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Abstract

Magnetism is crucial in nearly all present-day storage devices. Since storage density is in-
creasing very rapidly and increasingly smaller sizes are required, there is a huge demand
for magnetic technology on the smallest length scales. Applications of magnetic micro- and
nanostructures in storage devices require a precise determination of the coercive field, which
depends on the shape of the structures.
In the present work this has been investigated for cobalt microstructures grown by focused
electron beam induced deposition (FEBID) using Co2(CO)8 as precursor. The dependence of
the coercive field on the thickness and on the aspect ratio (AR) has been studied. The exper-
iments are performed on structures with a 500 nm and 1 µm width in a 15-55 nm and 5-85
nm thickness range respectively. Magneto-optical Kerr characterization demonstrated in both
cases that the coercive field decreases with increasing thickness. Secondly, experiments de-
voted to determine the influence of the AR, demonstrated that the coercive field is lower for
wider samples. At last, experimental results showed that structures consisting of two areas of
different thicknesses, exhibit two different values of the coercive field i.e. a two step switch of
the magnetization. This result is obtained from samples fabricated with a voltage of 15 kV pro-
ducing a halo around the main structure. Due to the higher voltage, this halo exhibits magnetic
properties which influence the magnetization reversal.
Micromagnetic simulations indicated that the decreasing trend observed in the experiments
was caused by the non-coherent magnetization reversal mode. It turned out that the shape
and profile of the wires influence the coercive field. The value of the coercive field of wires with
triangle ends compared to rectangular ends higher. The coercive field is also higher for wires
with a gaussian profile compared to a rectangular profile, because the nucleation of the domain
walls is favoured at the thinnest parts of the wire.
These results show that controlling the shape and the profile allows for tuning the value of the
coercive field which is of great importance to applications in storage devices.
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1 Introduction

Nowadays, we can hardly imagine to live without electronic devices like computers or smart-
phones. Digital storage is of vital importance for these devices and their functionality. In 1946
Freddie Williams and Tom Kilburn developed the Williams tube, a cathode ray tube used as
a computer memory to electronically store binary data. It was the first random-access digital
storage device [1]. In 1956 the hard disk drive (HDD) was introduced and it became a widely
used storage device by the early 1960s. A HDD uses one or more rigid rapidly rotating disks
coated with magnetic material. These disks have a small magnetic part on a moving actuator
arm which can read and write data to the surface of the disks [2].

Ever since, magnetic materials have been used in most digital storage devices, due to the
fact that the magnetic ordering of these materials is stable enough to preserve data for a long
time and is also changeable by an applied magnetic field [3].Therefore magnetism is an im-
portant subject in digital magnetic storage. Over the last decades magnetic storage density is
increasing steadily in almost the same way as electronic device size and circuitry are shrinking.
Magnetism in general appears as a new contender for many novel computing applications that
have been traditionally considered beyond its range. Denser storage leads to finer magnetic
structures which contain a single magnetic domain, a region where the magnetization is pointed
in the same direction.

At a small scale (micro, nano) the behaviour of the magnetism could be different, which makes
it important to investigate the magnetic behaviour in micro structures and particularly the mag-
netization reversal. This is the process in which the magnetization direction of the sample is
reversed by applying a sufficiently high external magnetic field or current (section 2.2). The rea-
son for this importance is that most of magnetic devices are depending on the magnetization
reversal, since they produce a voltage output when this occurs. The only way to fabricate appro-
priate magnetic devices, is to fully control the coercive field, the magnetic field which causes the
magnetization reversal. Therefore, in this report an attempt is made to determine the behaviour
of the magnetization reversal in cobalt micro wires. The wires have a fixed length and width and
are varying in thickness, resulting in a study of the dependence of the thickness on the magne-
tization reversal. Furthermore, the influence of the aspect ratio (AR = thickness/width) on the
magnetization reversal is investigated. Therefore another batch is fabricated, which consists
of wires varying in thickness with the same fixed length and a different fixed width compared
to the previous batch. The fabrication of these magnetic micro structures is done by focused
electron beam induced deposition (FEBID) using Co2(CO)8 as precursor gas which results in
cobalt deposits. This technique produces deposits using a focused electron beam (FEB) which
dissociates the molecules of the precursor absorbed on a substrate surface (section 2.4). To
extract the information of the magnetization reversal the magneto-optical Kerr effect (MOKE)
(section 2.6) is examined using the Kerr microscope (section 3.2). These experimental results
(section 4.1) are supported by micro magnetic simulations (section 4.2).
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2 Theory

2.1 Stoner-Wohlfarth theory

The Stoner-Wohlfarth (SW) model describes the physics of the homogeneous magnetization of
a ferromagnetic material. It is assumed that a magnetic material consist of a collection of small
particles with anisotropy which are sufficiently separated from each other so that interactions
between them are negligible. Each particle is uniformly magnetized to saturation which gives a
single magnetic domain with moment m. Its magnetic moment is free to rotate in any direction.
Consider a thin ferromagnetic layer with a volume (V ) and a length (L)> width (w)>> thickness
(t) as displayed in figure 1, without any interaction due to quantum exchange torques or to
magnetic dipole-dipole forces [4].

Figure 1: Magnetic strip with volume (V ) and a length (L) > width (w) >> thickness (t).

In this layer the total magnetic moment is constant and given byMs =|M |. The strip possesses
a uniaxial anisotropy which means that the magnetization prefers to lie along this axis in order
to minimize the energy [5]. An external magnetic field ~H is applied and the moment ~M can only
move in a two-dimensional space (see figure 1). Therefore, it only depends on the angle θ, the
angle that ~M makes with the anisotropy axis (in this case also the easy axis). It follows that the
orientation of ~M depends on two torques. One is due to a uniaxial anisotropy characterized by
the domain crystal anisotropy constant K, which favours some direction and the other is due to
the external magnetic field ~H. The SW model is used to minimize the total energy of the entire
strip, which is given by the contributions of the anisotropy energy EA and the Zeeman energy
Ez = − ~M · ~H. The energy is then

E = EA + Ez = K · sin2(θ)− ~H ·Ms · cos(θ − φ). (2.1)

For K > 0 the anisotropy energy K · sin2(θ) is minimum when θ = 0. The magnetic moment
will be oriented to the direction such that the total energy E = EA + Ez is minimized [6], [7].

