio between the resistivity at 4.2 K and 300 K: RRR =
ρ(298K)/ρ(4.2K). For pure cobalt (single-crystalline) the resistivity is 6 µWcm at room
temperature and the RRR value is 334.[44] The calculated value from the cobalt wire
deposited with EBID (amorphous or poly-crystalline) was 1.13; this wire contained 80-
85 at% cobalt. In Zaragoza a resistivity of 38 µWcm and a value of 1.3 was found for
cobalt wires deposited with EBID, but a higher purity of 90 at% was reached in these
depositions.[26, 44]

From these measurements can be concluded that the cobalt wires are metallic. The
resistivity of the cobalt wire can be measured with a 4-point measurement and derived
from a the in-situ electrical measurement of a 2-point measurement. The in-situ electrical
measurements were only done for a constant applied voltage, it is not investigated what
the in�uence of the measurement is on the deposition.

3.4 Magnetism

The magnetic properties can be made visible via the Anisotropic Magneto-Resistance
(AMR) e�ect. When the magnetization is perpendicular to the electron �ow, resistance is
lower compared to magnetization parallel to the electron �ow, see �gure 3.5a. In a very
simple picture, magnetization could be described as an electron moving around a nucleus.
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For perpendicular magnetization this circular motion is parallel or anti-parallel to the in-
coming electron and resistance is low. For a magnetization parallel to the electron �ow
the circular motion is always perpendicular to the incoming electron resulting in a higher
resistance.[54, 23]

(a) (b)

Figure 3.5: (a) Magneto Resistance (MR) e�ect: depending on the magnetization direction with
respect to the electron �ow, resistance is higher or lower. For a current �ow perpendicular to
the magnetization, resistance is low. For magnetization parallel to the current �ow, resistance is
high. (b) The magnetization of a microwire is the sum of multiple small magnets and at the edge
of the structure poles are created. These poles induce an internal �eld Hd. The strength of the
demagnetization �eld depends on the distance between the magnetic poles and is opposite to the
magnetization.[23]

The magnetization direction depends on the direction and strength of the applied mag-
netic �eld and on the demagnetization �eld. In this case the anisotropy is only shape
dependent. The demagnetization �eld Hd is an internal �eld of a magnetic object which is
anti-parallel to the magnetization and has a direction dependent demagnetization matrix
N :

Hd = −NM = −

 Nx 0 0
0 Ny 0
0 0 Nz

M (3.4)

For a thin microwire with magnetization perpendicular to the longitudinal axis, on the
top and bottom part poles are created, see top part �gure 3.5b. For a small distance this
will induce a strong demagnetization �eld perpendicular to the magnetization, and this axis
has demagnetization factor near Nz = 1. When the magnetization is in the longitudinal
axis, the distance between the poles is much larger, resulting in a smaller demagnetization
�eld and a small demagnetization factor, see bottom part �gure 3.5b. Without an applied
magnetic �eld the magnetization will therefore be in the long axis, this direction is called
the easy axis. To rotate the magnetization into the perpendicular axis the applied �eld
must overcome the demagnetization �eld; this direction is called the hard axis.[76, 23, 40]



20 Chapter 3 Cobalt characterization

Figure 3.6: Illustration of a deposited wire on top of four gold contacts. Magnetic �elds can be
applied in the longitudinal (red), transverse (blue) and perpendicular (green) direction. [23]

When depositing a thin wire the easy axis will be the longitudinal axis and the hard axes
are the perpendicular and transverse axes, see �gure 3.6 when assuming shape anisotropy
only. The height in the perpendicular axis will be thinner compared to the width in the
transverse axis resulting in a stronger demagnetization constant. Based on the earlier
discussion, the resistance for magnetization in the transverse and perpendicular axes will
be smaller compared to the magnetization in the longitudinal axis.

A cobalt wire with 12.5 x 0.5 mm² area and 80 nm thickness is deposited on a substrate
and positioned in the magneto-transport setup. With the setup the resistivity change is
measured as a function of the applied magnetic �eld strength and direction, see �gure 3.7a.
Without an applied magnetic �eld the magnetization will be along the longitudinal axis of
the wire as explained before. Increasing the �eld in the longitudinal direction will switch
the magnetization parallel to the applied �eld. This switching is not visible in this graph,
but will be explained in a di�erent graph later. The resistivity is slightly decreasing for
increasing applied �eld strength; this is caused by the normal magneto-resistance e�ect,
but this is not further discussed in this thesis.[66]

For an increasing �eld in the perpendicular axis the resistivity is decreasing as expected,
because the magnetization is pulled in this axis. The thickness of the wire is smallest in the
perpendicular direction (80 nm) and therefore the demagnetization �eld is highest. The
resistivity is not saturated at an �eld of 800 mT meaning that the magnetization is not
entirely parallel to the applied �eld; extrapolation would give a saturation at near 1000
mT. The width in the transverse direction of the wire (0.5 mm) is larger than the thickness
in the perpendicular direction; but still this is a hard axis compared to the longitudinal
direction. For an applied �eld in the transverse direction the resistivity is decreasing rather
fast compared to the perpendicular direction and saturates above 100 mT. From this can
be concluded that the demagnetization �eld in the transverse direction is 100 mT and in
the perpendicular axis near 1000 mT.

The demagnetization of this microwire in the transverse and perpendicular direction
could be predicted from a calculation of the demagnetization constants N and the satu-
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ration magnetization Msat of the cobalt structure. For pure cobalt the saturation magne-
tization is Msat,Co = 1.4 · 106 A/m.[7] The demagnetization factor can be approximated
for large length l → ∞, by p = w/t for the width w and thickness t. For a thickness
of 80 nm and width of 500 nm, this factor is approximately p = 6, from literature the
demagnetization factors would be Ntrans = 0.074 and Nperp = 0.93.[73, 4] The calculated
demagnetization �elds are:

Hd,trans,thin = −NtransMsat,Co = −1.04 · 105 = −132mT (3.5)

Hd,perp,thin = −NperpMsat,Co = −1.30 · 106 = −1.65 T (3.6)

(a) (b)

Figure 3.7: (a) Resistivity change of a 80 nm thick cobalt wire for high applied �elds in all three
shape axes. Pulling the magnetization into the perpendicular or transverse axis decreases the
resistance due to the MR e�ect. For a increasing longitudinal applied �eld the magnetization axis
does not change. The small resistivity e�ect for increasing �eld is the normal magneto-resistance
e�ect.[66] (b) Resistivity change due to low longitudinal applied magnetic �eld sweeps in small
steps. The sharp decrease in resistance is the indication for switching of the magnetization at -5
and 5 mT. This switching is caused by a domain wall moving through the wire.[30]

When applying a magnetic �eld longitudinal to the wire the magnetization will switch
parallel to the �eld, see �gure 3.7b. The switching is suggested to be induced by the forma-
tion of a domain wall or the formation of multiple DWs. When the magnetization would
switch as a macrospin, the applied �eld would be higher compared to the low switching �eld
of 5 mT in this case. The domain wall has components in the transverse axis, which result
in a lower resistance, this is indicated by the resistance decrease when the magnetization
is switched.[28, 29, 30, 10]

By changing the thickness of the wire and keep the other dimensions constant, the
demagnetization �eld will change. The AMR e�ect of a thicker wire of 160 nm is shown in
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(a) (b)

Figure 3.8: (a) Resistivity change of a 160 nm thick cobalt wire for an applied �eld up to 800
mT in the three axes. Only MR e�ect is only visible in the transverse direction and not in the
perpendicular. (b) Switching of the magnetization sign parallel to the applied �eld is visible as a
resistivity decrease. The magnetization reversal is caused by a domain wall moving through the
wire, switching takes place between 2 and 5 mT.

�gure 3.8a. For a �eld in the transverse direction the MR e�ect is clear, but the e�ect is only
0.06 % of the resistivity, the 80 nm wire shows an e�ect of 0.16 %. The demagnetization
�eld is in this case 200 mT. This is expected to increase because the demagnetization factor
depends on the ratio between width, thickness and length. The e�ects for perpendicular
and longitudinal applied �elds are not clear in this measurement.

For a wire with double the thickness, t = 160 nm, and the other parameters are
constant, the relative factor would be p = 3, resulting in Ntrans = 0.11 and Nperp = 0.89.
The calculated demagnetization �elds for this thick wire are:

Hd,trans,thick = −NtransMsat,Co = −1.54 · 105 = 196mT (3.7)

Hd,perp,thick = −NperpMsat,Co = −1.25 · 106 = 1.59 T (3.8)

The demagnetization factor is not doubled, but the change is visible. These values are
only a broad approximation. The di�erence of magnetization factors could be caused by
the error in the thickness measurement, or because the saturation magnetization in this
dirty cobalt material is lower. The e�ect for low longitudinal applied �elds is shown in
�gure 3.8b. Again switching of the magnetization direction parallel to the applied �eld is
visible by an resistivity decrease. The switching �eld is in this case broader compared to
the thinner wire.[28, 29, 30]
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3.5 Concluding

The deposition of cobalt with the electron beam is a fast process. Deposited cobalt wires
with a beam energy of 5 kV and current 17 nA contain 80-85 at% Co. The cobalt structures
are metallic and magnetic. Especially thin cobalt wires have a clear AMR e�ect, from which
the demagnetization �eld can be derived for the di�erent axes. For a deposition area of 12.5
x 0.5 mm² and 80 nm thickness, the transverse demagnetization �eld of the cobalt wire is 100
mT and the perpendicular demagnetization �eld of 1T (derived from extrapolation). The
preferential magnetic orientation of thin cobalt wires is in the longitudinal axis; switching
the direction of the magnetization takes place at around 5 mT.





Chapter 4

Proximity e�ect

With the dualbeam setup it is possible to grow materials on small length scales. Cobalt
grown with electron beam deposition has ferromagnetic properties as already described
in the previous chapter. Other materials can be deposited with this technique as well,
such as tungsten, though by using ion beam deposition instead. This deposited tungsten
contains a lot of C and Ga contamination from the precursor material and the ion source,
respectively. Pure tungsten will become superconducting at around 10 mK, but due to the
contamination the critical temperature is raised up to 5 K.[62] The reason for this high
critical temperature will be described in the �rst paragraph of the �rst section. Due to this
higher critical temperature it is possible to perform experiments with this superconducting
material using liquid helium inside a cryostat setup, which is able to reach 2 K.

These tungsten wires can be combined with cobalt wires to investigate the physics
between ferromagnetic and superconducting materials, which have di�erent spin proper-
ties. With cobalt EBID and tungsten IBID point contacts can be created between these
materials from which the polarization of the cobalt wire can be derived. The point con-
tact between a superconductor and normal metal (not ferromagnetic) can be described via
Andreev Re�ection (AR), which will be described in paragraph 4.1.2. In Zaragoza this ex-
periment was already done and this will be described in paragraph 4.1.2 as well.[70] They
deposited cobalt and tungsten structures, using the same precursor materials as attached
to the dualbeam setup in Eindhoven. They measured a spin polarization for the cobalt
wires of 35 %, which is large because pure cobalt can reach a polarization of 40 %.

Another physical e�ect which can be studied is the proximity e�ect, which is described
in paragraph 4.1.3. The proximity e�ect is the leakage of superconducting electrons into
a metal on the micrometer scale. These superconducting electrons are pairs with opposite
spin. When this metal would be a ferromagnet the proximity distance is expected to be
lower, because the electrons in a ferromagnet have the spins aligned. In recent experiments
proximity is still visible in the micrometer range using single-crystalline cobalt wires.[82]

With our dualbeam setup we are able to grow both the cobalt and the tungsten wires
inside the same setup and thereby will reduce the contamination between the contacts.
The size of both the tungsten contacts and the cobalt wire can easily be varied in thick-
ness, width and length. A disadvantage of this technique is that the cobalt wires have a
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lower Co content and are not single-crystalline, but amorphous or poly-crystalline. First
tungsten microwires were grown in Eindhoven to show if this material indeed becomes
superconducting, this is shown in the second section. In section 4.3 the in�uence of the
superconducting leads on the deposited cobalt wires is analyzed in some �rst preliminary
results. First preliminary results will be shown on the proximity e�ect through these cobalt
nanowires and compared to the e�ects in single-crystalline cobalt wires.

