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Abstract

Electron Beam Induced Deposition (EBID) is a versatile direct-write material
deposition technique. Deposition is achieved by using a focused electron beam
to selectively decompose a precursor gas adsorbed on a substrate. Not only
does this technique permit nanoscale fabrication in three dimensions, but the
large number of precursors available also means a broad range of materials
can be deposited.
This work details the EBID of magnetic iron using a novel precursor
(Fe2(CO)9). Deposits containing as much as 80 at.% iron have been achieved.
Iron microwires have been characterised as a function of oxygen content. In
addition to a structural evolution from polycrystalline iron to polycrystalline
iron-oxide, large increases in resistance, and changes in the magnetoresistive
mechanism have been observed.
Freestanding iron nanopillars have also been investigated. In a pilot ex-
periment their magnetic influence on domain-wall-motion has been explored,
which may be relevant for future spintronic devices such as the recently pro-
posed ’racetrack memory’.
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Introduction

For hundreds, if not thousands of years, the seemingly magical effects of magnetism have been
the subject of much intrigue. This fascination has brought with it a desire to understand the
phenomenon. Today, ferromagnetism is known to be a result of the alignment of the intrinsic
magnetic moment or spin of the electron.

Together with this better understanding have come ever more ingenious and complex applica-
tions. Perhaps the best known of these today is the now ubiquitous magnetic hard disk drive.
In such devices, nanoscale magnetic information is manipulated billions of times per second.
This development remains ongoing. In the case of hard disk drive, further miniaturisation
has allowed data density to almost double every 18 months. However, at a certain point, in
addition to evolution, a technological revolution is required. One candidate is for such a revo-
lution is spintronics, the union of ordinary electronics (charge transport) and magnetism (spin
manipulation).

To permit such substantial development and more specifically, to uncover and realize the next
technological revolution, novel nanofabrication techniques are also required. There are currently
many methods available to an experimentalist for the deposition of material layers down to
monolayer sensitivity. However, for the fabrication of more intricate structures, complex multi-
step lithographic techniques are usually required. An alternative, and the subject of this thesis,
is electron beam induced deposition.

Precursor molecules

Substrate

Deposition

Electron beam

GIS needle

(a)

500 nm

(b)

Figure 1: (a) The basic concept of EBID: A focused electron beam decomposes a precursor adsorbed on
a substrate leaving behind a deposition. (b) A SEM image of freestanding iron ‘nano letters’ deposited by
EBID. As indicated by the bright shadow behind the letters, this deposit was produced with the substrate
at angle to the electron beam. Each element is just 65 nm in diameter.

The basic principle of EBID is quite simple, and is shown in figure 1a. In a vacuum environ-
ment, a gas of precursor molecules is applied to a substrate where it adsorbs. Then, a focused
beam of electrons is used to selectively decompose the molecules into volatile and non-volatile
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components, the latter of which forms a deposit. Since deposition is limited to a region in the
focus of the beam, very selective nanoscale fabrication on almost any surface in three dimen-
sions is possible. This unique pattering ability is perfectly illustrated in figure 1b. Here, by
sweeping the electron beam across a tilted substrate, intricate freestanding nanostructures have
been effortlessly deposited. Furthermore, with a large number of different precursors available,
EBID is also capable of depositing a broad range of materials too, including ferromagnets.

In this thesis, EBID of iron is investigated. The ultimate goal of this line of research is to
illustrate the ability of the EBID technique for depositing functional magnetic nanostructures.
This work specifically concentrates on two different aspects of this overall goal: the (continued)
characterisation of a new iron precursor (Fe2(CO)9) and preliminary investigations into practical
magnetic deposits (chapter 5).

In addition to this introduction, this thesis is divided into five chapters, a conclusion and outlook
and a number of appendices. Chapter 1 covers the fundamental principles of EBID in detail
and reviews the properties of magnetic deposits made using this technique. In chapter 2, the
details of the experimental methods and equipment utilised during this work are presented.
Chapter 3 presents the first results, the characterisation of microwire deposits containing a high
percentage of iron. Following this, in chapter 4, further characterisation work is presented, but
now of microwire deposits containing varying degrees of iron (and oxygen). Chapter 5 describes
an investigation into a different kind of deposit, specifically, freestanding nanopillars. It is in
this last chapter where the first results on functionality are presented.
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Chapter 1

Fundamental Concepts

Expanding on what was discussed in the introduction, in this chapter the fundamental processes
of EBID are described. The specific deposition of magnetic material is also further reviewed,
including some basic principles of ferromagnetism. At the end of this chapter previous work
involving EBID of magnetic materials is briefly reviewed, before a more detailed overview of
the work of this thesis is presented.

1.1 The EBID Process

As was mentioned in the introduction and depicted in figure 1a, in theory, EBID is a rather
straightforward concept. In practice, things are much more complex. In this section the cause
of this complexity is made clear as some of the more important processes relevant to EBID are
briefly∗ detailed.

As shown in figure 1.1a, the EBID process can effectively be decomposed into three interact-
ing systems consisting of the electrons, the precursor, and the substrate. The often complex
interactions between these three systems will be considered individually.

Substrate-precursor interactions

In the simplified picture of figure 1a, substrate-precursor interactions involve nothing more
than the application of a gas to a surface, where it subsequently remains. In reality substrate-
precursor interactions can be substantially more complex. In addition to ‘sticking’ to the surface
(adsorption), the precursor molecules can also be transported across it via diffusion or even de-
tach completely (desorption). The rate with which all these processes occur depends on numer-
ous factors, from the type of precursor and substrate used, to the temperature, to the presence
of additional vacuum contaminate species. With the precursor a fundamental component of
EBID, this ultimately has a large influence on resulting depositions. Complicating things even
further is the fact that after deposition begins, the substrate itself becomes less relevant and it
is now, often different, deposition-precursor interactions which must be considered.

These interactions were investigated in detail by Beljaars 4 as will be further discussed at the
end of this chapter.

∗For a more thorough description see references 1–3.
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Electron-substrate interactions

Electrons
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Figure 1.1: (a) A schematic illustration of the common processes taking place when a beam of electrons
is focused onto a substrate. The primary electrons (PEs) can scatter through the solid, freeing additional
electrons, some of which escape the surface in the form of higher energy backscattered electrons (BSEs) or
low energy secondary electrons (SEs). The total interaction volume (light grey) and the BSE depth range
(dark grey) are also indicated. (b) The influence on the interaction volume of beam energy (E) and target
atomic number (Z).

A summary of the electron-substrate interactions important in EBID is shown in figure 1.1a.
The electrons making up the focused beam are known as primary electrons (PE), and are shown
in black in the figure. As these PEs impact the substrate both elastic and inelastic collisions
can take place. The energy lost during inelastic collisions can be transferred to other electrons
in the solid which can subsequently continue to interact and scatter, even reaching the surface.
Depending on their energy, these escaping electrons are commonly classified as either secondary
electrons (SEs, E < 50 eV) or backscattered electrons (BSEs, E > 50 eV). Key to imaging in
SEMs, these surface electrons also play a very important role in precursor dissociation in EBID,
as will be discussed below. As shown in figure 1.1b, the depth to which these electron scattering
processes can occur depends both on the initial energy of the PEs and the material properties of
the substrate. Higher energies and lower atomic numbers lead to increased penetration depths
and vice versa.

In addition to SE and BSE scattering a number of other processes can also take place. Less
important to EBID, but still significant, these include Auger and photoelectron processes, and
X-ray and bremsstrahlung emission. Thermal effects can also often become important, partic-
ularly at high beam currents. Due to possible variations both in composition and geometry, as
with substrate-precursor interactions, once deposition begins these processes can change sub-
stantially. This is most significant when depositing freestanding structures, as is considered in
chapter 5.

Electron-precursor interactions

For EBID, the most important electron-precursor interactions are those leading to dissociation
and hence deposition. The probability that an electron will break the bonds holding a precur-
sor molecule together can be represented by an energy dependent cross-section. Unfortunately,
these cross-sections are not trivial to determine. It is clear that there will be some dependency
on the strength of the bonds to be broken, but this cross-section can also be strongly influenced
by the environment of a molecule as well as the different reaction paths available. Furthermore,
the molecules used in EBID are often rather exotic and hence unexplored to such extents. There
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have been some attempts to calculate this parameter for some of the more popular precursors.1
These studies found that the dissociation cross-section is largest at very low electron energies,
typically below 1 keV. Although due to their significantly higher number, PEs undoubtedly
play some role, there is a growing consensus that it is the low energy SEs which are primarily
responsible for the dissociation of the precursor molecules in EBID.1 The stochastic nature of
these electron-induced precursor decomposition processes effectively makes 100% efficiency im-
possible. As a result, EBID materials can often contain a significant proportion of contaminate
species. Low deposit purity is perhaps the most significant drawback of the EBID technique.

EBID is thus not so straightforward, a large number of different variables can influence the
process. Many of these dependencies and issues can have a detrimental effect, a changing
precursor concentration or electron scattering behaviour can ultimately affect both the quantity
and quality of resulting deposits. A better understanding of these processes through further
research investigations, such as detailed in this thesis, is essential.

The ionic analogue of EBID, ion beam induced deposition (IBID) is not detailed in this the-
sis. However, many of these principles still hold in the case of ions. There are two primary
differences between EBID and IBID techniques. Firstly, due to their much larger mass, IBID
tends to be more effective in dissociating the precursor, often yielding growth rates orders of
magnitude higher than with EBID. At the same time though, the atomic ions used in IBID tend
to become incorporated into deposits, leading to comparatively low purities. IBID of Fe2(CO)9
was attempted, and limited results are presented in appendix E. A thorough review of IBID
(and EBID) can be found in reference 3.

1.2 Magnetic Deposits

This section details some fundamental magnetic principles, the understanding of which will aid
the interpretation of results presented later in this thesis. Both static and dynamic magnetisa-
tion behaviour is discussed.

1.2.1 Magnetisation Behaviour

Ferromagnetism is caused by the interaction and subsequent alignment of neighbouring elec-
tronic moments via the exchange interaction. The details of this fundamental interaction will
not be discussed any deeper than this here but it is this collective behaviour which gives rise to
the macroscopic magnetic moment observed in ferromagnetic materials. This bulk magnetisa-
tion can be influenced by many different things, from temperature to external magnetic fields,
but in their absence a key factor determining its orientation is magnetic anisotropy. There are
multiple sources of magnetic anisotropy. One of particular importance is crystalline anisotropy,
where a preferential magnetisation direction is induced by the atomic structure of a crystal
lattice. Of most concern for this work however, is shape anisotropy, as is discussed below.

As illustrated in figure 1.2a, a magnetised body produces magnetic charges, or poles, at its
surface. As a result, an internal magnetic field develops, opposing the magnetisation. This
is known as the demagnetising field, ~Hd. As illustrated in the figure, the strength of this
field depends on the geometry over which it is produced. Longer dimensions produce smaller
demagnetising fields. This geometrical dependence is defined in terms of the demagnetising
factor 0 < N < 1, which is inversely dependent (in a non-trivial way)5 to the relative length of
a dimension. In the limiting case of an infinitely thin film, N = 0 for the in-plane direction and
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N = 1 for the out-of-plane direction. Subsequently, for a magnetisation ~M

~Hd = −N ~M. (1.1)

In order to minimise this internal field and hence energy, magnetic bodies with an anisotropic
geometry develop a preferential magnetisation direction coinciding with their longest dimension,
a so called easy axis. As will be discussed, this preference influences the behaviour of the
magnetisation when trying to manipulate it with an externally applied magnetic field.

+ + + + +

- - - - -

Hd

+- Hd

(a)

M

Happ
Hc

Msat

(b)

Figure 1.2: (a) A schematic illustration indicating how a magnetised object can give rise to demagnetising
fields, which are responsible for shape anisotropy. (b) The influence of an external magnetic field on the
magnetisation of a simple rectangular body. When a field is applied along the long, easy axis of the structure
a hysteretic switching of the magnetisation is observed (red). When applied perpendicular to the easy axis,
a more gradual saturation of the magnetisation results (blue).

Rotation of the magnetisation away from its easy axis is governed, in its ideal case (uniform,
coherent magnetisation), by Stoner-Wohlfarth theory. This model considers the competition be-
tween an external magnetic field and this just described magnetic anisotropy. This competition
is modelled by considering the minimisation of energy as

E = µ0
2 NVM

2
sat − µ0MsatV H cos(θ) (1.2)

where H is the applied field, θ is the angle between the magnetisation and this field, Msat is the
saturation magnetisation, V is the volume of the object and µ0 is the vacuum permeability. The
first term in this equation describes the (shape) anisotropic energy and the second the Zeeman
energy.

Applying this theory to a simple rectangular magnetic body, a trace of how the magnetisation
behaves as a function of applied field is created, as shown in figure 1.2b. When a field is applied
along the hard axis of the sample the opposing Zeeman and anisotropic energies yield a linear
response and the magnetisation rotates very gradually. However, when a field is applied along
the easy axis, saturation is achieved more easily and a switching type of behaviour results.
Due to the significant preference for the magnetisation to remain along the easy axis, when an
external field is applied to attempt to reverse the magnetisation, rather than gradually rotate
through the hard axis the magnetisation flips at once at the so called coercive field Hc. This
ultimately leads to a hysteretic behaviour, an important indicator of ferromagnetism.