2.2 Magnetization reversal

When a magnetic field is applied to a ferromagnetic material, a magnetization change can take
place. If the magnetization changes its direction 180◦, this is called magnetization reversal.
For this to happen the applied magnetic field needs to be above a certain threshold. This
phenomenon can be best explained with a plot of the value of the magnetization (M) versus the
applied magnetic field (H) shown in figure 2. This figure also shows two different trajectories for
the easy axis (the blue line) and the hard axis (the red line). First, a magnetic field is applied in
negative direction which is sufficiently high to ensures that all magnetic moments are pointed
in that direction. The magnetic field will be decreased to zero and subsequently increased
up to some value in the positive direction, which is again high enough to cause an alignment
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of all magnetic moments in the positive direction as well as a switch of the magnetization (or
the magnetization reversal). The path followed is referred to as the ascending branch. After
this the opposite is done: the magnetic field is decreased to zero and further increased up to
the negative value of the magnetic field which was the starting point. This path is called the
descending branch. When two branches (ascending and descending) do not follow the same
trajectory, as in figure 2, it is called a hysteresis loop.

Figure 2: A single domain hysteresis loop along with the quantities Hc for the coercive field, Mr

the remanent magnetization and Ms indicating the saturation magnetization.

The main characteristics of the hysteresis loop are indicated in figure 2 which are the coercive
field Hc, the remanent magnetization Mr and the saturation magnetization Ms. The first is the
value of the applied magnetic field for which the magnetization ~M = 0. The second represents
the magnetization when the field ~H = 0. The last, the saturation magnetization, is attained
when all the magnetic moments are aligned along the same direction. The ratio Mr/Ms is
called squareness and equals 1 in the case of the easy axis. In that case, the corresponding
hysteresis loop has a rectangular shape. Figure 1 shows the anisotropy axis which is intrinsic
and determined by the growth conditions. The easy axis on the other hand is determined from
all contributing energy terms. The total energy minimum is achieved when the magnetization
is along the resulting easy axis orientation [6]. The remanent magnetization (Mr) depicted in
figure 2 depends for a given temperature and frequency on the angle φ shown in figure 1.

2.3 Domain wall

A magnetic domain is a region of a ferromagnetic material where the magnetization is pointed
in the same direction. The interface that separates two magnetic domains is called a domain
wall (DW). In a DW the magnetization has to rotate gradually. This can happen in two ways
corresponding to the two types of DWs, the Néel and the Bloch wall. The first one has an
in-plane magnetization reversal while the latter has an out-of-plane reversal as represented
in figure 3. All small magnetic moments added together represent the total magnetization.
These magnetic moments tend to align which results in a limitation to the rotation between two
magnetic moments. Multiple magnetic moments are required to rotate the magnetization 180◦

and therefore the number of involved magnetic moments determine the DW width.
The magnetization ~M in a DW is not homogeneous. Therefore the anisotropy and the Zeeman
energy are not the only relevant contributions to the total energy but also the exchange energy
between neighbouring spins is important. The spins tend to align their spin with their neigh-
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Figure 3: A domain wall between two domains with opposite magnetization along the length
axis. The rotation of the magnetization can be in-plane (Néel wall) or out of plane (Bloch wall).

bours via the exchange interaction, which is proportional to A, the exchange stiffness constant.
The result is an additional energy density term [5]:

Eexc = − A

|M |2
(∇M)2. (2.2)

The exchange energy has a minimum for a small magnetization difference resulting in a wide
DW. However the anisotropy energy has a minimum for a narrow DW. The orientation of the
magnetization is determined by minimizing the total energy E = EA + Ez + Eexc This means
that the DW is the balance of the anisotropy constant K and the exchange stiffness constant
A. During the magnetization reversal the DW is moving. To stop a DW from moving, which is
called DW pinning, a local energy minimum needs to be created where the DW is trapped.

Figure 4: An energy landscape where the DW is pinned.

Such a local minimum can be caused by locally modifying the magnetic anisotropy. For the DW
to start moving again, the energy barrier has to be overcome by applying a higher magnetic
field [3].

2.4 Focused electron beam induced deposition

The fabrication of cobalt samples studied is carried out by focused electron beam induced
deposition (FEBID). FEBID, developed in the 1980s, is able to create a selective deposit using
a focussed electron beam and a precursor material. The precursor molecules adsorbed on
the sample are dissociated by the electrons impinging over the scanned area where the non-
volatile components form the deposit and the volatile components are evacuated in the vacuum
system (see figure 5).
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Figure 5: Schematic illustration of FEBID.

This technique has a number of advantages compared to traditional techniques. The main ad-
vantages are: Firstly, deposition is possible on any substrate and in any place where it is pos-
sible to take a focused electron beam (FEB) image. Secondly, the growth of three-dimensional
structures is possible as well as the possibility to control their thickness and lateral size at the
nanoscale. Thirdly, it is a direct writing technique which means that samples with an arbitrary
shape can be fabricated. The advantage of direct writing technique implies that FEBID is a
one-step process. This process compared to the multiple steps in for example electron beam
lithography (EBL) is displayed in figure 6.

Figure 6: Simplified fabrication of structure: comparative of the standard sequence by (a) EBL
versus (b) FEBID patterning.

Despite the fact that FEBID is depicted as a simple process, rooted on a simple principle and
demonstrating outstanding performance, it involves very complex concepts which make it diffi-
cult to fully understand [8], [9].

To study the effect of some parameters a simple model is considered [10]. In this model it
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is assumed that only those molecules adsorbed at the substrate surface undergo dissociation
induced by electron irradiation. This means that only a monolayer of the adsorbed precursor
molecule can contribute to the layer growth. Different processes on the surface are illustrated
in figure 7.