4.1 Fundamental background and earlier research

4.1.1 Superconductivity tungsten wires

The superconductive state can be seen as another state of matter. In this state electrons
can move without an applied voltage (zero resistance). At which temperature this state is
reached depends on the applied magnetic �eld and the applied current. Each material has
a de�ned critical temperature, critical �eld and critical current, see �gure 4.1a.[17] When
a magnetic �eld is applied over a superconductive material, the �eld is pushed out of the
material; this is called the Meissner e�ect. This is achieved due to supercurrents �owing
near the surface of the material, by which a superconductor is a perfect diamagnet. The
Bardeen, Cooper and Schie�er (BCS) theory can be used to explain superconductivity and
below the critical temperature two electrons are coupled to form a Cooper pair. Cooper
pairs are known to have opposite spin (singlet state) and opposite k-vector which allows
them to attract each other over longer distances. The attractive interaction is supposed
to be formed by the lattice deformation caused by the �rst electron; the second electron is
attracted to this deformation and lowers the energy of the system. Below the critical tem-
perature the electron density will change; the density of superconducting electrons (Cooper
pairs) increases until all available electrons are superconducting at 0 K, see �gure 4.1b. As
described before, the formation of Cooper pairs reduces the energy of the system and this
reduced energy can be used to create other Cooper pairs, see �gure 4.1c. Eventually at
0 K all free electrons are Cooper pairs and the fermi energy level is lowered towards the
Cooper pair energy level, now a energy gap is formed between the Cooper pair states and
the normal electron states. To be able to split up a Cooper pair into two separate electrons
an energy of twice the band gap is needed.[42, 48]

When tungsten wires are deposited with an ion-beam, the deposition will be contam-
inated by C from the precursor material and by Ga from the ion source. This results in
amorphous or poly-crystalline tungsten depositions. An example of a temperature depen-
dent resistance measurement of a W wire is shown in �gure 4.2a. In the temperature range
between 10 and 300 K, the resistivity is slightly increasing for decreasing temperatures.
This is contrary to what is expected from phonon scattering in common metals. From this
it could be concluded that the tungsten wires are not entirely metallic due to the contam-
ination. The high critical temperature is probably caused by amorphous structure of W
atoms by impurities, for example fcc WC and W2C2 lattice structures which have critical
temperatures of 10 and 2.7 K respectively.[69] For high temperature cuprate superconduc-
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(a) (b) (c)

Figure 4.1: (a) The superconducting state can be spanned in a three dimensional space of
current, temperature and applied magnetic �eld. Above the critical temperature, critical current
and critical �eld the superconducting state will never be reached. Below these critical values
the temperature at which the material becomes superconducting depends on the applied current
and �eld.[17] (b) The electron density inside a superconductor with critical temperature Tc as a
function of temperature, described by the two �uid model (normal electrons and superconducting
electrons). The density of superconducting electrons (Cooper pairs) increases below the critical
temperature until all available electrons are superconducting at 0 K. (c) Forming Cooper pairs
reduces the energy of the system. At 0 K all electrons are Cooper pairs and the Fermi energy level
is lowered to the Cooper pair energy level (BCS ground state). To be able to split up a Cooper
pair into two separate electrons an energy of twice the band gap is needed.[42, 48]

tors the system lattice contains two layered crystal structures containing di�erent atoms.
Only one of the layers is conductive, the other layer is suggested to be a charge reservoir and
could control doping.[61] The deposited tungsten wires are dirty and are not expected to
have a lattice structure or any kind of order, but could have separate conduction channels.
The freedom of the electrons is thereby reduced and the coupling between two electrons
could be increased, resulting in a higher critical temperature. These descriptions are very
hypothetical, but were the only ones found in literature.

Measurements were performed in Zaragoza on wires ranging in thickness and width
between 100 nm and 1 µm all showing this high critical temperature. The composition of
the tungsten depositions was mainly W (43 at%), C (40 at%), Ga (10 at%) and O (7 at%).
By changing the beam energy and beam current, the composition will change resulting
in slightly di�erent critical temperatures.[26] When applying a magnetic �eld the critical
temperature is decreasing due to the Meissner e�ect, which is shown in the inset in �gure
4.2a.[20, 55, 56]

In a di�erent experiment by Kondo in 1992, tungsten thin �lms were fabricated in which
extra Si was induced, see �gure 4.2b. For a Si content of 20-50 % the critical temperature
was 5 K and for higher and lower content the critical temperature was lowered. This
di�erence in critical temperature is also expected for the contamination with C and/or
Ga.[49]
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(a) (b)

Figure 4.2: (a) Temperature dependent measurement of ion beam deposited tungsten wires
made in Zaragoza by Teresa et al. The tungsten microwire had a cross section area of 2.1 µm
and was deposited with 20 kV beam energy and 0.76 nA beam current. The resistance is stable
in the region between 10 and 300 K, but below 5 K the resistance is going to zero. Inset: For
increasing �elds the critical temperature is decreasing and for high applied �elds zero resistance
is not reached anymore.[20] (b) Critical temperature of tungsten-based amorphous thin �lms as
a function of the silicon (Si) content.[49]

4.1.2 Polarization from Andreev re�ection experiments

The electron transport at the point contact between a normal metal and a superconductor
at 0 K can be described for low applied voltage by Andreev Re�ection (AR). When a
voltage is applied over the interface a normal electron is blocked at the interface because
only Cooper pairs can move inside the superconductor, see �gure 4.3a. To get inside the
superconductor the electron will need to �nd another electron with opposite spin to form
a cooper pair and can then move into the superconducting material. This second electron
will leave behind a hole with spin opposite to the �rst electron. To conserve momentum
before and after the re�ection, the hole will have to move to the left and will e�ectively
create an extra current path of an electron moving to the right. When all electrons will
follow this mechanism the conductance will be twice as high compared to a normal metal
to metal interface.[75, 16, 46]

When the �rst metal is ferromagnetic the electrons inside will be spin polarized. When
all electrons are spin polarized in the ferromagnet, incoming electrons at the interface can't
�nd an electron with opposite spin and are not able to form Cooper pairs. This will result
in normal re�ection and zero conductance, see �gure 4.3b. For a partly polarized metal,
there will be some electrons at the interface which have opposite spin to form cooper pairs,
but the conductance will still be lower compared to a normal metal with zero polarization.
The conductance for the superconductor in the superconducting state GNS compared to
the normal state GNN will depend on the polarization. To describe this, the current can
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(a) (b)

Figure 4.3: (a) Andreev Re�ection between a normal not-ferromagnetic metal and a supercon-
ductor, for the incident electron to move through the superconductor it must be a pair. The other
electron must have opposite spin and is taken from the metal, which leaves a hole behind moving
to the left. The hole e�ectively creates an extra electron moving to the right, this will double
the conductance. In this re�ection mechanism spin, energy and momentum are conserved, but a
charge of 2e is missing, this is the cooper pair created in the superconducting material. (b) Normal
re�ection between a fully spin polarized metal and a superconductor results in no conductance,
this is comparable to a metal to insulator interaction.[46]

be split in a polarized part (polarization P ) which is entirely re�ected and a non-polarized
part which will have double the conductance compared to the normal state:

GNS

GNN

= 2(1− |P |), for V < V gap (4.1)

Notice that this is only valid for voltages below the superconducting gap Vgap. At high
voltages the electrons can overcome the energy gap and normal electrons (quasiparticles)
will be able to move through the contact and through the superconductor without form-
ing Cooper pairs. For voltages larger than the bandgap the conductance will be normal
again:[46]

GNS

GNN

= 1, for V > V gap (4.2)

In Zaragoza research on electron and ion beam depositions of cobalt and tungsten has
been done recently.[70] They found the superconductive properties of ion beam deposited
tungsten nanowires at around 5 K as described in the previous section. Also research
was done on cobalt wires deposited with electron beam deposition and these experiments
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showed the ferromagnetic properties.[29] To measure the polarization of these cobalt wires
a point contact between cobalt and tungsten nanowires was made by milling part of the
contact away. The whole process was done inside a dualbeam setup, see left image �gure
4.4a. The wires were deposited side by side resulting in a current perpendicular to the
contact plane.

(a) (b)

Figure 4.4: Results on cobalt and tungsten nanowires in Zaragoza, deposited with EBID and
IBID, respectively.[70] (a) SEM image of cobalt and tungsten nanowires on top of platinum con-
tacts. (b) Conductance versus voltage at di�erent temperatures derived from the IV measurement
(G = dI/dV ). From �ts of the modi�ed BTK theory the values of spin polarization P and pa-
rameter Z can be derived, which is shown in the inset of the �gure. The parameter Z accounts
for oxide at the point contact.

The IV character of this contact was measured at di�erent temperatures, the conduc-
tance is the derivative of this measurement (G = dI/dV ) and is shown in �gure 4.4b as
a function of voltage. For voltages below the superconducting gap the conductance is de-
creasing for lower temperatures, for a normal metal the conductance should be twice as
high due to AR. Due to the polarization (P ) and oxides at the contact (indicated by a
factor Z) the conductance is lowered in this region. When more oxide is present at the
contact the conductance is decreasing in this region until the contact becomes a tunnel
junction. The conductance e�ect is increasing for lower temperatures.

The theory of Blonder, Tinkham and Klapwijk (BTK) is used to describe the IV
character at the point contact between a normal metal and a superconductor. This theory is
modi�ed for ferromagnetic materials by introducing a polarization term P . The parameter
Z is used to describe the in�uence of the oxide at the contact. See also the thesis of
Kant.[46] The measured data is �tted with this function and the inset in the graph of �gure
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4.4b shows the values for P and Z, which are both constant for di�erent temperatures.
The derived polarization is approximately 35% which is not bad because pure cobalt has
a polarization of around 40 %. To derive the real polarization more contacts have to be
grown with di�erent Z values.[46] In the article the polarization value is checked by using
an optimization algorithm to show that a polarization of 35 % indeed gives the best �t of
the data.[25, 21, 34, 16]

From these measurements can be concluded that cobalt wires deposited with EBID
can reach a polarization of 35 %. The tungsten wires follow the BCS theory and the
results from the article show that research on spin-dependent current is possible with the
dualbeam setup. No new measurements were done on this topic in Eindhoven, because the
results would not give additional insights.

4.1.3 Proximity e�ects in ferromagnetic materials

To describe the proximity e�ect of superconducting electrons into ferromagnetic materials,
�rst the e�ect inside a normal metal is described. The formed Cooper pairs can penetrate
inside a normal (not-superconducting) metal over a short distance. An alternative descrip-
tion of two coupled electrons with opposite spin moving to the right, is an electron moving
to the right coupled to a hole moving to the left, see the black and white dot in the super-
conducting material in the top part of �gure 4.5a. The short penetration distance is called
the coherence length ξ, the Cooper pairs stay coupled inside the normal metal depending
on an amount of order F (x), see bottom part �gure 4.5a. In normal metals this coherence
length is ξN =

√
~D/kBT , with di�usion constant for elastic scattering D.[47] The amount

of order is decreased when the Cooper pairs penetrate deeper inside the normal metal, but
the Cooper pairs are still coupled. As the coupling becomes weaker the electron and hole
move further away from each other until they are uncoupled. When the order parameters
(coherence length) from both interfaces overlap, locally the normal metal becomes super-
conducting. The leakage of Cooper pairs inside the normal metal reduces the amount of
Cooper pairs inside the superconductor and will thereby reduce the critical temperature,
which is called the inverse proximity e�ect. Also due to surface magnetization and applied
magnetic �elds, the critical temperature of the superconductor will decrease.[15, 38, 72]

The origin of the electron hole pair inside the normal metal can be described by Andreev
re�ection, see �gure 4.5b. This re�ection takes place from a Cooper pair moving from the
superconductor to the interface or an electron moving from the normal metal into the
superconductor which creates a Cooper pair and re�ects a hole. In both cases the electron
hole pair before and after the re�ection is conserved.[38]

However, when the normal metal is replaced by a ferromagnet, the proximity e�ect will
be smaller. The Cooper pairs from the superconductor have anti-parallel spin alignment
(singlet state), where the electrons in the ferromagnet have parallel spin alignment (triplet
state). These di�erent properties will shorten the penetration depth (coherence length)
of the superconducting electrons, because they encounter di�erent resistances. In ferro-
magnetic metals the coherence length is ξF =

√
~D/kBTCurie, with typically T ≪ TCurie

resulting in a smaller coherence length compared to a not-ferromagnetic metal.[47] How-
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(a) (b)

Figure 4.5: (a) Proximity e�ect of superconducting electrons (Cooper pairs with opposite spin)
into a normal metal. The coupled electrons moving to the right are described as an electron
moving to the right coupled to a hole moving to the left. Electron hole pairs are formed inside
the normal metal as well (by Andreev re�ection) changing the local properties. F indicates the
amount of order inside the lattice, F ̸= 0 means order and F = 0 indicates no order. This
order could be a crystal lattice, a ferromagnetic coupling or a superconducting coupling. In this
case the superconducting order is induces into the metal, because it must be continuous. (b)
Andreev re�ection of the before mentioned electron hole pair from the superconductor into the
normal metal en vise versa, this process creates a coupled electron hole pair in the normal metal
as well.[38]

ever, in experiments the coherence length is longer than would be expected based on the
previous discussion.[41, 13, 57, 59, 24, 80]

Experiments were already done on the combination of superconductive tungsten mi-
crowires with ferromagnetic single-crystalline cobalt wires by Wang et al.[82] They mea-
sured systematically the in�uence of ion beam grown tungsten contacts on single-crystalline
cobalt nanowires, see inset �gure 4.6a. The cobalt nanowires were grown using electrol-
ysis through a nano channel membrane and thereafter these wires were transported onto
a sample close to the contacts. The tungsten contacts were grown on top as voltage and
current leads. The resistance of a cobalt wire was measured as a function of temperature
with distance L = 0.6 µm between the contacts, see �gure 4.6a. Surprisingly the resistance
of the cobalt wire was going down to zero over this rather large distance when the leads
are in the superconducting state.