Beyond the idealised case of a uniformly magnetised material, in reality, as a further conse-
quence of energy minimisation, magnetic bodies tend to take on a multi-domained structure.
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Figure 1.3: (a) The influence of domain formation on the external stray fields emitted by a magnetic body.
Figure from reference 6. (b) The temperature dependence of the saturation magnetisation of a ferromagnet.
Discussed in the text.

As illustrated in figure 1.3a, a single domain object produces a large, energetically unfavourable
external stray field. Domain formation is the result of a compromise between the exchange
interaction, which favours the alignment of adjacent magnetic moments, and the dipole inter-
action, which prefers anti-alignment. For the magnetisation reversal behaviour illustrated in
figure 1.2b, domain formation can have two consequences. Firstly, the field required to switch
the magnetisation (Hc) can be greatly reduced, since now some some fraction of all the domains
already preferentially lie in that direction. Also, since individual domains need not be identical
in size, each can have a slightly different anisotropy, and consequently, can switch at a slightly
different field, leading to a rounding off previously sudden switching behaviour.

In addition to external fields, temperature can also have a significant influence on the magneti-
sation. Random thermal energy fluctuations constantly act to randomise the magnetic ordering
of a ferromagnet. As illustrated in figure 1.3b, at room temperature (RT) this effect is gen-
erally small, leading to a small decrease in the magnetisation (MRT ). However, above the so
called Curie temperature (TC), this thermal energy becomes sufficient to completely destroy
ferromagnetic ordering, causing materials to become paramagnetic.

One final magnetisation concept of relevance for this work, following on from a number of
just described concepts, is that of superparamagnetism. As was mentioned, domain formation
occurs on the basis of a balance between exchange and dipole interactions. With the former
strong but short ranged and the latter weak but long ranged, in very small particles (<10 nm)
a single domain state can often be energetically favourable. Given its volume dependence
(see equation 1.2), it is possible for magnetic anisotropy (shape or otherwise) to be overcome
in such particles, simply by random thermal fluctuations. Once this happens, each of these
nanoparticles can essentially be viewed as a macrospin in a paramagnetic state, giving the bulk
material containing the particles zero net magnetic moment. Given the common granular form
of EBID deposits, superparamagnetism is a possibility when depositing ferromagnetic materials.

Many of these concepts will become important and be often referenced in later chapters.

1.2.2 Magnetotransport

The investigation of electrical transport through a substance can provide a lot of insight into
both its physical and chemical structure and defines an important material characterisation
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technique. For this reason, both electrical conduction in ferromagnetic material and selected
important magnetoresistive effects will be discussed in this subsection.

Electrical Conduction in Ferromagnets

A schematic representation of the density of states (DOS) of a ferromagnetic material is shown
in figure 1.4a. The valence band of (3d) ferromagnets consists of a superposition of an (ener-
getically) narrow 3d band and a wide 4s band. Electron transport in these elements can be
modelled reasonably well by Mott s-d scattering theory.7,8 Here it is assumed that conduction is
carried primarily by the more mobile s-electrons and that scattering events are spin conserving.
These assumptions effectively divide the current into two spin dependent parts, as illustrated
in figure 1.4b. Resistance is caused by transitions between s-states, either directly (ss, Rss) or
via a localised d-state (sds, Rsds), for both spin currents (↑, ↓) independently. Above the Curie
temperature or in non-magnetic transition metals these two resistance paths are equal. In fer-
romagnetic metals however, with more spin-down than spin-up d-states available at the Fermi
level (EF ) (figure 1.4a), sds scattering and hence resistance is larger for spin-down electrons than
it is for spin-up electrons (R↓sds > R↑sds). This increases the resistance of the entire spin-down
channel, leading to a larger spin-up current governed primarily by ss scattering. In general, it is
this large density of d-states and related scattering which causes the resistance in 3d-transition
metals to be higher than that of ordinary sp-electron metals. Although conceptually useful, the
idea of scattering that conserves electron spin is not always realistic. The spin-orbit interaction
(SOI) is a process able to cause the spin of an electron to flip upon scattering, as is explained
below.

s

d

E

EF

N(E)
(a)

Rss Rsds

Rss Rsds

(b)

Figure 1.4: (a) A schematic representation of the density of states (DOS) of a ferromagnet. (b) The two
spin current model describing conductance in a ferromagnetic metal. Discussed in the text.

In a stationary frame of reference and electron orbiting a nucleus experiences a static electric
field. In the frame of the electron itself however, due to the now apparent orbital motion of
the charged nucleus, this electric field varies in time thereby producing a magnetic field at the
electron. It is the interaction between this orbital field and the spin magnetic moment of the
electron which defines the SOI. This can effectively be seen as an internal Zeeman effect with
the magnetic field now supplied by the orbital motion of the electron. The SOI is responsible
for a number of important phenomenon, including hyperfine spectral splitting. By providing
both the required magnetic torque and the means to conserve angular momentum9 the SOI
also enables mixing of the previously independent spin channels described above. As a direct
consequence, the numerous spin-down d-states become accessible to the large spin-up current,
leading to an increase in resistance. As will be discussed later, this process can be influenced
by external magnetic fields, giving rise to magnetoresistive effects.
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As was briefly mentioned earlier, EBID is not a particularly clean process. Deposits often contain
a substantial degree of contaminates, usually non-metallic.10 This commonly leads to non-
metallic behaviour with conductivity increasing with temperature. In this work, a parameter is
used to characterise such behaviour. The TCR or temperature coefficient of resistivity, describes
how the resistance of a material varies with temperature and thereby gives an indication of the
nature of the mechanism(s) of conduction. It is defined as

TCR = R(T )−R298
R298(T − 298) (1.3)

where R298 defines the resistivity at room temperature (298 K) and T is typically taken at
liquid helium temperature, 4.2 K. Due to the nature of the materials investigated in this work,
it has been useful to express this parameter in the units parts-per-million-per-kelvin, ppm/K
(equation 1.3 times one million). Qualitatively, this parameter is really only meaningful for
materials showing a linear temperature dependent behaviour, i.e. metals. Qualitatively though,
it can also be used to at least given an impression of the nature of the conduction taking place
in other materials. Metals typically have a large positive TCR of several thousand of ppm/K
while the TCR of semiconductors can vary from almost zero to very large negative values.

Further related to deposit impurities, a common microstructure encountered in EBID material
is that of a granular metal, consisting of small metallic grains in an amorphous non-metallic
matrix. Conduction in such materials has been well studied11 and tends to take place via so
called variable range hopping (VRH). Electrons move through the disordered insulating mate-
rial between grains via unoccupied localised states. Such conduction is readily identifiable by
temperature dependent behaviour of the form

ρ ∝ exp(T−x) (1.4)

where x is a constant, typically 0.5.11

A second characterising parameter, similar to the TCR used in this work is the residual resis-
tivity ratio or RRR. Applicable only to metals, this is a measure of purity. Metallic resistivity
generally has two contributions, that from defects and impurities and that from phonons. At
low temperatures, phonon excitations are minimal leaving just the former, the intrinsic material
resistivity. The magnitude of this intrinsic resistivity, and hence the purity of the metal can be
characterised by the RRR, defined as12

RRR = ρ(298 K)/ρ0(4.2 K). (1.5)

The value of the RRR depends on the metal, but for very pure iron it can reach values in the
thousands.

Magnetoresistance

Magnetoresistance (MR) describes the phenomenon by which the electrical resistivity of a ma-
terial changes when it is subjected to an external magnetic field. Here, a few such phenomena
pertinent to the work in this thesis are described.

The simplest magnetoresistive phenomenon is known as ordinary magnetoresistance (OMR)
and is a result of the Lorentz force. In the presence of an external magnetic field, this force
causes conduction electrons to follow spiral trajectories. This in turn, reduces the mean free
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path (MFP) and ultimately leads to a small, isotropic increase in the resistance as a function
of applied field. OMR arises in all metals.

As discussed previously, electrical conduction in ferromagnetic materials can be described in
terms of two spin polarised current channels. Due to the large asymmetry in the d-state electron
DOS (figure 1.4a), the resistance of one spin channel tends to be lower, leading to a spin polarised
current. By increasing the DOS asymmetry, an external magnetic field can induce a negative
MR in a ferromagnetic material (shown in figure 1.5b, superimposed on AMR). This describes
normal magnetoresistance. A similar reduction in resistance is also observed with temperature
via an equivalent thermal influence on the spin order.

Another MR effect of particular relevance for this work is anisotropic magnetoresistance or
AMR. Occurring in ferromagnetic materials, as the name suggests, it is a directional dependent
phenomenon. The anisotropy is related to the angle between the probing current and the
magnetisation (φ). When parallel, resistance is high and when perpendicular it is low. The
basic cause of this effect has already been introduced previously and relates to a spin mixing
induced by the SOI. A magnetoresistive effect arises due to the fact that this SOI can be
regulated by an external field. The details of this process8 will not be presented here but
essentially, the probability for the spin of an electron to flip during a scattering event depends
on the relative alignment of the electrons (and hence magnetisation) and the scattering centre.
In the ideal case of coherent rotation of the magnetisation, this effect can be described by

ρ(φ) ∝ cos2(φ). (1.6)

There is in fact a very simple heuristic way to envision AMR, as is depicted in figure 1.5a. The
anisotropy of the scattering can be thought to be a result of the changing orientation of the
electron cloud surrounding each nucleus as the magnetisation is rotated.
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Figure 1.5: (a) An intuitive and semi-classical way to understand AMR. (b) The AMR behaviour expected
from a simple rectangular magnetic body for fields applied along the easy axis (red) and a hard axis (blue).
The superimposed influence of normal magnetoresistance is also indicated with a dotted line.

From equation 1.6 and previous discussion in this chapter, it is possible to qualitatively deter-
mine the appearance of AMR. This is shown in figure 1.5b for the case of a simple rectangular
magnetic body, where the resistance is measured along its easy axis. When a field is applied
along the easy axis of the structure, little AMR is observed since the magnetisation already lies
in this direction. As the field is swept through zero however, brief increases in the resistance
might be detected as the magnetisation switches. In contrast, fields applied perpendicular to
the easy axis will rotate the magnetisation away from alignment with the current and the re-
sistance will decrease, following equation 1.6. As previously discussed, beyond the ideal case of
coherent rotation of the magnetisation, these results can again be expected to deviate slightly.
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For an applied field H, the magnitude of the AMR is defined as:

AMR(%) = ρ(H)− ρ(H = 0)
ρ(H = 0) × 100. (1.7)

A more thorough treatment of the theory of AMR can be found in references 7,8,13,14.

There are many additional MR phenomena, which will not be describe here. One addition effect
relevant to this work, grain-boundary magnetoresistance (GBMR), is considered as it arises, in
chapter 4.

1.2.3 Iron Oxides

Here, a brief overview of the properties of some iron oxides is presented. When attempting to
deposit iron from Fe2(CO)9 via EBID, the incorporation of some oxygen is generally unavoid-
able, due not only to its presence in both the vacuum but also in the ligands of the precursor
itself. Oxides are of particular interest in the work discussed in chapter 4, where the influence
of water vapour on the deposition process is investigated.

There are three main species of iron oxide, FeO, Fe2O3 and Fe3O4. With significantly lower
enthalpies of formation, only the latter two are of interest here. Fe2O3 can be further divided
into a number of phases, but only the alpha and gamma phases will be discussed.

Of all the oxides of iron, Fe3O4 is the most energetically favourable. It is readily found in nature
as magnetite, being the most magnetic of all naturally occurring minerals. It is structurally
rather unusual in that the Fe2+ and Fe3+ ions making it up exist in a charged ordered state (see
figure 1.6). This charge ordering is responsible for a number of distinct properties, including its
ferrimagnetic character (TC=858 K). Electron transport between these ions gives Fe3O4 a rather
low resistivity for an oxide, being of the order of 103 µW·cm.15 Not completely understood, but
also expected to be a result of this ionic structure is the Verwey transition. Occurring at a
temperature of around 120 K, at this critical point the structure as well as the electrical and
magnetic properties of the material change. Perhaps the most interesting property of this oxide
(in terms of its use) is that it is 100 % spin polarised, or half-metallic.

Figure 1.6: The cubic inverse spinel crystal structure of magnetite. As indicated, blue atoms are tetra-
hedrally coordinated Fe2+; red atoms are octahedrally coordinated, 50/50 Fe2+/Fe3+; white atoms are
oxygen.