Figure 7: Illustration of surface interactions with the electron beam, precursor gas and atoms
indicated. g represents the sticking factor, τ the mean life time of the adsorbed molecule, J the
electron flux, F the flux of the precursor molecules, N the density of adsorbed molecules, N0

the molecule density in the monolayer and σ the cross section for dissociation.

The precursor molecule coverage N depends on the number of molecules that adsorb from
the gas phase, the number of molecules that are decomposed by the electron beam, and the
number of molecules that desorb to the gas phase. This results in the following equation:

dN

dt
= gF (1− N

N0
)− σ(E)NJ − N

τ
, (2.3)

where the first term on the right hand site corresponds to the adsorption at suitable surface
sites. The last two terms lead to an attenuation of the adsorbate and correspond to the dis-
sociation and reevaporation respectively. In this equation g is the sticking factor, F is the gas
flux arriving at the substrate, N0 is the available adsorption site density in a monolayer, J is
the current density (corresponding to the electron flux f in figure 7), τ is the residence time of
precursor molecules on the surface and σ(E) the cross section for dissociation [11].

The parameters used in the FEBID process can be divided into two categories: Those of the
FEB and those that determine the precursor supply. The FEB is characterized by its accelera-
tion voltage (AV), which refers to the energy, and by the beam current (BC), which refers to the
amount of electrons impinging on the surface. In general, the higher the incident energy, the
lower the deposition rate due to a smaller probability of charged particle-precursor collisions.
Moreover, the narrower the beam, the higher the resolution can be attained. Choosing a wider
beam aperture gives rise to an increase of the BC which results in more material deposited and
a broadening of the wire. A compromise between these two (deposition rate and resolution) is
needed which determines the AV and current densities (diameter of the beam). Another effect
is related to very high currents (∼ 24 nA). Using high currents results in a higher deposition
rate at the edges of the wire compared to the centre. The whole area under the beam spot has
the same probability to be deposited, which would result in a structure with a constant height.
However, due to very high currents and a low gas injection rate, the area under the beam will
be quickly emptied. Because the supply of new precursor molecules comes mainly from the
outside of the irradiated area, most molecules are deposited on the edges before reaching the
centre of the beam spot. For lower beam currents (such as 10 nA) this effect is negligible
which results in an approximately constant height across the sample [12]. This is called the
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electron-limited regime (ELR) in which only a portion of the accessible precursor molecules on
the deposition site are decomposed by the FEB. When using a much lower current (< 0.4 nA)
the purity of the FEBID-Co is substantially lower [13].
The FEB produced in the scanning electron microscope (SEM), which will be discussed in
section 3.1, is called primary electron (PE) beam. The inelastic collisions of the PEs with the
substrate produce secondary electrons I (SEIs). These SEIs have a relatively low energy and
because of that they play the central role in the precursor dissociation mechanism which leads
to the deposition of the main structure. Besides the SEIs that are produced when the PE beam
strikes the substrate, backscattered electrons (BSEs) with energies comparable to PE energy
are produced. By inelastic collisions with the substrate these BSEs also produce low energy
electrons, referred to as SEIIs. These SEIIs are responsible for the formation of a thin layer
deposited around the main structure which is called a "halo". The halo geometry is related to
the distribution of the SEIIs produced by the BSEs. The distribution of the BSEs depends on
the AV used. Increasing the AV results in a broader BSEs distribution which causes the width
of the halo to increase as well [14]. A higher AV also induces a higher temperature. Since the
precursor gas Co2(CO)8, used in this report, decomposes at a relatively low temperature (60◦C
[15]), it is expected that SEIIs reaching further distances from the centre, and consequently
having in average lower energy, will be able to dissociate the precursor molecule at a higher
rate as the temperature (and the AV) increases [16].

A lot of research regarding to the FEBID technique has already been done. Since FEBID is an
important part in this report, two different ferromagnetic materials grown by FEBID from three
previous studies ([17], [18] and [13]) will be discussed.
The first article of R. Lavrijsen et al. [17] focusses on the magnetic properties of Fe deposited by
FEBID from a Fe2(CO)9 precursor. Using energy dispersive X-ray spectroscopy (EDS), which
will be discussed in section 2.5, the effect of the beam energy and current on the composition
of the deposits is determined. They found that the highest Fe content results from higher beam
currents and lower beam energy (where the first has influence to a greater extent). The fact that
a higher Fe content is found for a high beam current could be related to a local heating effect
that occurs when a high beam current with low energy is used. Another effect on the Fe content
suggested in the article is the higher growth rate at high beam currents, for the parameters they
have chosen. The higher growth rate causes the relative amount of contaminants present in
the vacuum chamber that will be incorporated in the deposit to decrease. They compared the
magnetic behaviour of the FEBID-Fe with pure Fe and observed a square MOKE hysteresis
loop as expected for the pure Fe structure. For the FEBID-Fe they observed a clear hysteresis
loop but with a gradual switch indicating a less well-defined easy axis compared to the pure
Fe structure. However from these observations can be concluded that the hysteresis in the
MOKE measurement (see section 2.6) and switching behaviour in the magnetization reversal
measurement indicate that the FEBID-Fe deposits show genuine ferromagnetic behaviour.
In the second article of Luis A. Rodríguez et al. [18] the influence of the shape on the magne-
tization reversal of Fe nanowires fabricated by FEBID is investigated. The same precursor gas
(Fe2(CO)9) as in the previous article is used. The Fe content in the nanowires is between 80
and 85%. Using MOKE they observed decreasing coercive field for increasing thickness and
width. The fact that the coercive field depends on the thickness and width, provides a route to
control the magnetization reversal through the modification of the nanowire dimensions.
In the third article, A. Fernández-Pacheco et al. [13] studied the magnetic and transport prop-
erties of cobalt nanowires grown by FEBID from a Co2(CO)8 precursor. They found that for
beam currents above approximately 2 nA the percentage of the atomic Co content is around
90% or more. For lower current on the other hand the Co content is around 80% or less. The
explanation for this behaviour given in this article is also the heating effect. At 60◦C ([15]) which
is a relatively low temperature, the precursor Co2(CO)8 can be thermally decomposed. Using a
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high current will favour local heating which will results in the high Co content. It has been found
that the Co content correlates with the beam current used for the fabrication and by means of
FEBID magnetic nanostructures can be fabricated.