Apart from that, for a larger distances between the contacts (L = 1.5 µm) the resistance
measurement is shown in �gure 4.6b. The proximity e�ect is still visible for this large
distance, but the resistance is not entirely going to zero. The resistance increase starting
at around 5 K, preceded by a resistance dip, was surprising and the mechanism behind
this increase is not entirely known yet. By applying a magnetic �eld perpendicular to both
the W leads and the Co wire, the resistance increase was reduced and shifted to lower
temperatures.[82]

Earlier proximity measurements by this group were done on gold wires. The resistance
measurements for di�erent distances between the contacts is shown in �gure 4.6c. For a
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(a) (b)

(c)

Figure 4.6: Results by Wang et al. (a) Inset: Image of a 40 nm single-crystalline cobalt nanowire
(light horizontal line) with tungsten IBID microwires (bright vertical lines) deposited on top, dis-
tance between the contacts was L = 0.6 mm. The temperature dependent resistance measurement
shows a resistance decrease at 4 K towards zero resistance. (b) Temperature dependent resistance
measurement with distance between the contacts of L = 0.5 mm. The resistance is again decreas-
ing but does not reach zero, also a resistance increase is visible before the decrease. For increasing
magnetic �elds perpendicular to the sample surface, the resistance decrease is shifter to lower
temperatures and the resistance peak is lowered and shifted as well.[82] (c) Temperature depen-
dent resistance measurement of a gold nanowire (horizontal line) with superconducting tungsten
contacts (vertical lines). For increasing distance between the contacts, the proximity e�ect is
reduced, but no resistance peak is visible at the high temperature side for the large distances.[81]
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distance up to 1.2 µm, the resistance of the gold wire was also going to zero. For a distance
of 1.9 µm the resistance was decreasing to 30% of the normal resistance. The resistance
peak as observed for ferromagnetic cobalt wires was not visible in these experiments.[81]
This could lead to the conclusion that the resistance increase is caused by the ferromagnetic
nature of the cobalt wire.

To show that the resistance decrease is not caused by measuring the resistance of the
cobalt wire through tungsten voltage leads, platinum voltage leads were used, see �gure
4.7a. Electrons could leak through the tungsten voltage leads instead of through the cobalt
wire and in�uence the measurement. The temperature dependent resistance measurement
shows a small decrease and a small peak, but still shows the same behavior. The distance
between the two outer tungsten leads is in this case too large to induce a strong proximity
e�ect. To increase the proximity e�ect an extra tungsten wire is deposited between the
two platinum voltage electrodes, but this wire was not externally contacted, see �gure
4.7b. The temperature dependent resistance measurement now shows a larger resistance
decrease and a larger resistance peak as well. From this result it can be concluded that the
tungsten deposition leaks superconducting electrons into the cobalt wire without applying
a voltage. Note that the resistance of the cobalt wire at 6 K is di�erent before and after the
ion beam deposition of the extra W wire. The cross section of the cobalt wire has become
thinner or the ion beam has partly destroyed the atomic order of the cobalt wire.[82]

(a) (b)

Figure 4.7: Experimental results published by Wang et al. (a) Resistance measurements of a 40
nm single crystalline cobalt wire (vertical line) using tungsten current leads and platinum voltage
leads (both horizontal lines) at 0.8, 2.4 and 1.7 µm distance from top to bottom. The temperature
dependent resistance measurement shows a small resistance peak and a small resistance decrease.
(b) Resistance measurement of the same wire, but with an extra tungsten wire deposited between
the platinum voltage leads. The temperature dependent resistance measurement shows a larger
resistance peak and a larger resistance decrease. Applying a magnetic �eld perpendicular to the
sample surface has almost no e�ect on the temperature dependent resistance.[82]
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In the article two mechanism are described to explain the long range proximity e�ect
and the resistance peak at the high temperature side of the resistance decrease. These two
mechanisms are the formation of triplet Cooper pairs (long range) and spin-accumulation
(resistance peak). Triplet Cooper pairs have parallel spin alignment. From theoretical
studies it is derived that these triplet Cooper pairs have a larger coherence length, therefore
the proximity e�ect is increased. And at the conversion from singlet to triplet Cooper pairs
inhomogeneous magnet moments are required, which could cause the resistance peak.[82,
13]

The mechanism of spin accumulation is shown in �gure 4.8. First consider the case
of electrons moving through the normal-ferromagnet-normal interface, before the normal
metal becomes superconducting; this is indicated in the top part. Inside the ferromagnet
the conductance of electrons with spin-up σ↑ (parallel to the magnetization) is higher
compared to electrons with spin-down σ↓ (anti-parallel to the magnetization). The current
is now mainly carried by the up-electrons (for example 80 %) and the total conductivity
depends mainly on the electrons with the high conductivity, σtot = σ↑ + σ↓. When the
outer metals become superconducting, more electrons with spin-down are needed to create
cooper pairs and the ratio of conductance is shifted towards more spin-down electrons (for
example from 20 % to 40 %). The total conductance is in this case lower because the
ratio of spin-down electrons with lower conductivity is higher.[45] From the two di�erent
conductivities the polarization can be derived p = (σ↑ − σ↓)/(σ↑ + σ↓). The di�erence in
conductivity is:

△R =
p2

1− p2

(
lsd

σtotA

)
(4.3)

with lsdthe spin di�usion length in the ferromagnet and the A the area of the interface.
When assuming a spin polarization of p ∼ 0.42 and a spin di�usion length lsd = 60 nm,
than the resistance peak of a 1.5 mm cobalt microwire with respect to the normal resistance
would be △R/R ∼ 4%.[82] This relative resistance peak is small compared to the before
described experiments and can not describe the resistance decrease.

4.2 Results Superconductivity W IBID

First tungsten wires were deposited to analyze the properties and to show if these depo-
sitions indeed become superconducting around 5 K, where pure tungsten has a critical
temperature of 10 mK. When this material indeed becomes superconducting, it can be
combined with the ferromagnetic EBID cobalt wires.

The wires were deposited with the ion beam using a W(CO)6 precursor. To reach a
high critical temperature the beam energy of the ion source was set to 30 kV and the beam
current to 0.92 nA. Optimization was done by Pacheco in Zaragoza and described in his
thesis.[26] A dwell time of maximal 0.2 ms was needed to deposit the wire; for a longer dwell
time the milling process is faster than the deposition process. First a rather thick wire (400
nm) was deposited on the surface area of 15 x 2 mm² on top of four gold contacts, see �gure
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Figure 4.8: Spin accumulation could cause the resistance increase near the critical tempera-
ture, the proximity e�ect causes the resistance decrease. Inside a ferromagnetic material the
conductance of electrons with spin parallel to the magnetization (spin up) is higher compared
to electrons with spin anti-parallel to the magnetization (spin down). For a normal-ferro-normal
metallic stack, the current will be mainly transported by electrons with spin up. When the nor-
mal metals become superconducting, the amount of electrons with spin down moving through the
stack has to be increased, resulting in a lower total conductance.[45, 18]

4.9a. The wire contained 10-1-8-81 at% C-O-Ga-W respectively, measured using EDX
analysis. The resistance of the tungsten wire was measured while the sample was cooled
down, see �gure 4.9b. The resistance from 160 to 20 K was slightly increasing, which means
that the wire was not (completely) metallic. At around 5 K the resistance makes a step to
almost zero resistance, which is a �rst indication for the superconducting properties of the
W ion beam depositions. This measurement is used to show the broader temperature e�ect,
in later measurements the graphs are zoomed in towards the low temperature regime, to
better show the zero resistance.

This �rst deposition was too thick for using it as leads to the cobalt wire, because the
cobalt wire has to be deposited on top. For thinner leads the shape of the cobalt wire
on top will be less deformed. In the following deposition the wire was much thinner; for
this thinner wire the resistance dependence is shown in �gure 4.10a. The resistance of this
wire is indeed decreasing at 5.5 K and seems entirely superconducting at 4 K. The critical
temperature is de�ned as the temperature at which the resistance is 90 % of the normal
resistance, in this case 5.5 K. When applying a higher current the critical temperature is
decreased; this relation was already shown in �gure 4.1a for the superconducting state.

When applying a magnetic �eld the critical temperature is decreasing to lower temper-
atures, see �gure 4.10b. A constant �eld is applied to the sample and the temperature is
lowered from 10 to 3 K. Only cooling experiments are shown because the heating is not
controllable in small steps and always makes a jump in temperature near 4.2 K when the
helium is vaporized. The critical temperature is lower because the temperature to reach
the superconducting state depends on the applied �eld, see again �gure 4.1a. The �eld
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(a) (b)

Figure 4.9: (a) SEM image at 52 degrees of a 15 x 2 mm² tungsten wire with 400 nm thickness,
deposited on top of four gold contacts. For the deposition an ion beam energy of 30 kV and
current of 0.92 nA was used, the dwell time was 0.2 ms and the total deposition time was 300 s.
The wire contained 10-1-8-81 at% C-O-Ga-W respectively. (b) Temperature dependent resistance
measurement of this tungsten wire during the cooling experiment from 300 to 4 K.

(a) (b)

Figure 4.10: (a) Temperature dependent resistance measurement of a 12.5 x 0.5 mm² tungsten
wire, with 50-100 nm thickness (for which a total deposition time of 10 s was needed). The wire
contained 37-14-49 at% C-Ga-W respectively. Two di�erent currents were applied of 10 and 50 mA;
for a higher current the resistance decrease was shifted to a lower temperature. (b) Temperature
dependent resistance measurement of a comparable tungsten wire deposited with the same beam
settings, but deposited on a di�erent day and on a di�erent sample. The voltage was measured
for an applied current of 50 mA. When applying a constant magnetic �eld of 400 mT parallel to
the wire length, the critical temperature was lowered. For a magnetic �eld perpendicular to the
sample surface the critical temperature was even further reduced.
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e�ect is stronger for an applied �eld perpendicular to the sample surface compared to
an applied �eld longitudinal to the wire. The di�erence in critical temperature between
the di�erent applied �eld directions depends on the shape of the wire. When applying
a magnetic �eld to the wire, the magnetic �eld strength is decreasing deeper inside the
superconducting material over a certain distance; this distance is the penetration depth λ
which depends on the material properties λ(0) and the temperature with respect to the
critical temperature:[72]

λ(T ) = λ(0)(1− T/Tc)
−1/4 (4.4)

This penetration depth is small compared to the total length of the wire and therefore
the temperature e�ect is small for longitudinal applied �elds. The thickness of the wire
is much smaller compared to the length, therefore the penetration depth compared to the
thickness is larger resulting in a larger temperature e�ect for perpendicular applied �elds.
More �eld dependent measurements should be done to show if this tungsten deposition is
a type I or type II superconductor.[42, 48]

4.3 Results Cobalt wire on W contacts

Superconductivity is the formation of Cooper pairs which do not need an applied voltage
to conduct current. When these Cooper pairs reach a normal metal, they keep there strong
bond over a short distance (short range proximity e�ect). For a ferromagnet the spins are
polarized and therefore the proximity length is expected to be reduced. First preliminary
results of the interaction between superconducting tungsten (IBID) and ferromagnetic
cobalt (EBID) microwires are shown in this section.

Tungsten wires were deposited on each gold contact separately with varying spacer
between the end of the wires, see the vertical light wires in �gure 4.11a. In this case the
distance between the wires was from left to right 2, 5 and 2 mm, respectively. Due to
scattering of ions during the deposition tungsten is also deposited in the region between
the wires. This deposited material was milled away with the ion beam (using a longer dwell
time), see the dark rectangles between the tungsten wires in �gure 4.11b. The width of
the milling part was from left to right 1, 2 and 1 mm, respectively. The milling width was
smaller compared to the distance between the microwires to keep the these leads intact.
On top of these tungsten wires the cobalt wire was deposited, see the horizontal line in
�gure 4.11c.