α-Fe2O3 is the most common form of the Fe2O3 oxide. It, too, is commonly found in nature as
the mineral hematite. As with Fe3O4, this oxide is magnetically quite complex. It is technically
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an antiferromagnet (TNéel=948 K), but above 260 K, due to a spin-orbit induced canting of
certain moments, it gains a very small magnetic moment. γ-Fe2O3 has a very similar structure
to Fe3O4 (cubic inverse spinel) and is consequently also ferrimagnetic. It forms naturally as the
mineral maghemite. Both phases of Fe2O3 are electric insulators, with typical resistivities of
the order of 107 µW·cm.16,17

In the next section, before ultimately detailing the work presented in this thesis, the state of
the art of EBID of magnetic material is reviewed.
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1.3 This and Previous Work

First in this section, a general review of selected notable and relevant works in the field of EBID
of magnetic materials or ’magnetic EBID’ is presented. Then, after first summarising the work
of two predecessors, the motivations, goals and further details of the work of this thesis are
presented.

Although providing some background on the subject, these reviews are not essential to the
understanding of the results presented in this report.

1.3.1 A Short Review of Magnetic EBID

Nearly all EBID precursors originate from the world of chemical vapour deposition (CVD) and
this is reflected in their popularity in EBID. For iron this means Fe(CO)5 and cobalt Co2(CO)8.
Nickel has been less popular, possibly due to the extreme toxicity of the popular CVD precursor
Ni(CO)4.18

Although the deposition of magnetic metals with EBID was successfully achieved in the 1980s,19,20
investigations into the ferromagnetic character of such material were not attempted until the
beginning of this century. In 2002, Lau et al. 21 performed what was effectively the first in depth
magnetic study of magnetic materials produced by EBID (cobalt via Co2(CO)8). A metallic
purity of 50 at.% and corresponding resistivity 25 times that of pure Co was achieved. The
magnetic nature of the deposits was tested indirectly via the production and successful applica-
tion of EBID MFM tips (magnetic force microscopy, see subsection 2.2.2). Deposits were also
successfully used to seed carbon nanotube growth.

More recently, two groups have been particularly active in cobalt deposition (again Co2(CO)8).
In Zaragoza, deposits with very high purities have been achieved, containing as much as 95 at.%
Co and displaying metallic conduction properties.22 Spintronic applications of this very pure
magnetic material were also explored in the form of domain wall motion experiments.23 A second
group, from EMPA in Switzerland, have carried out a number of fundamental investigations.
The influence of beam current on the composition and structure of deposited tips was thoroughly
investigated with near 100 % pure cobalt deposited at high currents. Thermal effects arising at
high currents were suggested to be at least partially responsible for the very efficient precursor
dissociation.24 Beyond metallic Co, applications of granular superparamagnetic cobalt material
was also investigated in the form of hall-effect sensors.25

The EBID of iron (Fe(CO)5) has been extensively investigated by a Japanese group. Numerous
investigations into the production and (magnetic) characterisation (via electron holography)26
of iron nanostructures have been published. From amorphous structures, typically 70 at.%
pure, crystalline α-Fe was achieved via annealing.27 Applications of such structures were also
considered, including an iron ‘nanomagnet’ deposited on the end of a piezo-driven tip.28 As will
be further discussed in chapter 4, the influence of water vapour on deposits and the formation of
Fe3O4 were also investigated.29–31 By mixing two molecularly different iron precursors (Fe(CO)5
and Fe(C5H5)2) in different proportions, it was found to be possible to control the iron-carbon
ratio in deposits (30 to 70 at.% Fe) and thereby tune the magnetisation.

By depositing in ultra high vacuum (UHV) conditions, high purity iron depositions (95 at.%
Fe using Fe(CO)5) have also been achieved.32 A particular interesting and relevant experiment
(see chapter 5) involving EBID Fe is that performed by Müller et al. 33 in 2008. Via a magnetic
coupling, an array of iron nanopillars was found to be able to influence the resistance of an
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underlying permalloy strip. Such an experiment gives a good indication of the potential of
magnetic EBID for spintronic applications.

Although many interesting works on the subject of magnetic EBID have been published, the
most relevant, is that of the two predecessors of this project. This is discussed in the next
section.

1.3.2 A New Iron Precursor: A Collaboration with FEI

The M.Sc. work described in this thesis as well as that of two previous students (see below) was
all made possible by the ongoing cooperation between the group FNA, physics of nanostructures,
at the TU/e, and FEI Company, a developer of electron microscopy tools. FEI had been trying
to develop precursors capable of yielding ferromagnetic deposits, and after FNA gained access
to a FEI Nova 600i Nanolab electron microscope (the dualbeam, described in the following
chapter), a collaborative opportunity naturally presented itself.

A similar such partnership had been developed by FEI with the University of Zaragoza in
Spain, specifically to investigate precursors containing cobalt. Consequently, and due to its
higher magnetic moment, the decision was made to focus on iron based precursors at FNA.
As is apparent from the literature reviewed above, Fe(CO)5 is the most popular iron precursor
used for magnetic EBID. For this collaboration however, it was decided to investigate some of
the lesser known iron compounds.

M. Beljaars: Electron Beam Induced Deposition of Iron (2008)4

Michael Beljaars 4 , the first M.Sc. student involved in the FEI-FNA collaboration, investigated
two iron precursors almost unmentioned in literature, Fe2(CO)9 and Fe3(CO)12.

The precursors were characterised both in terms of the yield and composition of resulting
deposits as a function of the energy and current of the electron beam. The Fe3(CO)12 precursor
was found to be unresponsive to changing beam properties and maintained a low yield and iron
compositions no higher than 50 at.%. The Fe2(CO)9 precursor in contrast, with a higher average
yield, responded positively to increasing beam current (as often observed in literature),10 with
iron content increasing from 25 at.% to 60 at.%. Preliminary magnetic characterisation of
deposits made with both precursors revealed signs of magnetic behaviour (see figure 1.7).

(a) (b)

Figure 1.7: (a) Atomic and (b) Magnetic Force Microscopy (MFM) images of an EBID microwire deposit
(5 x 1 µm) produced from Fe3(CO)12 in a longitudinal applied field (340 mT). Peaks in the MFM signal at
either end of the deposit indicated the presence of magnetic stray fields. Figures from Beljaars 4 . 300 mT

Beyond characterisation, a significant portion of this work was also dedicated to the investigation
of the surface processes of EBID, particularly the influence of precursor adsorption, diffusion
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and desorption on the shape of deposits. The stimulus for this work was the appearance of
unusual edge features on deposits made using the Fe3(CO)12 precursor, which was shipped in
a volatile methanol solution. The influence of factors such as substrate temperature, waiting
time between deposition passes, and the presence of volatile species such as methanol, on the
form of deposits were studied and explained. A physical model and accompanying computer
simulation were developed that could successfully, though qualitatively, explain many of the
unusual deposit features.

Additionally, a small part of this work covered the investigation and calibration of the EDX
system of the dualbeam. By comparing quantification results with that from well known test
samples, eventually a measurement uncertainty of just a few percent was achieved.

F.J. Schoenaker: Exploring the fabrication of ferromagnetic nanostructures by
Electron Beam Induced Deposition (2010)34

Following on from the work of Beljaars, the second M.Sc. work of this collaboration, that of
Frank Schoenaker, focused on further characterising the seemingly more promising Fe2(CO)9
precursor. The goals of this research were twofold: to optimise the deposition strategy and
to further investigate the ferromagnetic properties of the EBID iron. As already mentioned,
the university of Zaragoza was involved with FEI in similar projects but with cobalt based
precursors. For the work of Schoenaker, this connection was utilised in the form of a cooperation
with the research group Departamento de Física de la Materia Condensada. Although deposits
were produced in Eindhoven, a number of measurements, particularly those requiring high
magnetic fields (up to 9 T), were carried out in Zaragoza.

Both high electron beam currents and low energies were found to be essential to produce high
purity deposits. High currents were explained to be responsible for enhanced precursor disso-
ciation and possibly local heating. The influence of electron energy was explained in terms of
penetration depth; a low energy electron deposits its energy nearer the surface, where deposition
takes place. Vacuum conditions, particularly partial water pressure, were also found to play
a key role in deposit purity, as illustrated in figure 1.8a. Ultimately, using very high currents
(20 nA), low energies (2 keV) and optimal vacuum conditions, deposits containing as much as
78 at.% iron were reliably produced.
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Figure 1.8: (a) The influence of the partial water pressure of the dualbeam vacuum on the composition
of EBID iron deposits. (b) MOKE and AMR measurements from an EBID iron microwire deposit. The
observed hysteretic switching is indicative of ferromagnetism. Black indicates increasing, red decreasing
fields respectively. Figures from Schoenaker 34 .
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The influence of substrate temperature on depositions was also briefly studied; no definitive
influence was found, although results were not conclusive. Further temperature investigations
were performed involving the temperature of the precursor itself. Heating it to 45 ◦C instead
of the usual 28 ◦C lead to higher flux, but at the expense of the lifetime of the precursor.

Wire deposits, approximately 12 µm long, were fabricated on electrical contacts for electrical
and magnetic characterisation. Utilising optical (MOKE) and electrical (AMR, Hall Effect)
techniques (discussed in the next chapter), characteristic ferromagnetic phenomena: hysteresis,
magnetoresistance and anomalous Hall effects, were observed in all deposits studied (containing
between 61 and 73 at.% Fe). An example measurement is reproduced in figure 1.8b. From the
rounded appearance of the hysteresis loops and sudden resistance jumps during magnetoresis-
tance measurements, the deposits were predicted to consist of many magnetic domains. Hall
effect measurements suggested that saturation magnetisation was approximately proportional
to iron content.

The resistance of deposits was low, 10-100 times that of pure iron, but consistently increased with
decreasing temperature, indicating semiconducting behaviour. The almost flat temperature
response of the most iron-rich deposits was taken to suggest that they existed in a metal-
insulator transition (MIT) regime. Temperature dependent AMR measurements showed an
increased magnetoresistance with decreasing temperature.

The work presented in this thesis is a continuation of the FNA-FEI collaboration and as such,
maintains its general goals. In the next section however, some more specific aims and goals of
this work are outlined.

1.3.3 This Work

The M.Sc. project described in this thesis was undertaken with two primary goals in mind.
Firstly, to continue and expand the characterisation work performed by Schoenaker 34 using
the Fe2(CO)9 precursor and secondly, to begin investigating deposits suitable for preliminary
magnetic applications. The positioning of this work in work relative to previous studies is
illustrate in figure 1.9.

Schoenaker

Fundamental

Investigations

Optimisation /

Characterisation

Preliminary 

Applications

This work

Beljaars

Figure 1.9: The state of the FEI-FNA collaboration. The work of this thesis focuses further on character-
isation as well as some initial applications of the magnetic deposits.

Given the two separate goals, results have been divided up accordingly. Chapters 3 and 4
describe the characterisation of simple micron-sized wires. Microstructural, electric as well as
all important magnetic characterisation has been carried out. First, in chapter 3, overlapping
somewhat with the work of Schoenaker 34 , deposits produced under optimal conditions and hence
containing approximately 75 at.% iron are investigated. In the following chapter however, by
modifying the vacuum conditions via the injection of water vapour, deposits with iron-oxygen
contents down to 1:1 (∼50 at.% Fe) have been produced and investigated. Combined, the two
chapters describe the systematic investigation of the influence of oxygen content on deposit
properties. As mentioned earlier in this chapter, EBID of iron in the presence of excess water
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vapour has been explored before. With oxygen representing a primary vacuum as well as
deposit contaminate, a better understanding of its influence is of fundamental importance. The
combination of iron and water is also of interest on its own, especially for spintronic applications
given the 100 % spin-polarised nature of Fe3O4.

The connection with the university of Zaragoza begun with the work of Schoenaker 34 was con-
tinued for this project. Although all deposited locally, a number of these microwire depositions
were investigated in Zaragoza.

In the second half of this thesis, chapter 3, freestanding iron nanopillar deposits have been in-
vestigated. With an eye on eventual applications, if magnetic, such geometries can be expected
to produce stray fields and thereby be able to influence other nearby magnetic materials. To
be able to produce nanostructures with such capabilities, particularly with all the ease and
versatility granted by the EBID technique, is a particulary promising prospect. Before reach-
ing the point of application however, such deposits must be better understood. While direct
electrical and magnetic characterisation of such pillar deposits is not trivial, both the form and
composition have been investigated as a function of changing electron beam properties. With
the help of computer simulations, an investigation into the influence of beam induced heating
at high electron currents has also been performed. This chapter ultimately leads up to the
results of a pilot experiment where the influence of iron nanopillars on domain wall motion in
perpendicularly magnetised wires has been investigated.

Before these results are presented, the next chapter details some relevant experimental tech-
niques and equipment, including the FEI dualbeam.
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Chapter 2

Experimental Equipment &
Techniques

In this chapter a number of important experimental apparatus and the techniques by which
they are utilised are discussed. Both deposit production and characterisation is covered. Due
to its importance in this work, the dualbeam and all its numerous capabilities, both depositional
and analytical, are first discussed. Then in the second half of this chapter the details of some
additional characterisation tools are presented.