2.5 Energy dispersive X-ray spectroscopy

Energy dispersive X-ray spectroscopy (EDS) is a technique used to collect and determine the
energy and number of X-rays that are given off by atoms in a material. Excitation of a sample
by an energy source for example high-energy electrons in an electron microscope, transitions
of electrons in the sample between different energy states and the emission of excess energy
from the sample can cause these X-rays (see figure 8).

Figure 8: Principle of EDS. A: An incident electron in the SEM travels into an atom within a
sample. B: The incident electron knocks a K-shell electron out of the atom, leaving a vacancy
in the K-shell. C: An electron of higher energy within the atom (i.e. and L-shell electron) moves
into the vacant K-shell position. This electron transition results in the release of an energy
exactly equal to the difference in energy between the L-shell and the K-shell. As it turns out,
this energy difference falls in the X-ray region of the electromagnetic spectrum: thus, an X-ray
photon is emitted from the atom. The energy of the X-ray photon is characteristic of the element
from which it is emitted.

Because the energy and the wavelength of the emitted X-rays are characteristics of the el-
ements from which they originated they can be used to identify which elements are in the
sample and the absolute concentration of those elements [19].

2.6 Magneto-optical Kerr effect

To study magnetic properties of magnets a well established technique called the magneto-
optical Kerr effect (MOKE) can be used. MOKE is based on the fact that the plane of polariza-
tion of light is rotated when the light is reflected from a magnetic material. The physical origin
of MOKE can be described by considering the linearly polarized light as a superposition of two
components: left- and right-circularly polarized (LCP and RCP) light. When the light reaches
the magnetic material it travels a short distance into the material before it is reflected. Hereby
the LCP and RCP component continue both with a different velocity and undergo different ab-
sorption rates. The different velocity results in the rotation of the plane of polarization and the
different absorption rate results the beam to obtain an ellipticity. The rotation of the polarization
of the reflected beam is often called the Kerr angle, ΘKerr, and can give information about the
magnetization state of the sample. With MOKE it is possible to study quasi-static magnetiza-
tion properties and magnetic anisotropies. Since it is an optical technique it is non-invasive and
the spatial resolution is only limited by the optical resolution. Therefore it is possible to study
the properties of magnetic thin structures with a lateral dimension down to 200 nm. There are
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three magneto-optical Kerr configurations depending on the mutual arrangement of the mag-
netization and the plane of incidence of the scattered light: polar, longitudinal and transverse.
The polar Kerr effect occurs when the magnetization is directed perpendicular to the reflection
surface and parallel to the plane of incidence. In the case of the longitudinal Kerr effect, the
magnetization vector is parallel to both the reflection surface and the plane of incidence (see
figure 9). When the magnetization is perpendicular to the plane of incidence and parallel to
the reflection surface it is referred to as the transverse Kerr effect. Experimental investigations
have shown that the rotation of the polarization or the change of light intensity (depending on
the MOKE configuration) is proportional to the projection of magnetization on one of the three
orthogonal axes. In the longitudinal Kerr configuration which is studied in this report, linearly
polarized light incident on the surface becomes elliptically polarized (see figure 9) [20], [21], [3].

Figure 9: Schematic display of the polarization of light in the longitudinal Kerr configuration.
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3 Experimental setup

3.1 Dual Beam

The samples studied in this report are fabricated by using the Nova 600i Nano lab dual beam
(DB) from FEI Company. A DB consists of both a focused ion beam (FIB) and a scanning
electron microscope (SEM) in a single system as shown in figure 10. The samples studied
here are fabricated by SEM, which shall be further discussed in this section.

Figure 10: The typical column arrangement of the DB system. The SEM and the FIB column
have a coincident point on the sample. The stage can be tilted through an angle θ.

The columns of the DB are arranged so that, at eucentric sample height, the focus point of both
beams is coincident. The angle θ between the ion beam (i-beam) and electron beam (e-beam)
is 52◦. This means that when the stage is tilted over 52◦ the i-beam is in line with the normal of
the stage. This provides a working distance of 5 mm for the e-beam while the working distance
of the i-beam stays at 16 mm, helping to improve the e-beam resolution [22], [5].

Besides the fabrication of samples, the SEM is also used for imaging because the optical mi-
croscope is limited in resolution and depth of field when compared to the SEM. To produce an
image, the specimen is scanned by the incident e-beam and electrons emitted from the surface
are collected and amplified to form a video signal. The contrast in the recorded SEM image
comes from variations in the number of collected SEs, which are created by FSEs or BSEs as
explained in section 2.4. A schematic of a typical scanning electron microscope with its com-
ponents is shown in figure 11.
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Figure 11: Schematic diagram of a scan-
ning electron microscope with the electron
source, scanning coils, condenser and ob-
jective lens as well as the three detec-
tors (energy dispersive X-ray detector, sec-
ondary electron detector and backscattered
electron detector) indicated.

Figure 12: Schematic display of electron
beam interactions with the sample. PE’s
reach the surface and ionize the surface
atoms while creating SE’s with a lower en-
ergy. PE’s will scatter forward (FSE’s) and
back (BSE’s). The electrons of the ionized
atoms causes the excitation of X-rays.

3.2 Kerr Microscope

The Kerr microscope makes use of the MOKE which is already explained in section 2.6.

The images of the samples are obtained by the CCD camera in the Kerr microscope. The path
of the light beam is illustrated in figure 13 where figure 13a shows the light coming from the Xe
light source propagating to the sample and figure 13b shows the light beam reflected from the
sample surface to the CCD camera.
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Figure 13: Schematic illustration of the Kerr microscope where a) represents the propagation of
the light beams from the Xe light source to the sample and b) the reflected light beam detected
by the CCD camera.