A sample with depositions like shown in �gure 4.11c was cooled down to 3 K. The
normalized resistance of the cobalt wire at decreasing temperature is shown in the left
axis in �gure 4.12a. On the same sample an identical tungsten lead was deposited on
gold contacts; the normalized resistance of this wire is shown in the right axis. Both
resistances were normalized to the resistance at 10 K. The resistance of the cobalt wire
starts increasing at the dashed line when the tungsten lead is partially superconducting.
Before this resistance increase a small dip is visible, which seems to follow the resistance
decrease of the tungsten leads. The resistance peak is reached at the same point where
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(a) (b) (c)

Figure 4.11: (a) Ion beam deposition of tungsten wires (bright vertical lines) on 12.5 x 0.5 mm²

surfaces and 50-100 nm thickness (deposition time was 10 s each) on top of the gold contacts.
Distance between the wires was from left to right 2, 5 and 2 mm, respectively. (b) Ion beam milling
(dark region between the tungsten wires) of the unwanted deposition between the contacts, milling
width was 2 mm in the center and 1 mm in the left and right regions. (c) Electron beam deposition
of cobalt wire on top of the tungsten leads (horizontal line), the wire surface was 12.5 x 0.5 mm²

with a height of 200-250 nm, using a total deposition time of 136 s.

the resistance of the tungsten wire is zero; this is indicated by the solid line. When
further reducing the temperature to 3 K, the resistance is decreasing to 90 % of the normal
conductance at 10 K. As reported by [82], this resistance increase was only visible in
ferromagnetic materials and not in normal metals, see for example the proximity e�ect
measurement of gold wires in the �rst section.[81] This was tried for platinum wires instead
of the cobalt wires, but no proximity e�ect was visible in these experiments, see appendix
�gure A.1. The resistance decrease could be caused by the leakage of Cooper pairs moving
over a distance of at least 2 mm through the cobalt wire towards the next tungsten lead.

On the same sample but on a di�erent position the same geometry was used, all wires
were deposited under identical conditions. A four-point measurement was not possible on
this position due to contact problems and therefore only a two point measurement could
be performed. The two-point measurement of this cobalt wire is shown in �gure 4.12b.
The resistance now includes all the contact resistances, the resistance of the wire and the
resistances of the leads. The resistance is decreasing directly when the tungsten leads are
expected to become superconducting. This resistance decrease is only slightly visible as a
small dip in the four-probe measurement. At 4.5 K the resistance is increasing again and
reaches a maximum at 5 K; for lower temperature the resistance is decreasing again. All
these resistance behaviors are comparable to the four-point measurement shown before.
Due to problems with the measurement setup, lower temperatures could not be reached at
that moment.

In the next temperature dependent resistance measurements a constant magnetic �eld
is applied perpendicular to the sample surface while the sample is cooled down. The �rst
described deposition is used again from �gure 4.12a. The critical temperature at which
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Figure 4.12: (a) The temperature dependent resistance measurement of a 200-250 nm thick
cobalt wire on top of 50-100 nm thick tungsten contacts, connected to the left axis. The temper-
ature dependent resistance measurement of an identical tungsten wire deposited on top of gold
contacts on the same sample, is connected to the right axis. (b) Comparable graph of a di�er-
ent deposition on the same sample, but in this case the resistance was measured over only two
contacts. The resistance includes the contact resistances as well.

the tungsten becomes superconducting was lowered when applying this magnetic �eld, see
the two blue graphs in �gure 4.13. The normalized resistance measurement of the cobalt
wire is indicated in the left axis. The constant magnetic �eld decreases the temperature of
the resistance decrease. Also the resistance peak at 4 K is lowered and shifted to a lower
temperature.

A di�erent layout was also used to reduce the tungsten deposition in the region between
the W leads. Two leads were deposited on the top contacts and two on the bottom contacts,
see �gure 4.14a. All tungsten wires are 21 mm long, 0.5 mm wide and with a height of
50-100 mm (the deposition time was 30 s each). The deposition between the contacts
was in this case not milled away, because the resistance was already high. The tungsten
leads were deposited on two gold contacts to increase the chance of measuring all four
contacts. The normalized resistance between 2 and 10 K is shown as the red open circles
connected to the left axis in �gure 4.14b. This measurement is compared again to the
�rst deposition, indicated with the black solid squares. The resistance measurement is
similar to the earlier deposition, this measurement is indicated with the black squares.
This is surprising because the distance between the contacts is much larger, this could
mean that the deposited tungsten around the wire has an e�ect on the deposited cobalt
wire. This surface deposition is the bright region around the deposition, see �gure 4.14a.
This deposition will play a role in the conductance and decreases the distance between the
leads.

Another deposition on this sample did not show the resistance peak near 4 to 5 K,
but only a decrease in resistance. This measurement is indicated by blue solid triangles
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Figure 4.13: Temperature dependent resistance measurement with and without perpendicular
applied �eld. Left axis is the normalized resistance of the cobalt wire, right axis is the normalized
resistance of the tungsten leads.
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Figure 4.14: (a) SEM image of a long cobalt wire (horizontal line) deposited on top of tungsten
leads (vertical lines) with large distances between them, the distance is from left to right 8, 10 and
8 mm, respectively. (b) Temperature dependent resistance measurement of this long cobalt wire
deposited on top of tungsten leads with a large distance D between them, shown as the red open
circles connected to the left axis. The black solid squares indicate the resistance measurement of
the earlier shown deposition with shorter distance between the contacts. The blue solid triangles
show the resistance measurement of a structure with 5 mm between the leads deposited later on
a di�erent sample, connected to the right axis. This wire showed unexpected behavior which was
not expected.
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connected to the right axis in �gure 4.14b. This decrease was occurring before the tung-
sten leads should become superconducting and the mechanism behind this is not known
yet. Many other samples deposited later, showed only a resistance decrease and not the
resistance peak as was shown in earlier measurements. Therefore, for a systematic study
of the proximity e�ect, not enough measurements could be done systematically. In the
appendix the resistance measurements of these depositions is shown, with more extensive
current and �eld dependent measurements.

4.4 Concluding

From the results described in this chapter can be concluded that it is possible to do
fundamental research on proximity e�ects inside rather dirty (contaminated) materials
deposited with the dualbeam setup. The combination of superconducting microwires and
amorphous or poly-crystalline cobalt microwires gave comparable results to literature of
single-crystalline cobalt wires.[82] For a distance of at least 2 mm, the resistance of the
cobalt wires was reduced to 90 % of the normal resistance. The temperature dependent
resistance measurement of the tungsten leads was compared to the resistance of the cobalt
wire deposited on top. These measurements suggest that the proximity e�ect takes place
when the leads have zero resistance. Unfortunately later deposited structures did not show
the expected behavior, therefore a systematic study could not be done yet.
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DW motion experiments

With electron beam deposition it is not only possible to deposit wires, but also 3D struc-
tures can be grown such as pillars and even spirals. This technique gives a huge freedom, as
pillars of customizable dimensions can be grown at any position on an arbitrary template.
Because cobalt is ferromagnetic, these pillars will be permanent nanomagnets and could
have future applications, for example in logic systems and racetrack memories.[67, 5]

The stray �elds from these nanomagnets are used to in�uence DWmotion. The strength
of these experiments is that not only the DW motion can be controlled, but from the
pinning e�ect the magnetic properties of the pillars can be studied as well. From the DW
experiments the switching �eld of the pillars of di�erent height can be determined.

In the �rst section the theory of domain wall motion and the LLG micro-magnetic
simulation are discussed. In the second section the in�uence on DW motion from a single
pillar on top of a magnetic strip is studied. In the third section we investigate di�erent
ways to modify the DW pinning strength. In particular, we use the potential of EBID to
engineer di�erent pinning potentials varying the shape, position and number of deposited
pillars. Finally an external in-plane �eld is used to tune the pinning potential after the
deposition.

5.1 Theory and simulation DW

5.1.1 Stoner-Wohlfart theory

The homogeneous magnetization of a ferromagnetic material can be described by the
Stoner-Wohlfart (SW) model. The thin ferromagnetic Co layer used for this chapter has
a volume V and length (L) > width (w) >�> thickness (t), see �gure 5.1a and b. This
Co layer is sandwiched between two Pt layers, which changes the preferential magnetic
orientation. The total magnetic moment of the system is constant and given by Ms = |M|.
The SW model minimizes the total energy of the entire strip; the contributions to this
total energy are described in this section.

As described for the magnetism of a cobalt wire, the magnetization of an object creates

43
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(a) (b)

Figure 5.1: (a) Magnetic strip with volume V and length (L) > width (w) >�> thickness (t). (b)
Magnetic strip in the xz-plane with perpendicular magnetization described by the Stoner-Wohlfart
theory.[40]

a demagnetization �eld caused by magnetic dipoles at the surface (see chapter cobalt
characterization). The demagnetization �eld Hd is opposite to the magnetization and the
strength depends on the demagnetization factor in a symmetry direction, described by the
matrix N :

Hd = −NM = −

 Nx 0 0
0 Ny 0
0 0 Nz

M (5.1)

This demagnetization �eld is smallest in the length direction of a ferromagnetic strip, so
Nx < Ny ≪ Nz. To minimize this energy, the magnetization without an applied magnetic
�eld will therefore be directed along the length direction, this is called shape anisotropy.
The energy density µd from this demagnetization �eld depends on the direction of the
magnetization:

µd = −µ0

2
Hd ·M (5.2)

In the case of a Pt/Co/Pt stack interface e�ects cause an extra surface e�ect called
surface anisotropy. The interface e�ects originate from spin-orbit coupling at the interface
which creates an easy axis for the magnetization perpendicular to the surface. This surface
anisotropy is stronger compared to the shape anisotropy. The strength of the surface
anisotropy has a �rst and second order contribution with constants K1 and K2. The
energy density µm due to surface anisotropy can be written in two terms as a function of
the angle θ between the magnetization and the z-axis:
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µm = K1 sin
2(θ) +K2 sin

4(θ) (5.3)

In general, the second order term can be neglected. For an in�nite thin �lm (Nx = Ny =

0 and Nz = 1), both anisotropies are collected in a single anisotropy term Ke� = K1− µ0M2
s

2

and described in the e�ective energy density µe�:

µe� = Ke�sin
2(θ) (5.4)

For Ke� > 0 the magnetization will be perpendicular to the plane and for Ke� < 0
along the plane of the �lm. The next energy term describes the interaction between the
magnetization and an applied magnetic �eld H. This Zeeman energy states that the
magnetization wants to align to the applied magnetic �eld. The energy density term µh

depends on the angle between the magnetization θ and the applied �eld α:

µh = −µ0M ·H =− µ0MsH cos(α− θ) (5.5)

The total energy of this system can be calculated by integrating the total energy density
over the volume of the system.

5.1.2 1D model DW

For a homogeneously magnetized object, the anisotropy, demagnetization and Zeeman
energies are the only relevant contributions. However, when a DW is present, M is not
homogeneous and the exchange interaction between neighboring spins is important. In the
1D model of a DW, the energy of a single DW is derived as a function of its position along
the x-axis. The magnetization of the nanowire is built up from many spins (which create
the magnetization). The spins tend to align their spin to their neighbors via the exchange
interaction, which is proportional to the exchange sti�ness constant A. This interaction
will lead to an extra energy density term:

µexc = − A

|M(x)|2
(∇M(x))2 (5.6)

When the magnetic strip has two domains with opposite magnetization, a DW is formed
in between and the magnetization M will depend on the position, see �gure 5.2a. To
minimize this energy the change in magnetization should be small, resulting in a wide
DW. But the anisotropy energy density should be small as well, resulting in a small DW.
The eventual �nite DW width will be a minimization of the sum of both energies.

The last energy component comes from the stray �elds of the magnetic pillars, which
create a position-dependent energy landscape for the DW, see �gure 5.2b. The energy
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(a) (b)

Figure 5.2: (a) The Pt/Co/Pt strip has perpendicular magnetization due to surface anisotropy.
In the region between to domains with opposite magnetization the magnetization has to rotate,
this is the DW. For in-plane rotation it is called a Néel wall and for perpendicular rotation it is
called a Bloch wall. (b) Stray �elds from a magnetic pillar on a magnetic strip. When the DW is
positioned in front of the pillar position, the magnetization will follow the stray �elds, resulting
in a Neel wall.[37]

density for the DW from these stray �elds µstray is comparable to equation 5.5, but both
magnetizationM and magnetic �eldHstray depend now on the position coordinate (x, y, z):

µstray = −µ0M(x, y, z) ·Hstray(x, y, z) (5.7)

The thickness of the strip is much thinner compared to the width and length. Therefore
the magnetization and magnetic stray �eld can be assumed constant over the z-axis. The
stray �eld is averaged along the width of the strip for a certain position x; now the y-
dependence is taken into account as well.