2.1 The Dualbeam

The key device used in this work is the FEI Nova 600i Nanolab. With both scanning electron
microscope (SEM) and focused ion beam (FIB) facilities, it is commonly known as a dualbeam.
A schematic representation and interior photo of the device are shown in figure 2.1.
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Figure 2.1: (a) A schematic illustration of the dualbeam showing the electron and ion beam columns, the
sample stage and (behind and in front of the ion column), the GISs. The details of the electron column are
discussed in the text. (b) An internal view of the dualbeam, inside the vacuum chamber.
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The ion beam is orientated at a 52◦ angle with respect to the vertical electron beam. This
allows simultaneous and coincidental operation of both. Samples are mounted on a motorised
5-axes stage, able to undergo full rotation and tilt over 52◦ relative to the electron beam. The
dualbeam is a high vacuum (HV) device, capable of pressures of the order of 10−5 to 10−6 mbar.
The vacuum pressure can be roughly measured by an internal cold-cathode (Penning) gauge
and more specifically characterised by an RGA (residual gas analyzer) which is also attached.

As detailed in figure 2.1a, the electron column is based upon a field emission gun (FEG) electron
source. After extraction and acceleration by the anode, the beam is aligned and columnated by a
number of electromagnetic lenses and apertures. The scanning of the electron beam and further
astigmatic corrections are achieved with an additional lens before the electrons are focused onto
the sample by a final objective lens. As will be discussed later, this final lens can be operated in
a number of modes depending on the required application. Due to its limited use and relevancy,
the FIB, based on a liquid metal ion (LMI) source of Gallium, will not be further detailed here.

The SEM of the dualbeam is capable of acceleration voltages of a few hundred volts to 30 kV.
Similarly, electron currents from pA to ∼20 nA are possible. With the sample stage connected
to a nanoampmeter, specimen currents can be measured in situ, even during deposition.

2.1.1 Detectors & Imaging

A primary function of the dualbeam is SEM. Operating in much the same way as an optical
microscope but with electrons replacing light as the probing medium, electron microscopy allows
very high magnifications (as high as x 1.5 million in the dualbeam) to be achieved due to the
very short (de Broglie) wavelength of the particles. As discussed in the previous chapter, when
a focused beam of electrons is incident on a solid surface, a number of scattering processes can
take place. To produce an image with SEM, the electron beam is scanned over a sample and
the electrons produced in these scattering processes are detected to form an image. Both SEs
and BSEs can be used for image formation. Low energy superficial SEs can be used to form
an image of the surface. While higher energy BSEs can give an image both atomic-number (Z)
and depth contrast.

The dual beam has a number of different detectors, including those for SEs and BSEs. As will
be discussed below, an internal through-the-lens detector is also available for high-resolution
imaging.

Imaging Modes

As was mentioned, the objective lens of the dualbeam can be operated in a number of different
modes. Three different lens settings are available corresponding to three different imaging
modes: regular high-resolution mode (HR), ultra-high resolution mode (UHR) and Energy
Dispersive X-ray (EDX) mode. The differences in the objective lens in these modes are indicated
in figure 2.2, which shows a schematic cross section. Made of a soft ferromagnetic material, the
lens contains two electromagnetic coils which can switched on and off independently. In HR
mode (figure 2.2a) the inner coil is used to create an internal magnetic field and consequently,
an internal lensing action (shown in green) with a rather long focal length. In this mode, the
regular external electron detector is used, as indicated in the figure. In UHR or immersion mode
(figure 2.2b) the larger outer coil is used, producing a magnetic field which now extends axially
into the vacuum chamber, immersing the specimen being imaged, as indicated in the figure. In
addition to a much shorter focal length and thus reduced optical abberations, the external field
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Figure 2.2: The (a) regular (high-resolution, HR) and (b) immersion (ultra-high resolution, UHR) lens
modes of the dualbeam SEM. Each mode utilises a different set of electromagnetic coils for lensing. Current
through the different coils and resulting magnetic flux paths are conceptually indicated as the dark red rings
and blue lines respectively. The focusing action of each mode is indicated in green. In addition to a different
lens mode, for UHR (b), electrons are detected internally via a through-the-lens (TTL) detector. The lens
and electron detector can also be seen in figure 2.1b.

produced in this mode is also very effective at capturing electrons and directing them upwards
to an internal, through-the-lens (TTL) electron detector. Combined, the immersion lens and
TTL detector allow significantly higher resolutions to be achieved. EDX mode is similar to the
immersion mode, just with a lower field strength and is optimised for EDX analysis (see below).

Energy Dispersive X-ray Detector

In addition to electron detectors, the dualbeam also has the capability to detect X-rays emitted
from a sample. Analysis of these characteristic X-rays can then be performed to determine the
composition of the sample.

Energy Dispersive X-ray (EDX) spectroscopy is an analytical technique which can be used
to investigate the elemental composition of a material. The technique involves bombarding
a sample with charged particles and analysing the X-rays emitted as a result. Since each
element possess a unique atomic structure, and hence characteristic X-ray emission spectrum, by
analysing the frequency and relative intensities of the emitted radiation, the atomic composition
of the material can be determined.

The dualbeam is equipped with an LN2 cooled EDAX X-ray detection system, allowing for
in situ compositional characterisation. The electron beam is used to induce X-ray emission.
As mentioned above, a special lens mode is used, optimised for X-ray analysis. Following
Schoenaker 34 and Beljaars 4 , 2 keV electrons were used for all EDX measurements. The shallow
penetration depth of such electrons is most ideal for the investigation of surface deposits and
not the substrate. 2 kV represents the lowest electron energy still able to reliably excite primary
X-ray emissions from the three important atomic species of the iron deposits: iron (Lα: 705
eV), oxygen and carbon (Kα: 525 & 277 eV, respectively).35

Utilising the calibrations of Beljaars 4 , all EDX measurements in this work are taken to have
an uncertainty of approximately 3 at.% (atomic percent).
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2.1.2 Depositing

In addition to imaging, the dualbeam is also intended to be used for deposition, and is equipped
accordingly. This section reviews the important aspects of performing EBID with the dualbeam,
including the gas injection system and patterning strategies.

Gas Injection System

For the purpose of EBID, a gaseous precursor must be introduced to a substrate. In the
dualbeam, this is achieved with a gas-injection-system or GIS. Mounted either side of the ion
column (see figure 2.1a) with components both inside and outside the vacuum chamber, a GIS
consists of a thin needle (ø 600 µm) attached to a small crucible (visible in figure 2.1b) which is
in turn mounted to a pneumatic injection system. With precursors either liquid or solid under
standard conditions, heat must be applied to vaporise them. The Fe2(CO)9 precursor was
heated to 27 ◦C and when injected, was positioned approximately 150 µm from the deposition
location, both laterally and vertically.

In addition to Fe2(CO)9 for iron deposition, the dualbeam at FNA is equipped with four addi-
tional GISs containing precursors suitable for the deposition of platinum, tungsten, carbon and
silicon oxide.

Patterning

When designing a structure to be deposited with EBID, in addition to its shape, there are a
number of important patterning parameters which must be considered. These mostly relate
to how each individual point making up the design is addressed. For a given beam diameter,
the overlap determines the resolution of a design by defining how much two adjacent points
should overlap. Similarly, the dwell time determines the length of time the beam spends at
each individual point. Finally, and more globally, is the number of passes, which, by defining
how many times a pattern will be overwritten, determines the total deposition time. Each pass
can be carried out either line-by-line in a raster fashion or in one continuous run (serpentine).
Between passes, or when the beam must pass a region not meant to be patterned, it is blanked
(deflected from the substrate with a magnetic field).

Small changes in these parameters can have a substantial effect on resulting depositions. For a
specific electron beam current and precursor flux the dwell time will determine how efficiently
the deposition process occurs. If too long, then the irradiated region may run out of precursor, if
too short then decomposition may not be complete. These two possibilities define the precursor
and electron limited regimes, respectively.

Although the dualbeam software is capable of producing and implementing patterns itself,
greater control is granted by so-called stream files, text files in which a pattern is precisely
defined numerically. The wire deposits discussed in the following two chapters were patterned
using such files. As is further discussed in chapter 5, it is also possible to deposit using spot-
mode, where the electron beam is focused at a single spot for an extended period, leading to
the deposition of freestanding structures.
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2.2 Additional Characterisation Tools

Beyond the dualbeam, some additional characterisation tools were also utilised for this project.
Here, an overview of these is presented.

2.2.1 Transmission Electron Microscopy & Electron Diffraction

Beyond surface-sensitive electron microscopy techniques such as SEM, for thin samples there
also exists the possibly to form an image from the electrons being transmitted. Transmission
electron microscopy or TEM involves precisely this. High energy electrons (10s-100s keV) are
focused onto a very thin sample (10s nm) and detected on the other side. Due to the high
energies involved, sub-nanometre resolution is readily achievable.

The two primary imaging modes of TEM are bright-field (BF) and dark-field (DF). In BF-TEM,
the bright undiffracted central spot of the electron beam emerging from the specimen is used to
form an image. Contrast in a BF-TEM image comes from differing degrees of electron occlusion
and absorption by the sample. In DF-TEM, apertures are used to limit electron detection to
a region off axis with respect to the incident beam. Subsequently, only electrons which scatter
(diffract) from the sample in a particular direction (towards the aperture) are used for imaging.

An additional characterisation technique possible with TEM is electron diffraction. Analogous
to optical diffraction, by studying the diffraction pattern produced when a thin sample is illu-
minated with the electron beam, the crystallographic nature of the material can be determined.

Both TEM and electron diffraction are used in this report to investigate the microstructure
of deposits. In the case of the microwire deposits, due to their size, they first had to be
prepared to allow for such analysis. This entailed first coating the deposits with EBID and then
IBID platinum for support, and then using a FIB to mill-out and thin cross-sectional lamellas.
Although lamella preparation was performed in the dualbeam, actual TEM was performed
externally in conjunction with Philips MiPlaza.

2.2.2 Atomic Force Microscopy

An atomic force microscope (AFM) is a scanning probe device capable of measuring surface
features with nanometre resolution. Topology is determined by monitoring the forces (Coulomb,
van der Waals, etc. or in the case of magnetic force microscopy, MFM, dipole-dipole) on a
sharp tip as it is scanned across a surface. This tip is mounted at the end of a cantilever
such that these forces can be quantified by monitoring cantilever deflection. Typically, this
deflection is measured optically, by observing the motion of a laser spot reflected off the top of
the cantilever. Using a feedback system, cantilever deflection is kept constant by adjusting the
tip-surface distance. Not only does this prevent potentially damaging collisions between the tip
and the surface, it also provides the required force-dependent height contrast necessary to form
a topological map of a surface.

An AFM can operate in a number of different modes, the three most common of which are briefly
described. The simplest and most straightforward is contact mode. Here the tip is effectively
dragged across the surface, it is the repulsive coulomb force which provides topological contrast.
In non-contact mode, the tip is scanned a small distance above the surface while the cantilever is
oscillated near resonance. Attractive forces (such as van der Waals) influence the oscillation and
by adjusting the tip-surface distance to compensate, topological contrast is obtained. Finally
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there is semi-contact or tapping mode. This approach combines the best features of the previous
two modes, being less destructive than full-contact mode but more sensitive than non-contact
mode. Here, the cantilever and tip are again oscillated, however now the tip is made to contact
the surface at the limit of the oscillation (’tap’). As with non-contact mode, surface forces
influence this oscillation and by adjusting tip-sample separation to compensate, a picture of the
surface can be constructed.

As discussed below, in this work, AFM was used for resistivity calculation. Semi-contact mode
was used exclusively.

2.2.3 Electrical Methods

Electrical characterisation was carried out in a home-built multipurpose setup consisting of
numerous source- and multi-meters, a cryostat system capable of temperatures from 4 to 400 K
and an 800 mT magnet.

As is discussed at the beginning of the following chapter, for the purpose of electrical character-
isation, wire deposits were produced on top of pre-patterned electrical contacts. As illustrated
in figure 2.3, each wire is deposited on four contacts in a so called four-point probe layout.
The outer two contacts are used to apply a current (source) and the inner two to measure the
resulting voltage drop (sense). Due to the high input impedance of the voltage probes, minimal
current flows and essentially, only the voltage drop caused by the deposit itself is measured, not
that due to contact resistance or wiring. Both room temperature and temperature dependent
resistance measurements have been performed in this way.
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Figure 2.3: An illustration of the four-point probe resistance measuring technique. A wire (dark) is shown
on four electrical contacts (light). The concept is described in the text. Also shown in this figure, indicated
by the arrows, are the three principle directions along which fields are applied for MR measurements.

In addition to simple resistance measurements, magnetoresistance was also measured in this
setup. The changing resistance behaviour was typically analysed for three different field direc-
tions. These are shown in figure 2.3. Using AFM to determine the cross-sectional area (A) and
length (l) of deposits, measured DC resistances (R) were converted into resistivities using the
equation: ρ = RA/l.

2.2.4 Kerr Microscopy

A final characterisation technique utilised for this project is Kerr Microscopy. When a beam of
polarised light reflects off a magnetised surface, its polarisation can rotate slightly as a result
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of the Magneto-optical Kerr effect (MOKE).34,36

For this work, MOKE measurements have been carried out using a wide-field Kerr microscope,
essentially just a regular optical microscope modified to operate with polarised light. With light
passing through a polariser both before and after illumination of the sample (cross-polarisation),
magnetisation changes appear as variations in intensity. The microscope is connected to a
camera and computer, allowing these changes to be recorded digitally. In order to improve
magnetic contrast, both averaging and background subtraction are implemented. An example
of a Kerr microscopy image is shown in figure 2.4.