The light beam originated from the Xe lamp travels through a polariser, reflects at the sample
surface and travels through a compensator and another polariser, called an analyser which is
rotated 90◦ with respect to the first polariser, before entering a detector. The compensator can
remove the ellipticity by phase-shifting the two light components. In case of a longitudinal Kerr
configuration (see figure 9), which is used to study the magnetization reversal of co wires in
this report, it involves light reflected at an angle from the reflection surface. To accomplish this
the diaphragm in the Kerr microscope needs to be adjusted which results in the diaphragm
aperture depicted in figure 14.

Figure 14: Aperture of the diaphragm which causes the light beam to reach the surface at an
angle, where the light region indicates the aperture.

The CCD camera provides an image with change in contrast proportional to the intensity. The
intensity is in large part due to the rotation of polarization of the incoming light induced by the
sample. This is because of the analyser which is crossed with the initial polariser. Therefore it
is possible to determine the magnetization reversal on the basis of the change in contrast [20],
[3].
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4 Results

As discussed before, magnetic storage devices are depending on the magnetization reversal,
and the coercive field is the magnetic field which causes the magnetization reversal. In the
case of cobalt wires, it was found that the coercive field is governed by shape anisotropy [23].
In this work cobalt samples fabricated by FEBID (see section 2.4) using Co2(CO)8 as precursor,
are studied to investigate the dependence of the magnetization reversal on the thickness. The
FEBID technique is used because of its ability to fabricate Co wires with a high magnetic content
and the possibility to control the lateral size and thickness of the samples at nanoscale. The
following section shows the experimental results which are supported by the results of the
micromagnetic simulations of section 4.2.

4.1 Experimental results

Three batches consisting of samples with increasing thickness are investigated by making use
of the Kerr microscope (see section 2.6 and 3.2). The first batch of samples (batch 1) inves-
tigated, consist of cobalt wires with a fixed length (10 µm) and a fixed width (500 nm). Based
on previous research ([13], [12]), taking into account the purity for example, the acceleration
voltage and the beam current used for the wires of batch 1 are 10 kV and 10 nA respectively. As
explained in section 2.4 the beam current falls within the ELR, which means that the deposits
have an approximately constant height across the sample. All three batches are fabricated
within the ELR and have a purity of approximately 90%. Experiments to determine the content
of the wires are done using EDS (see section 2.5). An EDS spectrum of a typical Co wire is
given in figure 15 where the amount of counts is plotted versus the voltage.

Figure 15: EDS spectrum taken at 5 kV and 1.6 nA and acquisition time of 20 s where the
amount of counts versus the voltage for a cobalt content of 92% is plotted. The corresponding
L-shell and K-shell are indicated.

Due to time reasons a relatively high current is chosen since the BC is proportional to the
deposition rate within the ELR. The voltage that corresponds to this current is equal to 10 kV
because this results in the best resolution to fabricate the Co wires.
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It has been found that the aspect ratio (AR = length/width) is proportional to the value of the
coercive field [12]. To investigate what kind of influence the AR has on the dependence of the
coercive field on the thickness, the second batch (batch 2) consist of wider Co wires with a
fixed width of 1 µm. The length of the wires is the same as in batch 1 (10 µm), resulting in AR
= 10 compared to AR = 20 for the wires in batch 1. These wires are fabricated with a voltage
of 5 kV and a current of 1.6 nA, showing that other parameters can be used without exhibiting
a difference in the magnetic properties of Co wires. Examples of a wire of batch 1 and 2 are
shown in figure 16.

Figure 16: Two SEM images of a Co wire from (a) batch 1, with a width of 500 nm and a
thickness of ∼50 nm and (b) batch 2, with a width of 1 µm and a thickness of ∼25 nm.

It can be noted from figure 16 that the main deposit in the centre is surrounded with a thinner
area. However, this area is too thin which makes it more susceptible to complete oxidation [12]
which could result in a non magnetic contribution to the magnetization reversal in the main de-
posit. But since a structure with a difference in thickness could change the dependence of the
coercive field on the thickness, it is interesting to investigate wires that do have a thicker and
magnetic area around the main deposit, called a halo. As explained in section 2.4, this can be
accomplished by using a higher acceleration voltage during the fabrication process. Therefore
the last batch (batch 3) studied in this report, is fabricated with 15 kV and 2.2 nA, resulting in a
structure with a huge halo around the main deposit, which could exhibit magnetic properties.

The samples are placed on the stage of the Kerr microscope in the centre of the magnet such
that the magnetic field is parallel to the easy axis of the Co wire (see figure 17).
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Figure 17: Schematic view of the wire where the magnetic field is applied parallel to the easy
axis.

Starting with batch 1, a magnetic field of 12 mT is applied in the negative x-direction which is
sufficient for saturation of the magnetization in the sample. The field is increased to 12 mT in
positive direction also to the saturation magnetization and then these steps are performed the
other way around. This results in a hysteresis loop as explained in section 2.2. Figures 18 a,
b and c show the results of a few measurements of samples with a thickness of ∼15, ∼45 and
∼55 nm respectively. The hysteresis comes from a plot where the vertical axis is represented
by the Kerr intensity and the horizontal axis by the magnetic field. The units of the Kerr intensity
are arbitrary since the CCD camera measures the contrast of the change in polarization of the
light reflected from the magnetic sample surface. Figure 18d shows a plot of the coercive field
of the first branch (also called the ascending branch) versus the thickness within a 15-55 nm
range. The samples follow a decreasing trend for the coercive field as function of the thickness.