To calculate the stray �elds from a small magnet, the magnet is simulated as a number
of current loops on top of each other. The stray �elds from each current loop into the
strip is calculated with the law of Biot and Savart. The superposition of the magnetic �eld
from all loops will give the total stray �elds from a magnetic cylinder. The stray �eld will
have a strong perpendicular component and a lower in-plane component, therefore only the
perpendicular �eld component is used in �rst approximation. In �gure 5.3a the strength
of the perpendicular components are shown as a function of the strip width en length. At
the pillar position a strong negative �eld is present (blue) and further away a positive �eld
comes in (orange). All the results are in discrete steps, because they are used later in the
simulation program. The magnetic �eld strength is averaged over the width of the DW
and shown as a function of x in �gure 5.3b. The magnetization of the strip with a DW
on position q is shown in �gure 5.3c. With these two variables the energy density can be
calculated as a function of the DW position q using equation 5.7, the result is shown in
�gure 5.3d.
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(a)

(b) (c)

(d) (e)

Figure 5.3: (a) The z-component of the stray �elds from the pillar has a large negative component
in the center and small positive components further away. (b) Calculated average stray �eld over
width of the strip as a function of x. (c) Magnetization inside the strip as a function of x for
a DW on position q. (d) Calculated energy density from the in-product of magnetization and
average stray �eld as a function of the DW position q, see equation 5.7. (e) Energy density for
di�erent applied �elds. For large enough negative �eld the DW is pulled back from the small
energy minimum, see red circles. A much larger positive �eld is needed to overcome the energy
barrier, see blue triangles.
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The total energy density for this system containing a DW with magnetization angle
θ(x) is given by:

µtot = Ke� sin
2(θ(x))− µ0MsH cos(α− θ(x))− A

|M(x)|2
(∇M(x))2 − µ0M(x) ·Hstray(x)

(5.8)
The total energy is derived by integrating this total energy density over the volume V

of the strip and depends on the position of the DW q, this is given by:

EDW(q) =

ˆ
V

µtotdV (5.9)

To minimize the energy of the total strip, the DW must be positioned in the energy
minimum of the energy density. The proposed energy density is shown in �gure 5.3d. For
the DW in front of the pillar position the perpendicular stray �elds are parallel to the
positive domain, resulting in a energy minimum. To pull the DW out of this minimum a
negative �eld (Hpull) must be applied to be able to overcome the slope on the left side:

dE

dx
= Hpull (5.10)

This �eld results in a Zeeman energy (equation 5.5) which can compensate to the slope,
see red circles in �gure 5.3e. The energy landscape is tilted until the slope on the left is
zero and the DW can move to the left.

The slope of the barrier is much higher compared to the well, therefore a higher �eld
needs to be applied. In this case a positive �eld must be applied to tilt the energy density
to the right due to the Zeeman energy, see blue triangles in �gure 5.3e. When the �eld is
high enough, the high slope becomes zero and the DW is able to move to the right.

5.1.3 Simulation: LLG

The dynamics of the domain wall motion is described by the Landau-Lifschitz-Gilbert
(LLG) equation. There are some important interactions inside a magnetic system which
de�ne the state of this system. These interactions can be described in terms of energy:
exchange energy, volume anisotropy energy (uni-axial or cubic crystals), surface anisotropy
energy and the self-magneto-static �eld energy; these energies were described in the previ-
ous paragraphs. All energy contributions lead to an e�ective �eld He�:

He� = −∂Etot/∂M (5.11)

The software computes the temporal evolution of the magnetization due to this �eld,
following the LLG equation:

dM/dt = − −γ

1 + α
M×He� −

−αγ

(1 + α2)Ms

M× (M×He�) (5.12)
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In the program the magnetization position can be de�ned in the 3D space, resulting in
Nx cells in the x-direction, Ny cells in the y-direction and Nz cells in the z-direction. The
dynamics of the simulation program will stop when a local minimum is reached for dM/dt.
This local minimum is calculated for each magnetization position, which are mutually
coupled to each other via the exchange interaction.[71]

The system inside the LLG simulation program consists of a strip with magnetization
cells Nx = 128, Ny = 16 and Nz = 1. The correct input of the layer properties is important
to make the simulation comparable to the experiments. The easy axis of the strip is in the
z-direction with a anisotropy constant Ku2 = 1.5 · 104 A/m and saturation magnetization
Ms = 1.4 · 106 A/m.

The in�uence of the pillar on the magnetization inside the strip was simulated by in-
troducing a position dependent stray �elds in the system. The stray �eld in the previous
paragraph was calculated for each individual magnetization position and is kept constant
throughout the �eld dependent experiment. In this case not only the z-component of the
�eld was used, but also the x- and y-components. Without an applied �eld the magnetiza-
tion inside the strip will follow the stray �elds, see �gure 5.4a. The simulation shows three
panels for each magnetization direction Mz, My and Mx from top to bottom, respectively.
The red color indicates magnetization component in the positive direction and the blue
color in the negative direction.

An example of the simulation is shown in �gures 5.4b-d. On the left side of this stray
�eld position a positive domain (red) is de�ned in the z-direction and on the right side and
below the pillar position a negative domain (blue). A DW will be created in the region
between the opposite domains on the left of the pillar; this DW will follow the stray �elds
and is directed to the negative x-direction, see sub-�gure b. When increasing the magnetic
�eld in the positive z-direction the positive domain will expand to the right. Surprisingly
the DW is bending around the strong stray �elds in the z-direction, see sub-�gure c. The
DW moves past the pillar position when the �eld is high enough to overcome the barrier
from the strong stray �eld in the z-direction, see sub-�gure d.

5.2 The DW experiment

5.2.1 Cobalt pillars

By keeping the electron beam at the same position the cobalt deposition will grow upward.
This vertical growth has di�erent properties and is caused by a di�erent mechanism com-
pared to lateral growth. The cobalt deposition is mainly due to secondary electrons, which
have the optimal energy to dissociate the precursor gas, see �gure 5.5. First the incoming
electrons will scatter with the electrons inside the substrate, whereas during the growth
the electrons will scatter inside the deposited pillar itself. The back-scattered secondary
electrons (BSE) will cause the vertical growth. The forward scattered electrons will cause
the creation of SEs near the surface, causing deposition around the pillar position. Finally
the horizontal scattered secondary electrons will cause the growth in width of the pillar.
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(a) (b)

(c) (d)

Figure 5.4: Magnetization of the strip in the LLG micro-magnetic simulation program. Separate
magnetization components are shown from top to bottom Mz, My and Mx, respectively. (a)
Magnetization following the magnetic stray �elds. (b) Start of the simulation, the DW follows
the stray �elds and has magnetization in the negative x-direction. (c) For increasing positive
�eld the DW is bending around the strong z-component, image is taken just before depinning.
(d) Depinning for high enough positive �eld, positive domain propagates to the right with DW
magnetization in the negative y-direction.
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[23, 77]

Figure 5.5: Scattering mechanism of Primary Electrons (PEs) inside the pillar, moving further
as Back Scattered Electrons (BSEs) or Forward Scattered Electrons (FSEs), creating Secondary
Electrons (SEs). The BSEs are causing the vertical growth and the SEs cause the horizontal
growth.[35]

The shape and Co content of the pillars can depend on the electron beam energy and
beam current. The pillar grows wider and faster for higher beam current, because more
SEs are created. On the other hand, high current will also cause heating inside the pillar
which will cause dissociation as well and will result in a higher width at the top of the
pillar. The pillar grows thinner for higher beam energy because the electrons will reach
deeper into the substrate. This is already investigated in the report by Tim Ellis on iron
pillars and applied here to deposit pillars with a high aspect ratio (height over width).[23]

In �gure 5.6a and 5.6b we show two thin pillars grown with the same beam settings (10
kV and 0.54 nA), but with double the deposition time. Increasing the time increases the
height of the pillar, but also causes a widening at the top, probably due to beam induced
heating. In �gure 5.6c we show the �rst pillar after a few weeks out of the nitrogen box,
showing a larger width probably due to a high oxidation. The experiments with these
pillars should be done within two weeks after the deposition, or the sample should be kept
inside a nitrogen box.[32, 51, 77, 39]

EDX analysis of some cobalt pillars gives a composition of 13 at% C, 14 at% O and
74 at% Co. The large amount of C atoms is caused by the low beam current and was
also seen for surface depositions. Due to the long deposition time the electron source will
deposit carbon or dissociation is not optimal. The reason for the high oxygen content is
again the contamination from the chamber and atoms from the precursor material.

As described before, these small pillars are seen as small magnets which create magnetic
stray �elds and these stray �elds could pin domain walls. The pillar has its easy axis in the
vertical direction of the pillar and the hard axis in the horizontal direction. By applying
a su�ciently high �eld along the easy axis, the magnetization inside the cobalt pillar will
be aligned to this �eld. When changing the sign of the magnetic �eld, the magnetization
will switch for a �eld higher than the coercive �eld Hc. This coercive �eld will depend
on the aspect ratio between length and width. The Stoner-Wohlfart theory describes
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(a) (b) (c)

Figure 5.6: SEM images of cobalt pillars grown with a beam energy of 10 kV and a beam current
of 0.54 nA. (a) Cobalt pillar after a 30 s deposition. (b) Cobalt pillar after a 60 s deposition.
(c) Picture of the 30 s pillar after a few weeks kept outside the nitrogen box showing a lot of
oxidation.

the coercive �eld for di�erent aspect ratios by rotation of the magnetization only.[37, 76]
Another mechanism of switching the magnetization is the creation of domain walls, as
was described for the switching of cobalt wires in chapter 3. Parts of the pillar could be
switched, which could propagate into the rest of the strip by DW motion.

5.2.2 The magnetic strip

In this paragraph we show how the stray �elds from these nano-magnets are used to pin
magnetic domain walls running through a magnetic strip (domain wall conduit). Earlier
analogous DW experiments were done with iron pillars and platinum pillars. The experi-
ments only showed pinning for the iron pillars and not for the platinum pillars, meaning
that the magnetic properties of the pillars are causing the pinning.[23] Because iron pillars
have a lower purity than cobalt pillars, we expect to have a stronger magnetization and
stronger DW pinning.

For the experiments a Pt(4 nm)-Co(0.6 nm)-Pt(2 nm) strip with out-of-plane magneti-
zation was produced, due to the strong surface anisotropy of the Pt/Co interface. The �rst
region of this strip is irradiated by a gallium ion source, which partly destroys the Pt/Co
interfaces and thereby decreases the perpendicular anisotropy. With this technique we
create a magnetic region which needs a lower applied magnetic �eld to nucleate magnetic
domains.[31] On top of this strip the cobalt pillar is grown with electron beam deposition,
see �gure 5.7 for the sketch of the sample. When a positive �eld is applied, �rst the gallium
region will switch its magnetization due to nucleation and a positive domain is formed.
For higher �elds this positive domain will propagate into the rest of the strip, but will be
blocked by the stray �elds from the pillar.[53]

The pillar can be grown at di�erent positions on the strip and the width and height
can be varied as well. Then, the sample is placed in the center of a coil under the Kerr
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Figure 5.7: Schematic illustration of the pinning experiment of a negative magnetized pillar
through a Pt/Co/Pt strip. The �rst part of the strip is irradiated with the Ga+ ions to create a
soft magnetic region to nucleate domains toward the pillar position.

microscope; the coil produces magnetic �elds perpendicular to the sample. Two bar mag-
nets can also be placed on two sides of the sample on top of the coil creating a constant
magnetic �eld of 20 mT in the plane of the sample. In �gure 5.8a a SEM image of the
cobalt pillar on top of the strip is shown for a 30 degrees angle with respect to the electron
beam. Figure 5.8b consists of three images from the Kerr microscope for increasing applied
magnetic �eld. The positive domain is indicated by the dark color, this domain starts at
the irradiated region on the left and propagates from that position to the pillar position;
it is pinned in the second image from the top and depinned in the third image.

(a) (b)

Figure 5.8: (a) Example of cobalt pillar on top of Pt-Co-Pt strip, structure is comparable to
deposition on the Si substrate. (b) Measurement example of the kerr microscope, the dark region
indicates the positive magnetization. The pillar is positioned in the center of the region of interest,
visible as a bright circle. For increasing magnetic �eld the positive domain is from top to bottom:
propagated, pinned and depinned.