Figure 2.4: A typical image from a Kerr microscope, showing the contrasting (in-plane) magnetisation
directions. Taken from reference 36.

The magnetic information depth of the Kerr effect is about 20 nm in metals,36 making it
primarily a surface sensitive effect. Even so, hysteresis loops can be obtained by monitoring the
light intensity of a region of interest while sweeping an applied magnetic field. Although signal
intensity is difficult to correlate to absolute magnetisation values, the shape of such loops as
well as parameters like the coercive field are still meaningful.

The light source of the microscope is incandescent in nature, making the intensity of illumination
and hence signal-to-noise ratio lower than that of more commonly used laser-based MOKE
setups.34 The use of optical light also limits lateral resolution to a few hundred nanometres.
However, the speed and ease with which a measurement can be made is much greater.
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Chapter 3

Exploring Iron Microwires

In this chapter, an investigation of the structural, electric and magnetic characteristics of EBID
microwires containing a high percentage of iron (> 70 at.%) is presented. This is an extension
of previous work carried out by Schoenaker 34 . In addition to its fundamental value, such
an investigation also sets a baseline for the systematic characterisation work presented in the
following chapter. The influence of deposit thickness has also been investigated, with thicker
deposits found to exhibit some unusual characteristics.

Before results are presented, in the following section, some technical details about the microwire
deposits and their production are discussed.

3.1 Deposit Fabrication
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Figure 3.1: (a) An AFM scan of a typical EBID iron wire deposition on four-point electrical contacts.
The deformities at either end of the deposit are patterning errors where the beam changes direction. (b) A
cross-sectional profile view of the same deposit.

For this study, deposits with simple rectangular, wire-like geometries were utilised. These
wires were patterned with nominal dimensions of 12.5 µm x 500 nm (length x width). Due to
its dependence on both the deposition time and precursor pressure, deposit thickness varies,
though is typically of the order of a few hundred nanometres thick. As well as being easy to
produce, such wire deposits are well suited to electrical measurements and furthermore, exhibit
intrinsic shape anisotropy, useful for magnetic characterisation. Wider rectangle geometries
were chosen over simpler lines to make eventual optical probing easier. An AFM scan of a
typical microwire deposit is shown in figure 3.1.

Wires were deposited on silicon substrates. To enable electrical measurement, these substrates
have a 100 nm surface layer of insulating silicon oxide (SiO2) and are patterned with four-point
electrical contacts, as shown in figure 3.2.
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Figure 3.2: SEM images of the electrically patterned silicon substrates on which wire depositions were
produced. Three different magnifications are shown. The four-point electrical contacts consisted primarily
of sputtered Au (∼100 nm thick, UV lithography) with Pt (∼50 nm thick, Electron Beam Lithography,
EBL) defining the finer details. The electrical pathways of one four-point contact are highlighted in yellow
(source leads) and green (sense leads) with the position of the deposit shown in red. Each substrate could
accommodate up to 8 wire deposits.

Drawing on the conclusions of the optimisation work of Schoenaker 34 , by depositing under
optimal vacuum conditions (allowing the system to pump for a minimum of 48 hours) and using
an electron beam with a low energy (5 kV) and high current (∼ 20 nA) wires with an iron
content of ∼ 75 at.% could be readily produced. 5 keV rather than slightly more effective 2 keV
electrons were used in order to increase resolution slightly.

As mentioned in section 2.1.2, wires were patterned using a stream file. With beam diameter
(FWHM) under the above conditions estimated to be around 200 nm, and given the use of
50% overlap, each point in the pattern was separated by 100 nm. Each wire consequently
consisted of four rows of approximately 125 points. These points were addressed in a serpentine
manner (along the four rows) with a dwell time of 1 µs. The number of passes depended on the
patterning time but for a typical 15 minute deposit was of the order of 2 million.

As is further discussed in appendix A, deposits were found to be very stable. Over periods as
long as months, oxidation was found to have a minimal influence.

3.2 Microstructure

Using both SEM and TEM analysis techniques, two notably different forms of microstructure
were identified in the iron-rich microwires.

500 nm

670 nmThickness:

(a)

500 nm

(b)

250 nm

(c)

130 nm

(d)

Figure 3.3: High-magnification SEM micrographs (10 kV, ≤1 nA, immersion lens mode) of four EBID
iron wires with similar compositions (∼75 at.% Fe) but different thicknesses, as indicated. All images are
at equal magnification as indicated by the scale in (a).

34



Although primarily surface sensitive, a SEM is granted a degree of depth sensitivity by BSEs
(see section 1.1). Consequently, initial microstructural investigations involved simple and non-
invasive SEM imaging. It was revealed that dependent on thickness, deposits took on one of
two different characteristic forms. Thick deposits (> 200 nm), as shown in Figures 3.3a and
3.3b, appeared opaque and generally quite homogeneous. Thinner deposits however, as seen
in Figures 3.3c and 3.3d, as well as looking transparent, displayed cluster like features. The
escape depth of BSEs produced by a 10 keV beam in an iron based composite material such can
be as high as 200 nm (ref. 37). Imaging at this energy can thus be expected to yield a depth
sensitivity of the same order of magnitude, explaining the opaque appearance of the thinner
deposits. An explanation of the cluster features apparent in thinner deposits required more
advance imaging techniques.

To better explore the microstructure of the wire deposits, including the apparent height depen-
dency, a thick microwire was investigated with TEM. Figure 3.4a shows a dark-field TEM image
of a lamella made from a 670 nm thick microwire (the same deposit as shown in figure 3.3a). As
described in subsection 2.2.1, DF-TEM utilises scattered electrons for image formation such that
similar (bright) contrast defines scattering from a crystalline material with uniform structure
and orientation.

500 nm

EBID Pt EBID Pt capping layer

100 nm SiO2

Si Substrate

EBID Fe

(a)

®-Fe

(b)

Figure 3.4: (a) A DF-TEM image of a cross-sectional lamella prepared from a 670 nm thick iron microwire
(78-9-13 at.%, Fe-O-C). Polycrystalline growth can be seen to extend from a nearly amorphous lower layer.
(b) An (inverted) electron diffraction pattern of the same deposit (both growth regions). Numerous lattice
spacings consistent with α-iron can be seen (in red), with an additional diffuse ring (dashed) suggesting
the possible presence of some nanocrystalline iron carbide (Fe3C). Ring transparencies are proportional to
expected intensity. Lattice spacings taken from reference 38.

A very rich microstructure was revealed, in stark contrast to what was observed with SEM.
In between the silicon substrate and Pt capping layer the EBID deposit, consisting of two
very different growth phases, can be seen. The intermediate contrast of the lower layer of
growth is characteristic of a near-amorphous material, with some intermittent white speckles
suggesting a nanocrystalline structure. Also apparent in the EBID platinum capping layer, such
disordered growth is common to EBID. Of more interest though, is the subsequent growth.
The black/white regions seen nucleating from the lower layer and making up the majority
of the wire define individual crystal grains; the wire is predominantly (poly)crystalline. The
expected growth evolution is illustrated schematically in figure 3.5. It is very rare to observe
such a degree of crystallisation in an as-deposited EBID material, let alone in a ‘flat’ deposit
produced under HV conditions.10 Furthermore, interpreted in terms of such two-phase growth,
the SEM results now also make sense. Considering the first phase of growth illustrated in
figure 3.5, the cluster-like features seen in thinner deposits were likely the beginnings of the
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crystallisation process. In thicker deposits, the structural contrast previously granted by the
amorphous/crystalline multiphase is lost as the crystalline material interconnects, leading to a
homogeneous appearance.

Growth direction

Amorphous Polycrystalline

Figure 3.5: A schematic representation of the observed microstructural evolution with microwire thickness.
Initial near-amorphous material eventually gives rise to polycrystalline structure.

Electron diffraction and EDX were used to further characterise the crystalline material. As
shown in figure 3.4b, the deposit produced a diffraction pattern consistent with polycrystalline
α-Fe (bcc), the bulk equilibrium phase of elemental iron. More curiously though, EDX revealed
that although structurally dissimilar, the composition of both growth phases was the same; net
iron content (∼78 at.%) did not increase in the crystalline material. This is an unfortunate
result, and does diminish the real value of such structure. At the same time though, it is quite
informative. Firstly, it might explain why the quality of the crystalline material appears to
deteriorate with thickness; why the largest crystals stem directly from the amorphous material.
It is possible that during the deposition process, initial crystals are able to displace impurities
into the surrounding nanocrystalline material. Those in the upper region of the deposit however,
isolated from this ‘impurity accepting’ material, are forced to grow around contaminate species
and are thus smaller. This result also suggests that the deposition process, both in manner and
efficiency, did not change significantly between layers. As will now be discussed, this implies
that some additional mechanism was responsible for the microstructural evolution.

For EBID and material deposition in general, composition plays an important role in deter-
mining what microstructure will develop, crystalline or otherwise. Via the use of both UHV
setups and carbon-free precursors, the achievement of very pure (> 95 at.% metallic), com-
pletely crystalline deposits with EBID has been detailed in literature.10 Although these iron
microwires have a lower purity, nanocrystalline features were already seen to develop in the
highly disordered lower layer growth. These spontaneously nucleating nanocrystals are thought
to act as seeds for subsequent polycrystalline growth. Such a probabilistic process is consistent
with the fact that a significant portion of the deposit remains non-crystalline, and that such
structural evolution is not universally observed in such deposits.34,39 Another way to consider
the situation is that such crystalline structure is in fact the preferred structure for material
of this composition. The development from initially nanocrystalline to finally polycrystalline
structure might be the result of structural or compositional disorder near the substrate. This
conclusion still does not rule out the possibility that additional mechanisms also played some
role in the crystallisation process however, as is discussed below.

Heat in particular is a particularly effective crystallising agent. In addition to using standard
post-deposition heat treatments (annealing), crystalline deposits have been achieved with EBID
both via the use of heated substrates and by exploiting beam induced heating effects10 (further
discussed in chapter 5). Although high beam currents, conducive to such heating were used
to produce the wire deposits, crystallisation appears to begin very near to the substrate where
heat buildup would be minimal. While not ruling it out completely, this result does suggest
that heat played only a minor role, if any. Another possibility is autocatalysis. Iron is a a well
known catalyst,40 and its presence was found to greatly enhance the (thermal) decomposition
of Fe(CO)5.20,41 A process of this nature could have locally enhanced the iron content at po-
sitions where (crystalline) iron was already present. However, as was already mentioned, with
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composition equal in both growth phases, any additional decomposition mechanism could only
be active to a limited degree.

This investigation, the first of its kind involving the Fe2(CO)9 precursor, has provided a great
deal of insight into the microstructure and growth processes present in such EBID materials.
Although only a limited number of samples have been investigated with TEM, SEM imaging
suggests the observed microstructural evolution occurred frequently. Furthermore, provided
deposition parameters are held constant, there is no reason why such growth should not persist
in similar (2-D) geometries. It must be emphasised though, that while an unusual and thus
fundamentally interesting result, with iron content unchanged, the practical implications of such
crystallisation are less significant.

In the following section the electrical character of the microwires is investigated.

3.3 Conductivity

The electrical conductivity of a number of microwires, both thin and thick, was investigated
using the standard four-point probe measurement technique outlined in subsection 2.2.3. In
addition to the magnitude of the resistance, the temperature dependent behaviour of selected
samples was also investigated to give insight into the mechanisms of conduction.
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Figure 3.6: EBID microwire resistivity plotted as a function of (a) iron content and (b) height. The
uncertainty in the resistivity is determined from the variance in AFM measurements (15 %). Compositional
(EDX) uncertainty is taken to be ±3 at.% but is not shown due to the small compositional range plotted.
For this same reason, the significance of these results should not be overstated.

Figure 3.6a shows a plot of resistivity versus iron content for eight different microwires with
slightly different compositions and thicknesses. Although no clear relation between thickness
and composition was found, as is to be expected, deposit resistivity decreases slightly with
iron content. Average resistivity was ∼100 µW·cm, just one order of magnitude above that
of pure iron (9.6 µW·cm)42 and among the lowest resistivity achieved in as-deposited EBID
material.10 Given the high iron content of the deposits, this is not unexpected. Within an
order of magnitude, these values are also consistent with the findings of Schoenaker 34 . Given
the microstructural evolution revealed in the previous section, in figure 3.6b, resistivity is also
presented as a function of deposit thickness. The data suggests that in spite of similar com-
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positions, thinner, nanocrystalline wires, have a slightly higher resistivity than thicker, mostly
polycrystalline wires. Overall, the fact that the resistivity is in general quite low for nano and
polycrystalline deposits alike, implies that in all these EBID microwires, conduction takes place
predominately via metallic pathways.
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Figure 3.7: The resistivity of a 130 nm thick microwire (shown in figure 3.3d) as a function of temperature.
(Inset) The same data plot over a larger resistivity range, highlighting how little the resistivity varied.