To determine the thickness a SEM image is taken. An example of such image is the cross-
sectional view of the ∼55 nm thick sample depicted in figure 19.
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Figure 18: Three hysteresis loops (a), (b), (c) of wires made with parameters (10 kV ; 10 nA)
with a thickness of ∼15, ∼45 and ∼55 nm respectively and (d) the resulting plot of the coercive
field as function of the thickness with an image of a ∼50 nm thick sample. The error bars of
the coercive field indicate the lowest and highest value obtained from different measurements
on a sample with a certain thickness. The error bars of the thickness indicate the minimum and
maximum value derived from a SEM image. The red line is just an indication of the trend for
the reader.

Figure 19: A SEM image, tilted 52◦, of a cobalt sample with the thickness t=∼55 nm being
indicated in yellow. The platinum and silicon layer are indicated as well.

It may be clear that the determination of the thickness by means of the cross-sectional view, is
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not so easy due to the small dimensions. Therefore the uncertainties and the error bars of the
thickness in figure 18d, which have been determined by the minimum and maximum value of
the thickness extracted from multiple cross-sectional views, are relatively large.

The second batch, which is studied to investigate the influence of the AR, consist of wider
Co wires (width = 1µm), resulting in AR = 10 compared to AR = 20 for batch 1, as already
mentioned before. According to the article of Fernández-Pacheco et al. [12] the value of the
coercive field is proportional to the AR. Therefore the value of the coercive field corresponding
to the thickness is expected to be lower, compared to the values of the previous batch. The
measurements of these samples are performed in the same way as the measurements of the
samples of batch 1. The result is the plot of the coercive field versus the thickness together
with the results of batch 1, as given in figure 20.

Figure 20: Plot of the coercive field versus the thickness, where the black and blue represent
the results of batch 2 and batch 1 respectively. The error bars of the coercive field indicate
the lowest and highest value obtained from different measurements on a sample with a certain
thickness. The error bars of the thickness indicate the minimum and maximum value derived
from a SEM image. The black and blue lines are just an indication of the trend for the reader.

It can be seen from figure 20 that the dependence of the coercive field with the thickness in
these samples is the same as the in the samples of the previous batch, the coercive field de-
creases with the thickness. Comparing the trend of batch 2 to the trend of the batch 1, the
coercive field is lower for samples of ∼15 nm and thicker, which means that the results are
also in good agreement with the expectation regarding to the AR. As the width increases, the
AR decreases and according to the article of Fernández-Pacheco et al. [12], the coercive field
should also decrease due to a decrease in the transversal demagnetizing factor. Since there
are no values of the coercive field of the thinner samples of batch 1, it is hard to draw conclu-
sions for these samples.

A difference is that it was possible to measure the coercive field for thinner samples (∼5 nm,
∼10 nm). This could be related to the magnetic content, which was probably too low in the
thinner samples (∼5 nm, ∼10 nm) of batch 1. Another difference is the signal-to-noise ratio,
which is higher for the measurements of batch 2. During the measurements, the video signal
produced by the CCD camera, showed a darker area on the edges of the wire. This is some
kind of shadow effect which increases for thicker wires. This is an optical effect which is not re-
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lated to the magnetism of the samples. These darker areas are not the region of interest which
means that there must be a smaller area selected. The samples of batch 2 are wider which
makes it possible to select an area more carefully. Therefore, it may exclude other contributions
to the contrast change then the magnetization reversal in the sample. A larger selected area
results in an improvement of the signal-to-noise ratio and in a reduced contribution of optical
artefacts.

To investigate the influence of a difference in thickness on the dependence of the coercive field,
batch 3 is studied. As mentioned before, this batch consist of samples fabricated with a higher
voltage (15 kV) which results in wires surrounded with a huge halo (explained in section 2.4).
An example of such samples with thickness ∼30 nm and ∼60 nm (the thickness of the main
structure) is shown in figure 21, with the halo on the outside and the main structure in the cen-
tre indicated with 1 and 2 respectively. On the left are the top views of the sample and on the
right the cross-sectional views. It should not be confused with the thinner area around the main
structure, as shown in the other batches.

Figure 21: A SEM image showing the top view (tilted 10◦)and the cross-sectional view (tilted
52◦) of a (a) ∼30 nm and (b) ∼60 nm thick sample fabricated with a voltage of 15 kV and a
current 2.2 nA. The area indicated with 2 represents the main structure and the area indicated
with 1 represents the halo.

Due to the fact that these samples consist of two areas of different thickness, their hysteresis
loops show two switches according to a different coercive field for the corresponding thickness.
A few examples of these loops are shown in figures 22 a, b, c and d corresponding to the thick-
nesses ∼25, ∼30, ∼55 and ∼60 nm, respectively.

The thickness of the halo is not uniform and is therefore difficult to measure and differs sig-
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Figure 22: Four hysteresis loops of Co samples fabricated with a voltage of 15 kV and a current
of 2.2 nA with a thickness of ∼25, ∼30, ∼55 and ∼60 nm for (a), (b), (c) and (d) respectively.

nificantly for each sample. Since there are more BSEs, responsible for the halo, with a small
distribution and less BSEs with a large distribution, the thickest part of the halo will be near
the main structure and in the same way, the thinnest part of the halo will be away from the
centre. Samples where the main structure is thicker are fabricated with a longer exposure time,
which results in a thicker halo. Furthermore the width of the halo is not the same for every
sample. This is due to a decrease in the precursor flux during the fabrication process. Since
the coercive field also depends on the width of a magnetic structure, the obtained values for
the coercive field are not comparable to the values obtained in the previous batches of samples.

However it can be concluded from the hysteresis displayed in figure 22, that structures with
two regions with a difference in thickness show two different values for the coercive field. The
different thicknesses, from the halo and the main structure, induce a different shape anisotropy
which results in an energy difference in the anisotropy energy EA. Assuming that the anisotropy
energy only changes proportional to the thickness, the thickest area has the lowest energy and
will be the first to show a reversal of the magnetization. This corresponds to the first switch
in the hysteresis loop. For a domain to nucleate in the thinner area with a higher anisotropy
energy, a higher magnetic field has to be applied which corresponds to the second switch.
However, the shape anisotropy is not only determined by the thickness. As already established
before, the coercive field is proportional to the AR and increases as the width decreases. Ac-
cording to the article of L. A. Rodriguez [18] the coercive field is increasing proportional to ratio
thickness/width, HC ∼ H∞ + a ∗ (t/w) , due to a change in the demagnetizing energy. As
the width increases, the transversal demagnetizing factor decreases, which results in a lower
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value for the coercive field. Therefore, to give a proper indication of which value of the coercive
field corresponds to which of the two areas, this ratio must be calculated. In contrast to the
just mentioned relation, the results of the experiments show that the coercive field decreases
with the thickness, which is reason to perform micromagnetic simulations to investigate this
dependence.