In these images for di�erent applied magnetic �eld strength a region of interest is
selected around the pillar position, see the second image of �gure 5.8b. The average
brightness of all pixels in this region is measured as a function of the applied magnetic �eld,
see �gure 5.9. The black solid squares indicate the intensity for an increasing magnetic �eld
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(see direction of the arrow) op to a certain maximum �eld Hmax+; the red open squares
indicate the intensity for a decreasing magnetic �eld. The incoming positive domain is
visible as an intensity decrease, because the �rst half of the region of interest is �lled with
a dark region. Then the intensity is constant for increasing magnetic �eld because the
positive domain is pinned at the pillar position. For high enough �eld the depinning is
visible again as a resistance decrease, because the dark region (positive domain) �lls the
other half of the region of interest as well.

Figure 5.9: Intensity of the region of interest shown in �gure 5.8b, for applied sweep experiment.
Black graph is from negative to positive �eld en red graph is from positive to negative �eld.
(a) First step is applying 100 mT to obtain a mono-domain. (b) For positive �eld �rst the soft
magnetic region is switched and nucleates into the strip (Hnucl+). (c) For increasing �eld the DW
and positive magnetization is pinned by the stray �elds. (d) For high enough positive �eld the
DW is depinned Hdep+ and moves past the stray �elds, but the magnetization of the pillar is still
negative. (e) For negative applied �eld �rst the soft region is switched and nucleates into the strip
(Hnucl−). (f) The stray �elds from the negative magnetized pillar are not strong enough to pin
the DW.

The �rst step of the experiment is to apply a strong magnetic �eld of -100 mT out-of-
plane (z-direction) to obtain a mono domain strip parallel with the pillar magnetization, see
�gure 5.9a. The �eld dependent measurement starts at -20 mT up to a certain maximum
positive �eld indicated by Hmax+, see again the black graph in �gure 5.9. When the
applied �eld is positive, �rst the magnetization of the gallium irradiated region is switched
by nucleation (Hnucl+) and forms a positive domain which will propagate through the strip,
see �gure 5.9b. This nucleation �eld is indicated by the �rst step in the black graph.

For increasing �eld strength the DW will pin at the pillar position, see �gure 5.9c and
the plateau in the black graph. When the �eld is high enough, the DW can overcome the
stray �elds from the pillar and move past the pillar position, see �gure 5.9d. This applied
�eld strength is called the depinning �eld Hdep+.

After depinning the whole strip is positive magnetized and the �eld strength is decreased
again, indicated by the red open squares in the graph. When the magnetic �elds becomes
negative, again �rst the gallium region is nucleated, now indicated by Hnucl−, see �gure
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5.9e. Propagation of the DW is again visible as a step in the intensity graph. In this case
no pinning is observed from the pillar position. It is suggested that the maximum applied
�eld Hmax+ was not high enough to switch the magnetization of the pillar. Depinning and
switching of the pillar should be seen as two independent mechanisms.

To verify this hypothesis, the same sweep experiments are done, but with di�erent
maximum applied positive �eld Hmax+. The nucleation and depinning �elds are measured
for di�erent maximum �eld, this is shown in the graph in �gure 5.10. For increasing
maximum �elds the nucleation �elds Hnucl+ and Hnucl− as well as the positive depinning
�eld Hdep+ are constant. The only changing variable is the negative depinning �eld Hdep−.
For low maximum �elds no pinning is observed, but for high maximum �elds pinning is
visible by a high depinning �eld. This negative depinning �eld is now comparable to the
positive depinning �eld and the intensity measurement in graph 5.9 would have and extra
step for increasing negative �eld (red open squares). The magnetic �eld dependence is now
symmetric and the magnetization of the strip and pillar should be symmetric as well. For
high enough maximum �eld the magnetization will be switched and pinning is observed,
this is shown in �gure 5.10f. The step in the graph for Hdep− indicates the �eld needed
to switch the magnetization of the pillar and the coercive �eld Hc from the pillar can be
derived with this experiment.

Figure 5.10: Field strength needed for nucleation and depinning of DW for applied sweeps with
varied Hmax+. Switching of the magnetization of the pillar is visible as a step in Hdep−, the �eld
at this step is the switching or coercive �eld Hc of the pillar. (a-d) The �rst four steps are the
same for all applied sweeps: saturation, nucleation and pinning. (e-f) Depending on the maximum
�eld Hmax+ the pillar is not switched in (e), resulting in no pinning. Or the pillar is switched
resulting in pinning in (f) with the same strength as the positive pinning in (c).

The last variable is to derive the �eld needed to pull the DW from the pillar position
back to the gallium region. This will indicate the attractive force from the pillar position.
The DW is positioned at the pillar position as shown in �gure 5.10c with a maximum �eld
below the depinning �eld Hmax+ < Hdep+. When the �eld is decreased again to zero �eld,
the DW will stay at the the pillar position, even for small, negative applied �eld. For a
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negative �eld Hpull−, the DW will move back to the gallium region, see �gure 5.10b and
invert the �eld direction.

5.3 Tuning DW pinning

For the �rst set of experiments the pillar was positioned at the center of the strip to make
the pinning symmetric in the y direction, see �gure 5.7. By changing the height, position
and number of pillars the pinning properties are expected to change. Also the in�uence of
the in-plane stray �elds were analyzed by creating pillars with anti-parallel orientation or
applying an additional in-plane �eld. The measurements are directly compared to results
from the simulation program to reach qualitative agreement.

5.3.1 Height variation single pillar

The described measurements were repeated for di�erent heights of the cobalt pillar. In
this �rst case the pillar was grown with a 17 kV electron beam to make the pillar diameter
small as possible. Sweep experiments were done for di�erent Hmax+ and before every
sweep experiment the system was saturated negatively by applying the maximum negative
z-�eld. To �nd the pulling �eld the DW is propagated to the pillar position into the energy
minimum from the perpendicular stray �elds, see �gure 5.3c. By applying a negative
�eld the DW is pulled back from the pillar position; this pulling �eld for di�erent pillar
heights is shown as the black squares in �gure 5.11a. The strength of the pulling �eld is
an indication for the slope of the energy minimum and is in this case almost constant.
This energy minimum is suggested to be caused by the perpendicular stray �elds coming
back at the sides of the pillar, which are parallel to the positive domain. For higher
pillars these stray �eld lines are further away from the pillar position, thereby reducing the
energy minimum. These results can be compared to the height dependence of iron pillars,
described in the bachelor thesis of Mark v/d Heijden, these results are shown as the black
squares in �gure 5.11b. For increasing height the pulling �eld should decrease and then
saturate. Smaller cobalt pillars should be deposited to see the comparable e�ects for cobalt
pillars.[37]

The �eld was further increased to be able to see the depinning �eld (Hdep+) for di�erent
pillar height, see the red circles in �gure 5.11a. The pinning strength is expected to increase
for higher pillars because the stray �eld density in the z-direction is higher. For high pillars
this �eld dependence will saturate, because the material on top will not contribute to the
stray �elds at the bottom of the pillar. In the experiments the depinning �eld is almost
constant, meaning that the saturation �eld is reached. Again these depinning �elds can be
compared to iron pillars, see the red circles in �gure 5.11b. The smaller iron pillars show
the expected height dependence, �rst an increase and then saturation.

To measure the switching �eld for di�erent pillar heights the step in Hdep− as a function
of Hmax+ is analyzed as was shown in the graph in �gure 5.10. The resulting switching
�eld for di�erent height is shown �gure 5.12a; the line is only a guide to the eye. For higher
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(a) (b)

Figure 5.11: (a) Height dependence of the positive depinning (Hdep+) and negative pulling �eld
(Hpull−) of cobalt pillars (grown with 17 kV electron beam) on top of a Pt/Co/Pt perpendicular
magnetized strip. (b) Height dependent pulling and depinning �eld of iron pillars, reported by
Mark v.d. Heijden.[37]

pillars (L) with constant diameter (d) the aspect ratio p = L/d becomes higher, resulting
in a smaller demagnetization constant. The di�erence in this demagnetization factor is
only small between a pillar with height 600 nm (p = 6), compared to a pillar of 2000 nm
(p = 20). From the demagnetization factor the coercive �eld is derived, this coercive �eld
should in theory saturate for these heights. This increase in switching �eld (coercive �eld)
was also observed for iron pillars, see �gure 5.12b.[37]

Simulation

In the previous paragraph it is shown that the switching �eld of the pillar depends on
its height. Only pinning was observed when the pillar had anti-parallel magnetization
compared to the incoming domain. The in�uence of the stray �elds on DW motion can
be studied using LLG micro-magnetic simulations. For the depinning simulation position-
dependent stray �elds were used, the strength and direction (x,y,z-components) of this stray
�eld was calculated for each individual magnetization position. To investigate the in�uence
of the in-plane stray �elds (x- and y-components), only the perpendicular z-component was
used in the simulation, see red circles in �gure 5.13a. The pillar is positioned in the center
of the strip with a positive magnetization on the left and a negative magnetization on the
right, this results in a total magnetization of Mz = 0. The magnetization is �rst slightly
increasing for positive applied �eld, due to bending of the magnetization as was shown in
�gure 5.4c. At 35 mT the magnetization makes a large step to Mz = 1 due to depinning of
the positive magnetization. The black squared indicate the simulation with all stray �eld
components, this simulation shows depinning at 55 mT. With the in-plane �eld components
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(a) (b)

Figure 5.12: (b) Height dependence of the switching �eld of cobalt pillars, the line is only a guide
to the eye. (b) Height dependent switching of iron pillars, reported by Mark v.d. Heijden.[37]

pinning is much stronger, so they could play a stronger role in pinning the DW as was �rst
expected.

(a) (b)

Figure 5.13: Magnetization of the strip inside the LLG micro-magnetics simulation program.
The pillar is positioned in the center of the strip, resulting in Mz = 0, after depinning the entire
strip will have the same magnetization |Mz| = 1. (a) Depinning of a positive domain due to the
stray �elds from a negative pillar in the center of the strip, including x,y,z-stray �elds (55 mT)
or only z-stray �elds (35 mT). (b) Depinning of a negative domain due to a pillar with negative
magnetization (5 mT) or positive magnetization (55 mT), which simulates switching (highHmax+)
or no switching (low Hmax+) in the DW experiment.

To see if these in-plane stray �elds can also cause pinning, the pinning of a negative
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domain was simulated as well. The stray �elds are still from a pillar with negative mag-
netization, but now on the left side a negative domain is coming in. The depinning for
this negative pillar takes place at a �eld of -5 mT, see black squares in �gure 5.13b. The
pinning strength of a positive pillar was simulated as well, this is indicated by the blue
triangles showing a depinning strength of -55 mT. The pinning strength for a negative
pillar is much smaller compared to pinning of a positive domain, but pinning is visible.
In the experiments this pinning could not be measured because the nucleation �eld was
too high. When the magnetization of the pillar is switched to positive magnetization, the
pinning strength is the same as for a positive �eld and negative pillar magnetization. This
simulation shows that switching will be visible as a step in the pinning strength, as was
suggested before.

The pinning strength can also be changed by positioning the pillar not on the center
of the strip (see �gure 5.14a), but on the bottom edge (see �gure 5.14b). For a pillar on
the bottom edge of the strip, the DW will be pinned and bends around the pillar side, see
bottom part �gure 5.14c. The direction of the DW itself is visible in Mx and My, and is
indicated by the arrows. The simulation of the pillar in the center of the wire is shown in
the top part. For the pillar in the center the DW has its magnetization in the negative
x-direction (Neel Wall) and for the pillar on the bottom in the positive y-direction (Bloch
Wall), see �gure 5.1b. For a pillar in the center of the strip pinning is stronger (55 mT)
compared to on the bottom edge (25 mT), see �gure 5.14d. This simulation shows that
the position of the pillar with respect to the strip is important for the pinning properties.
When moving the pillar away from the center of the strip, the total stray �eld density is
decreasing and therefore the pinning strength is reduced.

5.3.2 Multiple pillar depinning experiments

The simulation showed that the pinning strength can be changed by positioning the pillar
on the edge of the wire. By depositing more pillars the stray �eld density in the z-direction
is expected to increase and thereby the pinning �eld is expected to increase. On a strip the
�rst region was irradiated again, than a single pillar was deposited, two pillars and three
pillars, see �gure 5.15a.