To further explore this suggestion of metallic conduction, temperature dependent measurements
were performed. Figure 3.7 shows the changing resistance of a 130 nm thick microwire as a
function of temperature. A very minor semiconductor-like (negative) behaviour is apparent.
Over almost 300 K, the resistivity of the deposit changed by less than 1.3 µW·cm or 0.7 %.
This corresponds to a temperature coefficient of resistance (TCR, eq. 1.3) of just -23 ppm/K,
comparable to that of a resistor. Similar temperature stability was observed by Schoenaker 34
and here, as there, it is concluded to be the result of mixed conduction through both metallic
and semiconducting material. With the TCR of intrinsic semiconductors is typically much
larger in magnitude than that of pure metals and given the low resistivity of the deposit, the
majority of conduction can be assumed to be metallic. This conclusion is consistent both
with the composition and the expected microstructure of such deposits. The high iron content
should allow a significant degree of conduction to take place through iron. The disordered
form of this iron can be expected to be at least partially responsible for the observed order
of magnitude higher resistance of the deposits. Given the significant impurity concentration
however, (∼25 at.%) complete metallic percolation is unlikely. An additional factor responsible
both for increased resistance and most specifically the negative TCR is conduction in, or through
non-conducting materials. Electrical conduction in these EBID iron microwires is expected to
be somewhat similar to conduction in the metal-insulator transition regime of standard granular
metals.11,34

The primary impurity species present in these deposits are carbon and oxygen, typically 15 at.%
each. The microstructural investigations have suggested that carbon takes on a predominately
amorphous structure. Conversely, the oxygen is expected to react with the iron, forming oxides.
The resistivity of both amorphous carbon and iron oxide is significantly higher than that of
metallic iron. Conduction through this contaminate material can be expected to occur via
thermally induced hopping or tunnelling mechanisms where electrons tunnel either directly
or via localised states through the semiconducting or insulating barriers. A ρ ∝ exp(T−0.5)
behaviour (equation 1.4), characteristic of conduction through isolated granular metals is not
apparent. The unusual shape of the temperature dependence data suggests that the way in
which the metallic and non-metallic conduction mechanisms combine is not trivial.

In addition to a specific temperature dependence, hopping conduction of this nature often
reveals itself as a non-ohmic current-voltage (IV) behaviour.21 This was briefly investigated at
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room temperature using low bias voltages (mV), but behaviour remained linear. Rather than
ruling out such conduction however, this result is thought to suggest that the tunnel barriers
involved are rather large, or that the extent of these semiconducting processes is too minor to
detect easily. Although no measurements were performed on thicker polycrystalline deposits,
given their comparable composition, complete metallic percolation remains unlikely. A slightly
lower resistivity does suggest increased metallic conduction, but whether or not this increase is
sufficient to change the sign of the TCR, remains to be seen.

Ultimately, only a minor dependency of the conductivity on the microstructure was revealed.
Beyond this though, in spite of a negative TCR, the resistivity of deposits was found to be very
low, a promising characteristic for eventual electrical applications. In the following section,
perhaps the most interesting characterisation results are presented, those magnetic in nature.

3.4 Magnetism

The primary motivation behind the investigations of the Fe2(CO)9 iron precursor is the promise
of ferromagnetic deposits. Magnetic characterisation is thus of particular importance. As
explained in chapter 2, two different experimental techniques are used to probe the magnetic
character of the EBID microwires, one electrical (magnetoresistance) and one optical (MOKE).
In this section both such measurements are presented and discussed.
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Figure 3.8: The AMR of two thin (130 nm) iron-rich microwire deposits (both 75-12-13 at.% Fe-O-C) for
fields applied in three different directions (as indicated schematically). Field sweeps began and ended at
-800 mT, increasing to 800 mT in between, but due to symmetry, only the MR from 0-800 mT is presented.

In figure 3.8, the MR of two thin (∼130 nm), iron-rich microwire deposits is presented. As
discussed in subsection 2.2.3, MR behaviour is investigated for three different field directions.
These directions, relative to the microwire, are indicated schematically in the figure. For both
deposits, a very similar anisotropic behaviour is apparent. Although the application of a lon-
gitudinal field has a minimal influence on the resistance, both perpendicular and transverse
fields cause the resistance to decrease. This behaviour is consistent with anisotropic magnetore-
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sistance (AMR, see section 1.2.2) reaffirming34 the ferromagnetic nature of iron-rich deposits
produced from Fe2(CO)9. The limited influence of longitudinally applied fields suggests, un-
surprisingly, that the easy axis of the microwires is defined by their shape and lies along the
longest dimension. More specifically, this result implies that at remanence, the magnetisation
is already parallel with the applied current. Correspondingly, fields perpendicular to this easy
axis reduce the resistance by pulling the magnetisation perpendicular to the current. While in
the transverse direction, saturation is apparent (after ∼300 mT), the 800 mT field limit of the
setup was not sufficient to orientate the magnetisation in the perpendicular direction, along the
hard axis. Considering shape anisotropy, this result (Hsat,long � Hsat,trans < Hsat,perp) is in
agreement with the geometry of the microwire (length � width > thickness).

For both deposits, neither the transverse nor the perpendicular AMR curves follow the quadratic
cosine behaviour expected in the case of completely coherent rotation of the magnetisation (sec-
tion 1.2.2). With these thin deposits expected to have a disordered nanocrystalline or amor-
phous structure, and thus consist of multiple magnetic domains, this result is not surprising. A
multi-domain structure is further suggested by the presence of sudden jumps in the resistance,
best illustrated in figure 3.8b, in the perpendicular MR, near 200 mT. Often observed and re-
producible, these jumps correspond to the abrupt reorientation of specific (groups of) magnetic
domains.

In addition to AMR, a minor secondary MR is also apparent in both samples. Most visible for
longitudinal applied fields but also apparent in the transverse direction after the AMR saturates
(>300 mT), this MR is characterised by a very small and almost linear increase in the resistance.
Being similar in both longitudinal and transverse directions, this effect seems to be isotropic
and could thus be caused by ordinary magnetoresistance (OMR) (section 1.2.2). However, in
OMR, resistance is increased by a reduction of the electron MFP caused by the Lorentz force.
For such a mechanism to be effective the MFP must be reasonably long to begin with, which is
not expected to be the case in the near-amorphous microstructure of these deposits. The exact
cause is thus not clear.

Perhaps the most unusual characteristic displayed by these thinner deposits is the magnitude
of the AMR. At -0.53 %, the transverse AMR of both deposits is significantly larger than
that typically observed in bulk iron (0.2 %). In crystalline iron, crystalline anisotropy can
enhance the AMR in certain crystallographic directions, leading to magnitudes of this order.43
In the nanocrystalline structure of the microwires though, such an enhancement is implausible.
Similarly large AMR was also observed the deposits investigated by Schoenaker 34 . Although
the exact cause of this is still not known, it is expected to be a result either of the composition
or of the microstructure of the deposits (or both).

As shown in figure 3.9a, transverse magnetoresistance measurements were also repeated at low
temperatures. When going from 300 to 5 K, the magnitude of the MR almost doubled. As
is explained in chapter 1, AMR is spintronic in nature, with resistance changes caused by in-
creased or decreased spin mixing. All spin-polarised processes generally have some temperature
dependence. In metals this is often via the MFP. Decreased lattice vibration (phonons) at low
temperatures allow electrons to travel further without being scattered. In AMR, it is not scat-
tering which is the issue specifically, but rather the kind of scattering. While impurity atoms
ideally define spherical scattering potentials (Coulomb), phonons tend to have non-spherical
potentials, leading to an unfavourable distortion of the SOI anisotropy and subsequently, a de-
creased AMR magnitude.8,44 An increase in AMR at low temperatures, where phonon densities
are decreased is thus as expected. In addition to a change in magnitude, it is also apparent that
the magnetisation becomes more difficult to saturate at low temperatures. At room tempera-
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Figure 3.9: Magnetic measurements on a 130 nm thick microwire with a composition 75-12-13 at.%,
Fe-O-C. (a) Low temperature (5 K) transverse AMR. The equivalent room temperature measure is also
included for comparison. (b) Low-field longitudinal AMR and MOKE, illustrating ferromagnetic hysteretic
switching. Black and red correspond to increasing and decreasing fields respectively.

ture the AMR and hence the magnetisation saturates at around 300 mT, while at 5 K this is
closer to 400 mT. As is discussed in chapter 1 (see figure 1.3b), this is caused by the increase
in saturation magnetisation at lower temperatures.

In addition to AMR, MOKE measurements were also performed on thin microwire deposits.
One such measurement is presented in figure 3.9b, together with a corresponding low-field AMR
measurement, for a longitudinally field. By sweeping this field from negative to positive (black
lines) and back again (red lines), the switching behaviour of the wire is observed. Both the
MOKE and the AMR reveal clear hysteresis, with a coercive field of approximately 4 mT.
Given the different magnetic sensitivities of the two techniques, MOKE being surface and AMR
bulk sensitive, by comparing measurements, additional details of the switching process can be
uncovered. The switching process takes place over approximately 1 mT in both measurements,
suggesting that both the bulk and surface magnetisation switch similarly.

Finally, the influence of deposit thickness on magnetic character was also investigated. In
figure 3.10 the MR behaviour of three microwire deposits of increasing thickness is presented.
To the bottom right of the figure, AFM profiles of these three thicker deposits and one thinner
one from figure 3.10 are also shown. To give an indication of the expected microstructure of
various deposits the TEM image from figure 3.4 is also reproduced to scale here.

It is clear that deposit thickness greatly influences the magnetoresistance, particularly when
these results are compared to those in figure 3.8. Although remaining anisotropic, as thickness
increases, AMR magnitude appears to decrease while saturation fields increase. In the two thick-
est deposits the MR behaviour becomes particularly erratic below 400 mT. While much of this
behaviour cannot be explained exactly, is thought to be the result of the variation of two things:
shape anisotropy and microstructure. As shown in the AFM profiles, as thickness increases,
deposit width stays roughly the same. Consequently, a realignment of the hard axis, from in the
perpendicular direction to the transverse direction can be expected as deposits get thicker. This
is directly observed in the AMR results. In the thinnest deposits (figure 3.8 and figure 3.10(i))
the resistance decreases fastest for transverse fields, suggesting that the magnetisation is easier
to rotate in this direction than in the perpendicular direction. In thicker deposits though, this

41



0 2 0 0 4 0 0 6 0 0 8 0 0

- 0 . 2 5

- 0 . 2 0

- 0 . 1 5

- 0 . 1 0

- 0 . 0 5

0 . 0 0

0 . 0 5

0 . 1 0

0 2 0 0 4 0 0 6 0 0 0 2 0 0 4 0 0 6 0 0 8 0 0

- 5 0 0 0 5 0 0 1 0 0 0 1 5 0 0 2 0 0 0 2 5 0 0 3 0 0 0
0

2 5 0

5 0 0

7 5 0

���

M
R

 (
%

)

�"
�
	����

����������������

�"
�
	����

�����������


�����������

�������������

���� ����

��"
�
	����

 

������������

H
ei

gh
t 

(n
m

)
����������

�� �

�����

����

���
������!��������

���!��!��������

Figure 3.10: The AMR of deposits of increasing thickness but similar iron content (∼75 at.%). AFM
profiles illustrating their differing thicknesses are shown bottom right together with the TEM image from
figure 3.4, indicating the expected microstructure (a profile of the deposits from figure 3.8 is also included
(iv)).

difference first decreases (figure 3.10(ii)) and finally reverses (figure 3.10(iii)). A related effect
is also visible in the longitudinal MR. In the thinnest deposits (figure 3.8) a longitudinal field
has little effect at low fields (<100 mT), suggesting that the magnetisation already lies in this
direction as a result of strong shape anisotropy. In these thicker deposits however, this is not
the case, and such a field does induce a small positive increase in the resistance as it aligns the
magnetisation along the wire. The exact cause of much of the more complex MR behaviour in
the two thickest wires is not known. It is reasonable to assume though, that this might relate
to a changing microstructure since both are expected to consist primarily of polycrystalline
iron. MOKE measurements were also attempted on thicker deposits (not presented here) but
resulting behaviour was incomprehensible.

Ultimately, as demonstrated by figure 3.8, provided a microwire deposit has a well defined
easy axis (length � width > thickness) and consists of a single and simple structural phase,
very straightforward magnetic behaviour reproducibly results. Both AMR and MOKE results
clearly indicated ferromagnetic behaviour. But there is still a great amount to be understood,
particularly in thicker deposits. Ideally, the two suspected primary causes, shape anisotropy
and microstructure, should be investigated separately. This could be achieved by characterising
deposits with similar structure but with different geometry.