4.2 Micro-magnetic simulations

To study the dependence of the shape anisotropy and the profile in the magnetization reversal
of cobalt wires, simulations of three cases based on a different shape and/or profile are car-
ried out, see figure 23. In the first case, the simulations are based on wires with a rectangular
shape and profile (figure 23a), which is called type 1. The second one, referred to as type 2,
has triangle ends added to the rectangular shape and the same rectangular profile (figure 23b).
The last one, type 3, has the same shape as the second (with triangle ends) but has a gaussian
profile (figure 23c). The simulations are carried out using the software program called OOMMF
[24], short for object oriented micromagnetic framework.

Figure 23: Schematic picture of the different shapes and profiles of the wires on which the
simulations are based. The x-, y- and z-axis are as indicated and (a) represents type 1, (b)
represents type 2 and (c) type 3.

The quasi-static micromagnetic simulations are based on the Landau-Lifshitz-Gilbert equation
[25]. The geometry for the different shapes and profiles and the energy terms (dipolar interac-
tion, exchange energy and Zeeman energy) are included as well as the magnetic parameters
of cobalt. The value of the exchange stiffness constant A = 10 · 10−12 J/m and the saturation
magnetization Ms = 14 · 105 A/m. The value of the crystal anisotropy constant K = 0 because
all the crystals are randomly orientated and it is therefore assumed to be averaged out. The
damping constant α = 0.5, and the model is solved by means of a Runge-Kutta method. For
the simulations, the same in-plane geometry as in the MOKE measurements is used, result-
ing in the AR proportional to the experimental Co FEBID wires. The cell size is the size of a
volumetric pixel. Inside a cell the magnetization is assumed to be the same for all magnetic
atoms. The cell size has to be accommodated to the sample size in order to reproduce the real
volume of the sample. Decreasing the cell size gives often better results but is accompanied by
a longer simulation time. Within the given time frame a compromise has to be made. The cell
sizes used for these simulations are 1 nm and 2 nm for t = 5 nm and t = 10 nm respectively
and 4 nm for the thicker wires. The temperature is not taken into account in the simulations
and for that reason, the values of the coercive field of the simulations are expected to be higher
than the experimental values at room temperature [12].

First, type 1 of the Co wires (figure 23a) is considered. For the given values the coercive field
is determined for different thicknesses. An example of a hysteresis loop obtained by the simu-
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lations is given in figure 24, where the indicated numbers represent an illustration of the state
of the magnetization. Number 1 indicates the saturation magnetization in negative direction,
number 2 the state of magnetization when the applied field B = 0, number 3 and 4 the state of
magnetization just before and after the magnetization reversal respectively and at last number
5 the saturation magnetization again, only now in positive direction.

Figure 24: (a) Hysteresis loop obtained by the simulation of a type 1 wire with thickness t = 20
nm. (b) Vector maps of the magnetizaion where the numbers correspond to different stages of
the magnetization. The red colour indicates the magnetization pointed in the negative direc-
tion where blue indicates the magnetization pointed in the positive direction. The arrows also
correspond the direction of the magnetization.

It can be seen from figure 24 that the magnetization in number 1 and 5 is fully saturated.
Number 3 is the magnetization just before it switches from direction. This image shows that the
nucleation of a domain originates at the ends of the wire and propagates to towards the centre.
The trend of the coercive field as a function of the thickness is given in figure 25.
In a range of thickness 5-20 nm, the coercive field is increasing. At t = 20 nm the coercive field
exhibits a maximum. Above this thickness, the coercive field decreases with thickness. The
decreasing corresponds to the experimental results but the experimental results did not show
an increasing part. The increasing and decreasing trend of the simulations could be caused
by a change in the magnetization reversal mode at a thickness t = 20 nm. This change is
observed before in previous research by L. A. Rodriguez et al. [26]. In this article they have

21



Figure 25: Plot of the coercive field versus the thickness of simulations of a Type 1 wire.

attributed the change in the magnetization reversal in 500 nm wide L-shaped Co nanowires to
transversal DWs at low thicknesses and vortex DWs at high thicknesses. The simulations that
were carried out, give access to image the magnetization in all three directions along the full
depth of the wires. Figures 26 and 27 show the magnetization vector maps of type 1 Co wires
with thicknesses 10 nm and 35 nm respectively.
As can be observed from figure 26, the magnetization in Co wires with a thickness t = 10
nm rotates coherently in the x-y-plane without out-of-plane magnetization rotations. Also the
cross-sectional images (26c) show that the rotation of the magnetization is carried out only in
the x-y-plane, which means that the transversal DWs cover the whole thickness and propagate
across the entire wire producing the magnetization reversal. This observation is in agreement
with previous research articles in which is established that the observed magnetization reversal
occurs through coherent rotation modes at low thickness of magnetic nanowires [27], [28], [29].
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Figure 26: Magnetization vector maps extracted from the simulations for the type 1 Co wires
with thickness t = 10 nm. (a) shows the top view and (b) and (c) the cross-sections indicated
with 1 and 2.