In these experiments the magnetization of all pillars is negative, because the magneti-
zation was saturated negatively by applying -100 mT before starting the experiment. The
nucleation �eld and depinning �elds at the three di�erent positions are shown in �gure
5.15b. The positive domain will move to the single pillar position and is depinned at 7
mT. Than the domain moves to the two pillars and stays pinned up to 8.5 mT. Finally
the domain moves to the three pillars and stays pinned up to 11 mT. This measurement
shows that tuning the pinning strength is possible by using multiple pillars. Depositing
more pillars is suggested to increase the stray �eld density into the magnetic strip.
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(a) (b)

(c) (d)

Figure 5.14: Simulation of depinning experiment shown in the magnetization components of
the magnetic strip; red indicates the positive direction and blue indicates negative direction. (a)
Schematic illustration negative pillar center of strip. (b) (a) Schematic illustration negative pillar
bottom of strip. (c) The top part shows magnetization inside the strip with stray �elds from a
negative pillar in the center of the wire. The bottom part shows a pillar on the bottom edge of
the wire. (d) Pinning is stronger for a pillar in the center of the wire.
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(a) (b)

Figure 5.15: (a) SEM image of multiple pillars on a single strip, the DW will come in from the
top part. (b) Nucleation and depinning �elds for di�erent Hmax+. The sweep experiment shows
stronger pinning when more pillars are deposited. Hdep1+ is depinning for a single pillar, Hdep2+

for two pillars and Hdep3+ for three pillars.

5.3.3 Two pillars parallel/anti-parallel

Other experiments were done with two pillars which had di�erent heights and were de-
posited on the top and bottom edge of the strip, see �gure 5.16c and the schematical
illustration in �gure 5.16a. By positioning the pillars on the edge of the strip, the in-plane
�eld components are expected to play a stronger role in the pinning. The goal is to create
anti-parallel orientation of the pillars to create �ux closure and a stronger in-plane �eld, see
�gure 5.16b. In �gure 5.11b it was shown that higher pillars have higher switching �elds,
thus by depositing two pillars of di�erent height we should be able to achieve the anti-
parallel con�guration. When applying a �eld just high enough to switch the magnetization
of the small pillar and keep the magnetization of the large pillar constant. The anti-parallel
orientation should pin both negative and positive domains, by the strong z-stray �eld of
one of the pillars and could be assisted by the �ux closure of the in-plane y-�elds.

The result of the sweep experiments are shown in �gure 5.16d. The �rst experiment
with only a �eld sweep in the z-direction shows pinning of the incoming positive domain
around 12-13 mT (for both pillars negatively magnetized with -100 mT), the orientation
is shown in �gure 5.16a. For the sweep back experiment the incoming negative domain is
already pinned for low Hmax+ at 10 mT. This means that at least one of the pillars (the
small pillar) is switched already because otherwise pinning should be lower, this situation
is shown in �gure 5.16b. For higher Hmax+ a step in the negative depinning �eld is visible
at 80 mT, which should correspond to the switching �eld of the other pillar. From this
experiment can be concluded that two parallel magnetized pillars have a stronger pinning
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(a) (b)

(c) (d)

Figure 5.16: (a) Overview two negative pillars and propagation of a positive domain. (b)
Overview of negative pillar on top edge and positive pillar on bottom edge and propagation of a
negative domain. (c) Electron beam image of two cobalt pillars on the top and bottom edge of
the strip with di�erent heights. (d) Nucleation and pinning �elds for di�erent �eld sweeps in the
z-direction, starting from -25 mT to Hmax+. The magnetization direction of the two pillars are
shown together with the depinning �elds.
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compared to two anti-parallel pillars.

Simulation

In the simulation program two pillars can be positioned on the wire as well, one on the top
and one on the bottom edge, see the magnetization direction inside the strip in �gure 5.17c.
The top part shows pinning of a positive domain for two negative pillars (see �gure 5.17a)
and the bottom part shows pinning for a positive pillar on the top edge and a negative
pillar on the bottom edge (see �gure 5.17b). The pinning strength for parallel (55 mT) and
anti-parallel orientation is shown in �gure 5.17b. Two pillars increases the pinning strength
compared to a single pillar on the bottom edge (25 mT) indicated by the red circles. The
parallel magnetization orientation is creating stronger (55 mT) pinning compared to anti-
parallel orientation (35 mT). The advantage of this anti-parallel orientation is that both
positive magnetization and negative magnetization can be pinned with this geometry.

In this simulation the pinning strength of parallel orientation is the same as for a single
pillar in the center of the strip. In the experiments the anti-parallel orientation is stronger
compared to the single pillar in the center of the strip. This is the �rst geometry in which
simulation and experiment show di�erent results.

5.3.4 In-plane �eld

To further derive the in�uence of the in-plane stray �elds from the pillar an additional
in-plane �eld is applied. Two permanent magnets were also positioned on two sides of the
sample creating a constant in-plane �eld of 20 mT in the y-direction, see �gure 5.18a. The
net magnetic �eld direction depends then on the applied z-�eld as was used in the previous
section. The y-�eld adds or subtracts to the in-plane stray �elds, allowing for the tuning
of the pinning strength. To increase the e�ect of the applied y-�eld, the position of the
pillar is changed from the center of the strip to the top or bottom edge (with respect to
the y-axis), see �gures 5.18b and c.

The schematic top view of a measurement for a negative pillar on the top edge and a
nucleated positive domain is shown in �gure 5.19a. The y-component of the stray �elds
from the pillar is directed in the negative y-direction. When an extra constant �eld is
introduced in the positive y-direction, this will be opposite to the stray �eld, and the
pinning strength is expected to be lowered. On the other hand, a constant �eld in the
negative y �eld would be parallel to the stray �eld component and could increase the
pinning strength.

In the case of a positive magnetized pillar and a negative applied �eld, a negative
domain will be nucleated, see �gure 5.19b. The constant applied �eld in the positive y-
direction is parallel to the stray �elds and could cause strong pinning. An applied �eld
in the negative y-direction will be opposite to the stray �eld, which could causes weak
pinning. The in�uence of the applied constant in-plane �eld should be exactly opposite for
positive compared to negative magnetized pillars.
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(a) (b)

(c) (d)

Figure 5.17: Magnetization of the DW depinning experiment with the LLG micro-magnetics
simulation program. (a) Schematic illustration of two negative pillars and a positive domain.
(b) Positive pillar on top edge and negative pillar on the bottom edge with a positive domain.
(c) Image of the magnetization inside the strip at the depinning point. The top part shows the
pinning for two parallel magnetized pillars (see overview in �gure a) and the bottom part shows
the pinning of two anti-parallel magnetized pillars (see illustration �gure b). (d) The pinning is
stronger for parallel magnetized pillars compared to anti-parallel orientated pillars.
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(a) (b) (c)

Figure 5.18: (a) Overview magnetic strip and pillar with constant applied magnetic �eld in the
positive y-direction, magnet is out of scale. (b) SEM image of pillar on the top edge of the strip.
(c) Pillar on the bottom edge of the strip.

(a) (b)

Figure 5.19: (a) The schematic top view of a �eld dependent measurement for a negative pillar
on the top edge and a nucleated positive domain. (b) For the sweep back experiment the pillar
will have positive magnetization, stray �elds in the positive y-direction and a negative domain
will be nucleated.
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First consider a constant �eld in the positive y-direction and the sweep in the z-direction
up to Hmax+, see �gure 5.19a. The nucleation and pinning �elds are shown in �gure 5.20a.
No pinning was observed for the negative magnetized pillar after the nucleation of a positive
domain inside the strip, shown as the red circles. The constant �eld is opposite to the stray
�eld and reduces the pinning strength. For the propagation of a negative domain and a
positive pillar, the experiment shows strong pinning (Hdep− = 18 mT), see pink triangles
and dashed line in �gure 5.20a (see �gure 5.19b). The constant �eld is in this case parallel
to the stray �elds which causes stronger pinning. The e�ect is opposed when a constant
�eld is applied in the negative y direction, see �gure 5.20b. Now the pinning of the negative
magnetized pillar (Hdep+ = 17 mT) is stronger compared to the positive magnetized pillar
(Hdep− = 9 mT).
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(a) (b)

(c) (d)

Figure 5.20: (a) The nucleation and depinning �elds for a a pillar on the top edge for a constant
applied �eld of 20 mT in the positive y-direction (see �gure 5.19a and b). (b) The nucleation
and depinning �elds for a constant applied �eld of 20 mT in the negative y-direction. (c) The
nucleation and pinning �elds as a function of Hmax+ for a constant applied �eld of 20 mT in the
positive y-direction and the pillar positioned on the bottom edge. (d) The nucleation and pinning
�elds as a function of Hmax+ for a constant applied �eld of 20 mT in the negative y-direction.

When the pillar is grown at the bottom edge instead of the top edge again the opposite
pinning e�ects take place. Compare �gure 5.20c to �gure 5.20a for constant positive y-
�eld. And also compare �gure 5.20d to �gure 5.20b for constant negative y-�eld. From
both graphs can be concluded that indeed pinning strength can be reduced by applying an
in-plane �eld parallel to the y-component of the stray �eld. All the measurement results
are comparable to what would be expected.

The last remark is that no step in Hdep− was observed in these experiments. The
assumption is that the switching of these pillars is taking place at low �elds, because
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otherwise the strong pinning could not be observed. The depinning and switching �elds
are now close to each other and could take place at the same �eld.

Simulation

The measurements of a pillar on the bottom edge were simulated for a constant y-�eld
during the experiment in the positive or negative direction, see �gure 5.21a. The magneti-
zation direction of the simulated strip for an expanding positive domain is shown in �gure
5.21b. The simulation shows that the magnetization of the DW will follow the in-plane
�eld. The top part shows pinning for a constant positive y-�eld and the magnetization of
the DW in the positive y-direction. The bottom part shows pinning for a negative y-�eld
showing a DW in the negative y-direction. In both cases the DW bends around the pillar
position (bottom edge) and then will be depinned. The resulting depinning �elds are shown
in �gure 5.21c. The pinning strength is higher for a positive y-�eld (27 mT) compared to a
negative y-�eld (32 mT). This result is opposite to the results from the experiments, com-
pare to the red circles in �gure 5.20c and d. In the experiment the positive y-�eld shows
stronger pinning compared to the negative y-�eld. The conclusion is that the described
mechanism is too simpli�ed for these in-plane �elds.

5.4 Conclusions

In this chapter the in�uence of magnetic cobalt pillars on DW motion through a Pt/Co/Pt
strip is studied. From the experiments was observed that the �eld needed to depin the
DW is lower compared to the �eld to switch the magnetization of the cobalt pillars. The
pinning behavior could be described by the perpendicular stray �eld components which has
a strong component directly under the pillar position, but also a weak opposite component
further away from the pillar. This weak opposite component could cause an attractive
force to the DW; when the DW is positioned at the pillar position a low �eld needs to be
applied to pull the DW back. This pulling �eld is lower compared to the depinning �eld.
To tune the DW pinning the geometry of the system was changed.

First the height of the cobalt pillar was varied between 500 and 2500 nm, with a constant
diameter of 100 nm. The depinning and pulling �elds were constant in this range of pillar
height. However, the switching �eld was increasing for higher pillars, this was surprising
for this high aspect ratio. This experiment gave more insight in the magnetic properties
of these small cobalt pillars.

The depinning �elds were measured for di�erent pillar positions and the number of
pillars. Moving the pillar position from the center to the edge of the strip reduces the
pinning strength, this is suggested to be caused by a lower stray �eld density into the
strip. Increasing the amount of pillars will increase the pinning strength as well, now the
stray �eld density is increased. Depinning results with the LLG micro-magnetic simulator
program gives the same qualitative results.

To study the in�uence of the in-plane stray �eld components, two pillars with di�erent
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(a)

(b) (c)

Figure 5.21: LLG simulation of a DW depinning experiments for stray �elds from a negative
magnetized pillar positioned on the bottom edge of the wire. A in-plane �eld of 200 Oe is applied
in the positive or negative y-direction. (a) Magnetization direction of the strip split up in z-,
y- and x-components, the positive sign is indicated in red and the negative sign in blue. The
DW follows the direction of the applied in-plane �eld. (b) Total magnetization of the strip in
the z-direction shows the depinning �eld, pinning is stronger for a constant �eld in the negative
y-direction compared to the positive sign. Experiments show exactly the opposite e�ect, see red
circles in �gure 5.20 c and d.
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height are grown on the top and bottom edge of the strip. Due to the di�erence in switching
�elds for these pillars, pillars with anti-parallel magnetization can be created. These pillars
would have parallel in-plane �elds (�ux closure), but opposite perpendicular components.
The experiments show that pinning of these pillars with anti-parallel magnetization is
smaller compared to the parallel magnetization. Simulations also show a stronger pinning
for the parallel magnetization.