In the last section of this chapter the effect of annealing such microwire deposits is briefly
explored.
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3.5 Annealing

As is evident from the results presented throughout this chapter, even as-deposited, iron mi-
crowires produced by EBID of Fe2(CO)9 display a number of promising characteristics, electrical
and magnetic alike. However, as a final and ultimate indication of the potential of EBID with
the Fe2(CO)9 precursor, post deposition heat treatment has been investigated. Although focus-
ing on just a single iron-rich microwire, this pilot investigation is the first of its kind successfully
carried out a deposits made with this new iron precursor. One of the thin (130 nm) iron mi-
crowires investigated in the previous section was annealed at 300 K in an argon environment
(∼1 atm) for 30 minutes. A longitudinal magnetic field of 250 mT was applied during annealing
to help define the easy axis.

An issue commonly encountered when annealing nanostructures is geometric distortion caused
by the transport or removal of contaminates.10 For this microwire, containing 75 at.% iron, 92 %
by volume, such distortion is of little concern and indeed, post-annealing AFM revealed minimal
geometric variation. After annealing, the (room temperature) resistivity of the deposit decreased
from 170 to 90 µW·cm. The temperature dependence of the resistivity was also reinvestigated,
as can be seen in figure 3.11a. A definitively metallic behaviour was revealed; from room
temperature to 5 K the resistivity almost halved corresponding to a TCR of 1900 ppm/K
(TCRFe=5000 ppm/K).42 As expected for metallic conduction, the resistivity begins to plateau
at low temperatures (< 30 K) as thermally induced phonon-scattering ceases, leaving just
intrinsic defect and impurity scattering. As discussed in section 1.2.2, this intrinsic resistivity
can be used to indicate the purity of the material (carrying the conduction) in the form of the
residual resistivity ratio or RRR. An RRR of 1.9 was determined for the annealed microwire, far
from that of high purity iron (> 300),42 but comparable to that of thin films (20 nm) produced
by MBE (3.3).45
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Figure 3.11: (a) The resistive temperature dependence and (b) SEM image of an annealed microwire
(130 nm thick) with an original composition of 75-12-13 at.% Fe-O-C.

Figure 3.11b shows a SEM image of the annealed deposit. When compared to its as-deposited
appearance (figure 3.3d), significantly more structure is apparent. Grain-like features can be
seen, and given the electrical results, these are expected to be consist of metallic iron. EDX
spectroscopy could only be performed a few days after the annealing and electrical measurements
took place. Measurements suggested that post annealing, composition worsened significantly,
to 46-47-7 (Fe-O-C at.%). Such a composition is clearly incompatible with the electrical
characterisation results. Oxidation is expected to be the cause. Although, as discussed in
appendix A, oxidation was general not an issue with as-deposited iron samples, likely due to
their inherent oxygen content, the purification induced by the annealing could have eliminated
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this stability.

The magnetoresistance of the annealed deposit was also reevaluated and is shown in figure 3.12.
Although AMR is still clearly the primary magnetoresistive mechanism, a number of changes
are apparent compared to the MR before annealing (figure 3.8). The magnitude of the MR
has reduced significantly, to something closer to that of pure iron. This further implies that
the enhanced AMR seen in as-deposited thin samples is either due to their composition or
microstructure. The shape of the AMR has also changed, with both the transverse and in
particularly the perpendicular MR became more quadratic in nature. Although still expected
to be multi-domain (especially given the granular appearance), this result suggests a more co-
herent magnetic rotation due to increased magnetic interaction between domains, likely caused
by the removal of non-magnetic contaminate species. As is apparent from the low field lon-
gitudinal MR in figure 3.12b, the coercivity of the deposit also increased, almost doubling to
7 mT. This is further consistent with the idea that the magnetic interaction between grains has
increased. A slight increase in resistance for small longitudinal fields (<100 mT) suggests that
the remanent magnetisation is not completely aligned along the axis of the wire. The 250 mT
field applied during annealing should have been sufficient to achieve alignment in the longitu-
dinal direction. This could suggest the development of an additional anisotropic mechanism,
such as crystalline anisotropy. With deposit geometry unchanged, saturation fields are again in
expected proportion (Hsat,long � Hsat,w < Hsat,t).
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Figure 3.12: The AMR of an annealed microwire deposit at (a) high fields (including at low temperature)
and (b) longitudinal low fields.

Just as before annealing (figure 3.8), in addition to AMR, a secondary isotropic linear MR effect
is also apparent. While positive before annealing, as can be seen in figure 3.12a for longitudinal
fields of above 100 mT and transverse fields above 300 mT, here it is negative. This is thought
to be caused by normal magnetoresistance (section 1.2.2).

Low temperature AMR (5 K) measurements were also repeated, again for a transverse field.
As shown in figure 3.12, annealing all but eliminated the previously significant temperature
dependence of the AMR. As was previously discussed, the temperature dependence of AMR
is thought to be the result of the different scattering potentials of phonons and impurities. In
this annealed sample, a transition from phonon dominated to impurity/defect scattering at low
temperatures is clearly apparent (figure 3.11a). Subsequently, this result cannot be explained.
In contrast, the high field MR does display a temperature dependence, increasing slightly. This
is consistent with the assumption that it is caused by normal magnetoresistance.
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These preliminary results are quite promising. For the first time, magnetic conduction has been
achieved in a deposit produced from the Fe2(CO)9 precursor. Although no detailed investigation
was carried out, the microstructure appears to crystallise. One major issue appears to be
oxidation. EDX suggested that after a few days in air, oxygen content increased to 50 at.%.
Unfortunately the sample was destroyed before additional electrical measurements could be
performed to confirm this. This was just a pilot experiment, and a lot more could still be learnt.
By investigating the conductance as a function of annealing conditions (time, temperature) it
might be possible to observe the transition from semiconducting to conducting behaviour more
systematically. By then also investigating how the microstructure evolves, a great deal of insight
could be gained.

3.6 Conclusions

In this chapter, iron-rich (∼75 at.%) microwire deposits produced by EBID of Fe2(CO)9 have
been broadly characterised. Microstructural investigations revealed a rather unusual growth
process. Although the microwires begin nearly amorphous, after reaching thicknesses of around
>200 nm, a crystallisation takes place (bcc iron). Electrically, the microwires are highly con-
ductive (100 µW·cm), but due to a small degree of non-magnetic conduction, display negative
temperature dependent behaviour. Both AMR and MOKE measurements revealed ferromag-
netic behaviour. However in thick deposits, at least in part due to the changing microstructure,
this behaviour could not be well explained. For the first time, the influence of annealing was also
investigated. While metallic conduction was induced, the deposit also oxidised rather quickly.

With the Fe2(CO)9 precursor it is thus possible to reliably deposit magnetic, conductive mate-
rial. But a number of things are still not clear and should be further investigated. Of particular
value would be a better understanding of the crystallisation process and most specifically, why
iron content does not increase as a result. The annealing process should also be further explored.
By optimising annealing conditions, the observed rapid oxidation might be able to be avoided.

As mentioned in the introduction, the results of this section on optimal deposits effectively set
a benchmark for what can be achieved. In the next chapter, these results are contrasted against
microwire deposits produced in below-optimal conditions, specifically, at high water vapour
pressures.
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Chapter 4

Tuning Iron Content

Up till now, investigations into the Fe2(CO)9 precursor have focused largely on optimisation;
maximising the iron content of deposits.4,34 From an application stand point this is not unusual,
but it has left the rest of the compositional spectrum, including the other extreme of low iron
content, relatively unexplored. Although deposits of this nature maybe of little interest individ-
ually, a systematic study highlighting how their character – structural, electric and magnetic –
changes with composition could prove insightful. This chapter details such an investigation.

Given its significance both in EBID and in iron chemistry in general, this study focuses on
the influence of oxygen, or specifically, how deposit properties change as their iron-oxygen
ratio is artificially modified. Composition control has been achieved by artificially altering
(worsening) vacuum conditions via the injection of water vapour. With oxygen defining a
primary contaminate species in EBID iron material, a better understanding of its influence
might eventually allow even higher iron purities to be achieved. The EBID of iron oxide itself is
also of interest, particularly Fe3O4 given its half metallic nature and thus potential for spintronic
application.29

Using the optimal electron beam and patterning settings described in the previous chapter, a
number of microwire deposits (see section 3.1) with varying iron-oxygen ratios were produced
for this investigation by purposely increasing the partial water pressure. Combined with the
iron-rich deposits investigated in the previous chapter, depositions over a broad compositional
range have been studied. Due to the unusual thickness-dependent behaviour encountered in the
previous chapter, the investigations of this chapter focus on microwires with a thickness below
∼250 nm.

In the following sections, after further detailing the experimental technique, first the microstruc-
tural and then the electric and magnetic properties of these microwire deposits are presented.
Results are summarised and discussed at the end of the chapter where conclusions are also
presented.
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4.1 Production Details

Controlled water injection was achieved using the same technique previously employed by Schoe-
naker 34 . With a reservoir containing magnesium sulfate heptahydrate (MgSO4(H2O)7) as a
source, water vapour was introduced to the vacuum chamber through a second GIS needle and
regulated by a needle valve. The water released by the vacuum dehydration of this salt is more
commonly used in conjunction with TEOS (Tetraethyl orthosilicate, Si(OC2H5)4) for the EBID
of SiO2.

Under optimal conditions (considered in the previous chapter), the water vapour partial pressure
in the vacuum chamber is typically below 2×10−7 mbar leading to deposits containing around
75 at.% iron and no more than 15 at.% oxygen. Using the above technique however, water
pressures upwards of 1×10−5 mbar have been readily achieved. Initially, the composition of
deposits made at higher water pressures was inconsistent; often two deposits produced under
the same partial water pressure at different times had compositions deviating by more than
10 at.%. It was found that when a second gas is injected into the vacuum chamber with a
pressure of the same order of magnitude as the precursor itself, pressure stability becomes very
important. This is illustrated in figure 4.1a. Ordinarily, when depositing without additional
water vapour (left of the figure) the pressure of the Fe2(CO)9 precursor has little to no influence
on the content of deposits. With water however, as indicated in the right of the figure, producing
deposits of constant composition is only possible after the precursor pressure is stable.
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Figure 4.1: (a) The composition of 12 deposits (1 µm x 1 µm, 75 s each) produced at different precursor
pressures. 1-3 were produced under optimal conditions while for deposits 4-12 additional water vapour was
introduced into the vacuum chamber. Composition was only reproducible at stable precursor pressures. (b)
Deposit composition as a function of water vapour partial pressure illustrating the control granted. The plot
shows the composition of a total of 11 deposits (500 nm x 500 nm, 75 s each), half of which were produced
as the water pressure was gradually increased and half as it was decreased. The first and last deposits were
produced with the water flow off. For all depositions the GIS needle introducing the water was position
approximately 1 mm from the deposition location. Partial water pressure measured with the RGA.

As shown in figure 4.1b, with this requirement realised, the influence of the injected water
vapour on deposit composition could be reliably calibrated. As suggested by the plot, oxygen
content saturated at around 45 at.%. Neither very high water pressure (> 5×10−6 mbar) nor
very low precursor pressure (Fe GIS retracted: an order of magnitude below normal) lead to
significantly higher values suggesting the limitation was intrinsic. Shimojo et al. 29 found a
similar limitation when depositing Fe(CO)5 and attributed it to the preferential formation of
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a particular oxide (in their case Fe3O4, 43:57, Fe:O). The results from a second publication by
Shimojo et al. 30 also justify why water vapour instead of pure oxygen should be used. Oxygen
was found to have a significantly diminished compositional influence. Water vapour, in addition
to increasing the oxygen content of deposits, also specifically decreased carbon content. It is
suggested that the cause of this is the occurrence of the so called water gas shift reaction (CO
(gas) + H2O (vapour) → CO2 (gas) + H2 (gas)), a reaction enhanced by the presence of an
iron oxide catalyst.31

4.2 Microstructure

As in the previous chapter, both SEM and TEM techniques were utilised to investigate deposit
microstructure. Beginning again with the simpler of the two, figure 4.2 shows SEM images of
three microwire deposits with differing iron:oxygen ratios.

500 nm

Fe:O : 59:32

(a)

52:45

(b)

53:44

(c)

Figure 4.2: High-magnification SEM micrographs (10 kV, ≤1 nA, immersion lens, TTL detector) of three
EBID iron microwires all approximately 200 nm thick with compositions (Fe-O-C at.%) (a) 59-32-9 (b)
52-45-3 (c) 53-44-3. Images are at equal magnification, as indicated in (a).

As water vapour pressure was increased, deposits initially maintained their mostly featureless
SEM appearance (figure 3.3). Once the iron-oxygen ratio approached 60:30 however, as illus-
trated by figure 4.2a, a granular structure arose. Given the increasing oxygen content, these
grains are expected to consist of iron oxide. As oxygen content was further increased a more
remarkable microstructural developed. Shown in Figures 4.2b and 4.2c, below approximately
55 at.% iron (Fe:O∼55:43) towards the lower limit of achievable iron content, a very clear crys-
talline growth became apparent, consisting of clearly distinguishable grains tens of nanometres
across. This microstructure was further investigated with TEM and electron diffraction.