The coherent rotation mode can be described by the following equation:

HC = H∞ + a(t/w) (4.1)

where H∞ is the coercive field for a wire with infinite width i.e. infinite thin, and a is a constant
parameter depending on the finite-length shape anisotropy factor and the saturation magneti-
zation [30]. This means that the coercive field is proportional to the thickness and increases
as the thickness increases. Figure 27 shows the magnetization vector map for a Co wire with
t = 32 nm exceeding the value of the thickness at the maximum value for the coercive field.
The cross-sectional images (figure 27c) show an out-of-plane magnetization rotation which
means that also a non-coherent rotation mode contributes to the magnetization reversal mech-
anism. It is energetically more favourable for thicker wires to form a DW in the way of non-
coherent magnetization rotation than coherent magnetization rotation [27], [31]. This corre-
sponds to vortex DWs. The switch from the coherent to the non-coherent magnetization rota-
tion mode results in a decrease of the energy of the DWs with the thickness. It follows from this
that the value of the coercive field also decreases with the thickness which corresponds to the
trends obtained from the experimental results (figure 20).
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Figure 27: Magnetization vector maps extracted from the simulations for the type 1 Co wires
with thickness t = 32 nm. (a) shows the top view and (b) and (c) the cross-sections indicated
with 1 and 2.

To give a more realistic scenario of the real shape and profile of the Co FEBID wires, the
rectangular shape of the type 1 Co wires (figure 23a) is adapted. Triangle ends are added
resulting in the type 2 Co wires (figure 23b) and finally a gaussian profile (type 3) is added
(figure 23c) which is in accordance with the actual shape and profile. Hysteresis loops for these
other two types are also obtained from which the magnetization reversal within a thickness
range 5-80 nm can be determined. Figure 28 shows the trend of the coercive field as function
of the thickness for the different cases. The black line represents type 1 and the red and blue
line type 2 and 3 respectively.
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Figure 28: The trend of the coercive field depending on the thickness where the black line
represents the type 1, the red line the type 2 and the blue line the type 3 Co wires.

Although the simulations of the type 3 Co wires were not completely finished due to time limita-
tions, some observations can be made. The first one, only considering type 2 and 3 (blue and
red lines in figure 28), is that the coercive field presented by type 3 wires is lower compared to
type 2 wires. This is in accordance with the simulations of FEBID Co nanowires performed by
Fernández-Pecheco et al. [12]. The reason for this is that the nucleation of DWs is favoured
at the thinnest parts of the nanowire, which facilitates the magnetization reversal. Due to the
gaussian profile, the type 3 wires have thinner parts at the edges, which results in lower values
for the coercive field. Considering also the type 1 wires, it can be concluded that the addition of
triangle ends results in an increase of the coercive field. This can be explained by means of the
probability that a domain wall will nucleate. In a triangular end, there are less possibilities for
the magnetization to point in a certain direction compared to a rectangular end, which results
in a higher coercive field in case of wires with triangular ends.
The second observation is regarding the trend. It was already established for the type 1 wires,
that the maximum value of the coercive field occurs at a thickness of 20 nm. The critical thick-
ness (tc) that presents the maximum value of the coercive field of the other types is higher: 25
nm and 40 nm for the wires of type 3 and 2 respectively. This could be explained according to
the same reasons as given before for the differences in the values of the coercive field. The
triangle ends induce an increase and the gaussian profile induces a decrease of the coercive
field. It is plausible that the corresponding critical thickness behaves similarly.
In the same way as type 1, the Co wires of type 2 and 3 show increasing trend of the coer-
cive field as a function of the thickness up to a certain maximum value for the thickness (tc).
As discussed before, the experimental results of the cobalt wires only show a decreasing de-
pendence of the coercive field with the thickness. The maximum observed in the trend of the
simulations has been explained by a change in the magnetization reversal mode from coherent
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to non-coherent magnetization rotation.

The Co wires of type 2 and 3 show a similar trend as the type 1 wires. From this observation
can be assumed, that the maximum value of the coercive field indicates the crossover from
coherent to non-coherent magnetization rotation, in all three cases.
It can be concluded that wires, thinner than the critical thickness, follow a increasing trend as
the thickness increases, due to the coherent rotation mode, which corresponds to the Stoner-
Wohlfarth theory for a single-domain state. Thicker wires decrease with the thickness, ex-
plained with the non-coherent rotation mode.
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5 Conclusions and Outlook

A systematic study of the magnetization reversal as a function of the thickness in cobalt wires
grown by focused electron beam induced deposition (FEBID) has been carried out. It has been
found that the coercive field decreases for increasing thickness due to a non-coherent magne-
tization rotation mechanism. The results of the Co wires of two batches, one with a w = 500
nm and the second one with w = 1 µm and both with a fixed length (l = 10 µm), showed that
the coercive field is proportional to the aspect ratio (AR), corresponding to HC ∼ H∞+ a ∗ t/w.
This has been concluded on the basis of a lower value of the coercive field obtained in batch
2 consisting of the wider samples with AR = 10 compared to AR = 20 for the samples of batch
1. The third batch has a width w = 500 nm and was fabricated with a voltage of 15 kV which
causes a halo. Due to the high voltage, the distribution of the BSEs is larger compared to the
other batches, resulting in a wider halo. The halo of the third batch is also thicker and exhibits
magnetism which influences the magnetization reversal. There was concluded that structures
consisting of two regions with different thicknesses, show two different values for the coercive
field which was caused by a difference in anisotropy energy.
Micromagnetic simulations demonstrated that the decrease of the coercive field with the thick-
ness is due to the prevalent magnetization reversal mode, namely non-coherent magnetization
reversal. Furthermore the difference in the magnetization reversal mechanism is determined
by the maximum thickness. The value of the coercive field is linked to the shape of the profile.
Considering Co wires with triangle ends, the value of the coercive field is higher in wires with a
rectangular profile than in wires with a Gaussian profile. The reason for this is that the nucle-
ation of DWs is favoured at the thinnest parts of the wire.

To obtain a clearer view of the magnetization reversal mechanism in Co wires, simulations with
a smaller cell size and step size should be carried out, which was not feasible for this report
due to time limitations. In future research the influence of the halo could be further explored
to control the coercive field. Also wires exhibiting a difference in the thickness of the main
structure could be interesting. This could be a way to control the magnetization reversal by
making use of domain wall pinning.
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