The last modi�cation was applying an additional in-plane y-�eld and measure the
depinning strength of a pillar on the top or bottom edge of the strip. For a pillar on the
top edge the y-component of the stray �eld can be studied. The experiment shows that
applying a constant �eld parallel to the y-component of the stray �eld increases the pinning
strength and anti-parallel to the stray �eld will reduce the pinning strength. However,
simulations show an opposite e�ect for these in-plane �elds. The described mechanism
could be too simpli�ed to predict the experimental results for the addition of an in-plane
�eld.
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Conclusions and Outlook

6.1 Conclusions

Cobalt characterization

The deposition of cobalt wires with the electron beam is a rapid process and the wires
have a purity of more than 85 at%, in literature is stated that purities near 100 at% can be
reached for optimal settings. The wires have resistivities in the range of 110 µWcm, which is
high compared to pure single crystalline cobalt wires with resistivity of 6 µWcm. In cooling
experiments the resistivity of the cobalt wires decreases, from which can be concluded that
the wires are metallic and the RRR value can be derived from this measurement. The
RRR (R(298K)/R(4.2K)) value of the deposited wires is only 1.13, where pure crystalline
cobalt wires reach a factor 334. The magnetic properties of these wires are shown in the
AMR e�ect and is 0.15 % of the normal resistance.

Proximity e�ects

With the ion beam tungsten microwires can be deposited as well, with again a rapid
growth. These wires contain a lot of Ga and C and leaves a W purity of 60-80 at%. The
surprising e�ect of this contamination is that the tungsten microwires become supercon-
ducting at the critical temperature of 5 K, where pure tungsten has a critical temperature
of 10 mK. The superconducting tungsten microwires can be deposited as leads to induce
superconducting electrons into the ferromagnetic cobalt wires, to induce proximity e�ects.
This e�ect was visible as a resistance decrease of the cobalt microwire over distances of
a few micrometers. This is unexpected behavior because ferromagnet material tends to
block superconductivity. The resistance of the cobalt wires shows �rst a resistance peak
around the critical temperature, this is only seen in experiments with ferromagnetic wires
and not in normal metals. Only �rst preliminary results were shown in this report and
more research is possible on this topic.

71
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DW motion

With the electron beam it is also possible to grow small cobalt nano pillars, and due to the
ferromagnetic properties they can be seen as small magnets. These pillars can be combined
with the �eld of Domain Wall (DW) motion inside Pt/Co/Pt strips with perpendicular
magnetization. Cobalt pillars were grown on top of these magnetic strips and will induce
stray �elds inside the strip. When a magnetic domain propagates from one side of the strip,
it will be blocked by the stray �eld from the pillar with opposite magnetization. When
the magnetization of the pillar is parallel to the incoming magnetization, pinning is weak.
With this knowledge the magnetization of the pillar can be derived for di�erent applied
�eld strengths. It is found that depinning at the pillar position is taking place at lower
�elds, and independently to, the switching of the magnetization of the pillar (the coercive
�eld). This coercive �eld depends on the aspect ratio of the pillar, thus higher pillars with
the same diameter have a higher coercive �eld, this is also shown in the experiments.

The pinning strength can be tuned by changing the geometry of the system. Positioning
a pillar on the edge of the strip will reduce the pinning strength compared to a pillar in the
center. Increasing the number of pillars will increase the pinning strength. Both results
could be described by the amount of stray �eld density inside the strip.

For two pillars with di�erent height it is shown that it is possible to switch the magne-
tization of only the small pillar, resulting in a anti-parallel magnetization orientation. This
would increase the e�ect of the in-plane stray �eld component by �ux closure. The pinning
is however stronger when both pillars have their magnetization parallel and opposite to
the induce magnetization. When applying an additional in-plane �eld, this can add up or
subtract to the in-plane stray �eld. Experiments show large e�ects on the pinning strength
for a pillar on the edge of the strip with in-plane y-�eld. Only in this case simulations gave
opposite e�ects.

6.2 Outlook

Cobalt characterization

To increase the magnetic and conduction properties of the cobalt wires, the Co content
should be increased. The Co composition can be increased by depositing in a ultra high
vacuum (UHV) and thereby reduce the contamination from air. To further increase the
Co content the dissociation process needs to be optimized; for example by increasing the
amount of SEs. To increase the amount of SEs the beam energy can be reduced to 2
kV, this could slightly increase the Co content. But to create pure cobalt depositions
the substrate needs to be heated as suggested by Mulders et al.[64] When increasing the
substrate temperature three growth regimes will occur. In the �rst growth regime the
dissociation is 100 % due the electron beam. In the second regime also dissociation due to
heating will take place and the growth rate will increase resulting in complete dissociation
and less contamination from outside. In the third regime the dissociation due to heating
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is too high and the position of the growth is not controllable anymore, but the deposition
will contain 100 % Co.[14, 12]

Proximity e�ects

The �rst step for a systematic study of the proximity e�ects would be to deposit a struc-
ture with 0.5 mm distance between the leads. The cobalt wire in this structure should
reach zero resistance near 2 K. For increasing distance between the leads, the resistance
should not reach zero anymore and a resistance peak should come in near the critical tem-
perature. The thickness of the cobalt wires can be systematically varied, to change the
magnetic properties of these wires.[82] For future experiments on this topic the composition
of the cobalt deposition could be optimized to ensure strong polarization. In the appendix
some depositions which did not show the resistance peak were further investigated, these
measurements did show a resistance decrease due to the proximity e�ect.

Other structures could be deposited with tungsten wires attached, but not as voltage or
current leads. Only the connection to a superconducting material should change the prop-
erties of for example the cobalt wire. The critical temperature of the tungsten wires could
be optimized as well. For di�erent contamination percentages the critical temperature
should in theory change and an optimal could be found.[49]

Finally all these measurements should be done inside a setup which can reach tempera-
tures below 1 K, otherwise some elemental information could be lost. Also higher magnetic
�elds should be applied to make the magnetic e�ects stronger and hopefully the mechanism
inside the depositions more clear. IV characteristics should be studied as a function of
the temperature and the applied magnetic �eld, see for example �gures A.2 and A.3 in the
appendix.

For the experiments on proximity e�ects a di�erent setup should be used which can
reach lower temperatures than 2-3 Kelvin, because now part of the mechanism below this
temperature is not visible. Perhaps the resistance will decrease further or saturate at these
lower temperatures. The distance between the tungsten contacts should be decreased to be
able to reach a zero resistance of the cobalt wire. When increasing the distance again the
resistance peak caused by the ferromagnet properties should become visible and hopefully
the e�ect will be stronger.

DW motion

Considering the experiments with the cobalt pillars and magnetic strips, the advice is to
shift to iron pillars. The problem with the cobalt pillars is the large amount of surface
deposition, caused by the rapid growth, which was not visible that clear for iron pillars.
Another problem for the cobalt pillars was the rapid oxidation after the deposition, which
could change the magnetic properties. For iron pillars this oxidation causes the formation of
iron oxides which can have ferrimagnetic properties and therefore the magnetic properties
are expected to be conserved.
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Figure 6.1: Array of Cobalt pillars alternately on the top or bottom edge of the magnetic strip.
The pinning strength at each pillar site will be modi�ed by applying a �eld in the y-direction, as
it was described earlier in this paragraph.

The �eld dependent experiments with the in-plane �eld were done by placing two
magnets on both sides of the sample. The magnetic �eld strength was always constant
and only the �eld direction could be changed by physically turn the magnets. A new �eld
controlled setup is built which contains more coils, producing variable magnetic �elds in
all three axis direction. With this new setup it will be possible to study the DW motion
through pillars positions with variable in-plane �eld components. Inverting the in-plane
�eld can be done rapidly and within the same �eld dependent measurement.

With the described additional in-plane �elds it is possible to change the depinning
strength, a geometry is need which makes it possible to move both positive and negative
domains across the strip. The idea is to depositing pillars alternative on the top and
bottom edge of the strip, see �gure 6.1. Depending on the in-plane y �eld direction the
pinning will be weak or strong. The domains can be moved step by step depending on
the sign of the in-plane y-�eld, whereas the sign of the z-�eld determines if the positive or
negative domain is expanded. The magnetization of the pillars should also be alternative
positive and negative to pin negative or positive domains, respectively.

Also when applying an additional x-�eld, the pinning properties can be changed. These
experiments were not reported in this thesis because the driving mechanism was not clear
in these experiments. Simulations with these in-plane �elds gave di�erent results compared
to experiments. But this �eld could be used in future experiments.
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Appendix A

Problems proximity e�ects

A.1 Platinum microwire with tungsten leads

To compare the e�ect of the tungsten leads on cobalt microwires, the cobalt wire was
replaced by platinum wires, see �gure A.2a. The temperature resistance measurement is
shown in �gure A.2b. Instead of decreasing resistance, the resistance of the platinum wire
is increasing rapidly. The mechanism behind this resistance increase is unknown. The
platinum wire has a low Pt content and could therefore not be metallic anymore.

(a) (b)

Figure A.1: Temperature dependent resistance measurement of a platinum wire on top of tung-
sten leads.
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A.2 Cobalt microwire with tungsten leads

Not all the experiments show the resistance peak, but for some depositions a resistance
decrease is seen at the expected point, the problem could be that the applied current in
the RT measurent was not correct, resulting in a di�erent voltage. The resistance of one of
the cobalt wires for di�erent applied currents between 3 and 6 K is shown in �gure A.2a.
The critical temperature of the superconductor will shift to higher temperatures, but this
will only shift the starting point of the resistance decrease to the left. But in the graph it
is seen that the slope of the resistance decrease is lower for higher currents, meaning that
the current density could have an e�ect on the cobalt wire as well.

The conductance for di�erent applied currents at 10 and 4 K is shown in �gure A.2b.
This conductance is derived from the IV measurement and the current can be replaced
by voltage which will result in the same shape. For an applied current below 50 mA the
conductance is higher at 4 K compared to 10 K, this is also seen in a lower resistance in
the resistance graph. Between 50 and 100 mA the conductance is lower compared to 10
K, this should result in a resistance increase in the resistance graph. But the resistance
with a current of 100 uA is lower at 4 K, this is not expected and inconsistant to the IV
measurement.

The shape of the cunductance is further investigated for a di�erent sample for di�erent
temperatures around the critical temperature of the W leads, the result is shown in �gure
A.2c. The shape is again the same with a high conductance for low currents, than a low
conductance valley followed by a constant conductance. For lower temperatures below the
critical temperature of the W leads, the peak and valley are broadening.

Again the behavior can be changed by applying a perpendicular magnetic �eld, the re-
sults are shown in �gure A.3a. As expected the applied �eld lowers the critical temperature
of the tungsten leads, this is seen in the R vs T graph. At 4 K the conductance as a function
of the applied current and for di�erent applied �elds, see �gure A.3b. The conductance
peak below 50 mA is decreasing for increasing applied �eld resulting in a higher resistance.
The conductance valley between 50 and 100 mA is rizing for increasing �eld strength and
at 400 mT it is gone. The dip could be the reason for the resistance peak shown in the
�rst paragraph. The resistance versus temperature measurement of this sample should be
done again for an applied current of 80 mA. Than the resistance peek should be visible, by
applying a �eld again the peek should be reduced and completely gone for an applied �eld
of 400 mT.
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(a) (b)

(c)

Figure A.2: (a) Resistance vs temperature for di�erent currents applied on a cobalt wire on top
of tungsten leads. (b) From the IV measurements at di�erent temperatures the conductance can
be derived depending on the applied current. It is also possible to write the voltage in the bottom
axis. (c) Conductance versus voltage for di�erent temperatures of a di�erent deposition.
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(a) (b)

Figure A.3: (a) Resistance vs temperature for di�erent perpendicular �eld for I = 50 mA. (b)
Conductance versus applied current for di�erent perpendicular �eld strength.


	Introduction
	EBID
	Superconductivity and ferromagnetism
	Domain wall motion
	This thesis

	Experimental Setup
	Dualbeam setup
	Electron beam deposition
	Ion beam deposition and milling
	Composition analysis
	Kleindiek manipulators

	Magneto-transport and cryostat setup
	Magneto-Optical Kerr microscope

	Cobalt characterization
	Deposition
	Composition
	Conductivity
	Magnetism
	Concluding

	Proximity effect
	Fundamental background and earlier research
	Superconductivity tungsten wires
	Polarization from Andreev reflection experiments
	Proximity effects in ferromagnetic materials

	Results Superconductivity W IBID
	Results Cobalt wire on W contacts
	Concluding

	DW motion experiments
	Theory and simulation DW
	Stoner-Wohlfart theory
	1D model DW
	Simulation: LLG

	The DW experiment
	Cobalt pillars
	The magnetic strip

	Tuning DW pinning
	Height variation single pillar
	Multiple pillar depinning experiments
	Two pillars parallel/anti-parallel
	In-plane field

	Conclusions

	Conclusions and Outlook
	Conclusions
	Outlook

	Bibliography
	Problems proximity effects
	Platinum microwire with tungsten leads
	Cobalt microwire with tungsten leads