Figure 4.3a shows a DF-TEM image of a lamella made from a microwire with a Fe:O ratio of
52:45 (the deposit from figure 4.2b). A remarkable columnar crystal growth was revealed, with
some grains extending almost the entire thickness of the deposit, some 200 nm. Structurally
homogeneous except for a thin interface layer at the substrate, EDX line scans also indicated
a mostly uniform composition across the lamella. The crystalline nature of the deposit was
further confirmed with HR-TEM, as shown in figure 4.3b, with ordered atomic lattices clearly
visible. To better identify the crystalline material, electron diffraction was carried out. A com-
plex diffraction pattern resulted, as can be seen in figure 4.3c, consisting both of diffuse rings
(nanocrystalline) and specific bright points (single crystals). The pattern was compared and fit
to literature values.38 No crystalline iron was detected, instead, the material was identified as
iron oxide. α-Fe2O3 was conclusively matched as illustrated by the red rings in the figure. Addi-
tional spots were also observed, consistent with either Fe3O4 or γ-Fe2O3 which are structurally
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Figure 4.3: (a) Dark-field and (b) high-resolution TEM images of a lamella prepared from the microwire
deposit shown in figure 4.2b. (c) The electron diffraction pattern (inverted) produced by the lamella. Iron
oxide was identified as α-Fe2O3 (red) and Fe3O4 and/or γ-Fe2O3 (green). Bright spots from the silicon
substrate can also be seen (blue). Ring opacity is scaled relative to the expected intensity. Lattice spacings
are taken from ref. 38.

very similar.

Given increasing oxygen levels, eventual oxidation of the iron was never in doubt. What is
surprising, however, is the fact that this oxide took the form of large (on the scale of the deposit)
crystals. As is discussed in the previous section, in addition to increasing the oxygen content,
the deposition of iron in the presence of water vapour also tends to reduce the carbon content.
Indeed, the microwires with maximal oxygen content (∼50 at.%) had a carbon content of only
a few percent. It may be this high Fe-O purity which allowed such crystallisation to occur.
Furthermore, the onset of crystallisation very near the minimum of achievable iron content does
suggest that this limitation is a result of the preferential formation of an iron-oxide. So far,
however, results are not conclusive enough to accurately determine the exact origin or phase.

These results and their implications will be further discussed at the end of the chapter together
with subsequent electrical and magnetic characterisation results which will be presented in the
coming sections.

4.3 Conductivity

The influence of composition (Fe:O) on resistivity was investigated for a number of microwire
deposits. As in the previous chapter, in addition to simple room temperature measurements,
the resistance of selected samples was also measured as a function of temperature. As usual,
measurements were carried out using a four-point probe technique and resistivity was calcu-
lated using the AFM-determined cross-section of deposits. A number of deposits were also
investigated in Zaragoza.

In figure 4.4 the room temperature resistivity of numerous microwire deposits is plotted as a
function of iron content (and inset as a function of the iron-oxygen ratio).

Deposit resistivity increased significantly as iron content decreased. Between the purest deposits
and those with a near equal ratio of iron and oxygen, the resistivity increased more than three
orders of magnitude. As highlighted by the two lines in the main figure, two unique trends
are apparent in the data. The majority of deposits had resistivities following an exponential
trend extending all the way down to pure iron. Below approximately 52 at.%, however, deposit
resistivity increases more sharply. As the inset shows, when plot as a function of the iron-
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Figure 4.4: The resistivity of numerous microwires as a function of iron content. Measurements performed
both in Eindhoven and in Zaragoza are shown. The theoretically resistivity of iron42 and the measurements
from the previous chapter are also shown for comparison. Inset: the Eindhoven data re-plotted as a function
of iron content divided by oxygen content. Selected iron oxide resistivities (bulk) are also included.15–17

oxygen ratio, a similar though more gradual trend is observed. From the asymptotic increase
in resistivity it is also clear here that iron oxide forms. Considering the microstructural results,
this critical composition (52 at.%) corresponds nicely to the value below which columnar iron
oxide crystal growth was observed. It is assumed that when possible, conduction will take
place through the disordered intergranular material rather than the developing oxide grains.
Consequently, this correlation seems to imply that at this point, conduction begins to be forced
through the resistive oxide grains which now dominate the microwire structure. Effectively this
is where percolation of the amorphous, conducting intergrain material ceases.

To continue electrical characterisation and among other things, test the above assumption,
the mechanisms of electrical conduction have been investigated with temperature dependent
measurements. Two deposits, one with a medium iron content (59:32) and the other with
minimal iron content (49:47) were characterised. The results are shown in figure 4.5.

Both deposits exhibited semiconductive behaviour, with resistivity increasing mostly linearly as
temperature decreased. From a room temperature resistivity of ∼3500 µW·cm, the resistivity
of the deposit containing 59 at.% iron increased to almost 5500 µW·cm at 5 K, corresponding
to a TCR of around -1900 ppm/K. The deposit containing just 49 at.% iron exhibited an even
stronger temperature dependence, with a TCR approaching -5800 ppm/K. Although signifi-
cantly more temperature sensitive than deposits with very high iron concentrations (figure 3.7,
-23 ppm/K), this behaviour is still minimal when compared to that of pure iron oxides. Al-
though the TCR parameter (equation 1.3) does not accurately describe the highly non-linear
temperature behaviour of insulators, it can be used to give an impression of the comparatively
extreme temperature dependence of pure iron oxides. When assumed linear, both Fe3O4 and
Fe2O3 yield a TCR of the order of 1×106 ppm/K15,16 or greater.46 This is a clear indication
that even in these microwire deposits, a significant degree of conduction still takes place through
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Figure 4.5: The resistivity of two microwire deposits, compositions (Fe-O-C at.%) (a) 59-32-9 and (b)
49-47-4, as a function of temperature.

conductive material.

Crossing the previously critical composition of ∼55 at.% iron appears to have no significant
influence on the temperature dependent behaviour. The most notable difference between mea-
surements, apart from the increase in resistance, is a larger upturn of the resistivity at very low
temperatures (<20 K) in the deposit displaying a columnar oxide structure. Although less no-
table than the variation seen both in the microstructure and in the conductivity, a progression
towards such asymptotic low temperature behaviour is consistent with increased conduction
through iron oxide.

In the next section, the influence of all these compositional variations on the magnetism of the
microwire is finally discussed.

4.4 Magnetism

The last parameter characterised as a function of deposit composition is the magnetic behaviour.
Most iron oxides exhibit some form of magnetism but as was discussed in subsection 1.2.3, it
is often more complex than the simple ferromagnetism of pure iron. With Fe3O4 ferrimagnetic
and α-Fe2O3 very weakly ferromagnetic at room temperature, a notable change in magnetic
behaviour is expected to be visible as the composition is varied.

In figure 4.6 three MR measurements from microwire deposits containing 75, 59 and 49 at.%
iron are presented ((a-c) respectively, (a) reproduced from the previous chapter). A MOKE
measurement from the deposit containing 59 at.% iron is also included in (d).

Considering the MR of the two deposits with increased oxygen content (figure 4.6b and 4.6c),
both display two independent MR phenomena for low (<100 mT) and high (>100 mT) applied
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Figure 4.6: (a-c) Magnetoresistance measurements of three different microwire deposits with different
compositions. (a) 75-12-13 (Fe-O-C at.%), reproduced from chapter 3, (b) 59-32-9, and (c) 49-47-4. Only
positive field MR is shown (made by sweeping from -800 mT to +800 mT) due to symmetry. The three field
directions are again schematically indicated in (a). (d) A MOKE measurement of the sample containing
59 at.% iron.

fields. At low fields a directionally dependent effect characteristic of AMR is apparent. The
applied field induces minimal resistive variation in the longitudinal direction but a notable de-
crease in the transverse and perpendicular directions. At higher fields however, after saturation
of the AMR, a second smaller MR is apparent. Unlike the AMR, this effect appears to be
isotropic, having an almost equal negative effect on the resistance for all field directions. Fur-
thermore, it was found to be very difficult to saturate; similar samples measured in Zaragoza
showed no signs of saturating even at 9 T.

This high-field effect is characteristic of an extrinsic (structurally induced) MR observed in a
number of magnetic oxides,47 including the half-metal Fe3O4. Observed in polycrystalline sam-
ples, it is thought to be the result of spin-dependent electron transport between magnetic grains
and is consequently known as Grain Boundary Magnetoresistance (GBMR). The finer details of
the process are still debated, but the basic concept is illustrated in figure 4.7. Conduction takes
place primarily via crystalline Fe3O4 (and is thus spin polarised), but between grains, electrons
must travel through an intergranular material via the magnetically disordered boundary of the
grains. The nature of this transport depends on the conductive properties of the intergranular
material, but in any case, transport of the spin polarised current through the grain bound-
ary magnetisation ensures a magnetoresistive effect. As an external field aligns this surface
magnetisation with the spin of the grains and electrons, resistance decreases. For conductive
intergranular material a GMR-like spin-dependent scattering can take place.48,49 If sufficiently
insulating however, tunnelling behaviour, essentially TMR, is also possible.50–52 53,54 The posi-
tion of the magnetisation on the surface of the grains, as well as the possibility for structural
and compositional disorder can lead to a very strong and complex anisotropic behaviour making
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it very difficult to saturate. Fields as high as 42 T have been applied to Fe3O4 samples of this
nature without achieving saturation.55

Magnetic
grain

e−

Disordered
grain boundary

e−
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Low
field
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Intergrain material

Figure 4.7: A schematic illustration of grain boundary magnetoresistance (GBMR). Explained in the text.

Given the similarities of the MR, and the fact that Fe3O4 was identified in the crystalline mi-
crowire deposit (figure 4.3c), such a mechanism is thought to be responsible for this high field
effect. Questions remain however. The biggest uncertainty relates to the nature of the intergran-
ular material and whether this spin polarised transport is based on scattering or tunnelling.56
Although some results published by Ziese et al. 48 suggest that a high field MR of this nature can
arise in Fe3O4 films independent of their Fe2O3 content, ultimately Fe3O4 must be responsible
for producing a spin polarised current. Often the more resistive Fe2O3 is suggested to form
around Fe3O4 grains as they oxidise thereby defining an intergrain tunnelling barrier. With
Fe2O3 detected in deposits such an idea seems reasonable, at least in those deposits exhibiting
columnar crystal growth. As was discussed in the previous section, in deposits containing in-
termediate iron percentages (∼60 at.%), conduction is expected to be carried primarily by the
percolating intergranular material rather than the oxide grains. In these microwire deposits,
which also display a small degree of GBMR, such a concept becomes more difficult to apply.
With the size of this GBMR an order magnitude below that typically found,48–52,55 it is possible
that the degree of spin polarised transport in the EBID microwires is simply very small. In any
case, an all encompassing explanation of this high field effect remains to be developed.

As shown in figure 4.6d, MOKE measurements were also performed. Measurements on deposits
containing a low percentage of iron (∼50 at.%) were unsuccessful. It is possible that the surface
of such deposits is not suitable for Kerr microscopy, being insufficiently magnetic or reflecting,
possibly due to excess oxidisation. At 59 at.% however (59:32), strong signal was measured as
presented in the figure. As also found with the iron-rich microwires, rather square hysteretic
behaviour was measured, consistent with coherent rotation of the magnetisation. This further
suggests that conduction takes place via the intergranular material rather than the sparse and
thus weakly interacting grains themselves.

In subsection 1.2.1 it was mentioned that superparamagnetism can often arise in magnetic
granular materials. It is clear from these results that this is not the case here. For deposits with
minimal iron content (∼50 at.%), the significant size of the crystal grains (∼10 x 200 nm) makes
superparamagnetism unlikely and the MR behaviour of the deposits confirms this suspicion. As
seen in figure 4.6c, when a longitudinal field is applied to the deposit no sudden change in the
resistance is observed (due to AMR); the magnetisation does not change direction. This suggests
that at zero field, the magnetisation already points in the longitudinal direction, following shape
anisotropy. Such a remanent magnetisation would not occur in a paramagnetic material. It
could be more reasonable to expect such a superparamagnetic effect in those deposits with an
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intermediate iron content (∼60 at.%), containing smaller grains. However, with these grains
thought to consist of iron oxide and representing only a secondary source of magnetism after
the iron-containing intergranular material, this is also not expected here. In addition to the
AMR, the magnetic hysteresis observed with MOKE also confirms coherent magnetic behaviour.
Superparamagnetism is not expected to arise at any of the compositions achievable with the
water injection method detailed in this chapter.

In the following final section all the characterisation results presented in this chapter will be
summarised and discussed together. Combined with the results of the previous chapter, an
overview of how the various material characteristics of the EBID iron microwires evolve with
changing iron and oxygen content is presented.

4.5 Concluding Discussion

The influence of oxygen content on the various characteristics of deposits produced from the
Fe2(CO)9 precursor is becoming clear.

As was concluded in the previous chapter, provided deposits are not made too thick, under op-
timal vacuum conditions, material with a typical composition of 75-13-12 at.% (Fe-O-C) can be
readily deposited. Such deposits take on a mostly amorphous or nanocrystalline appearance. A
large proportion of iron makes metallic percolation significant but not complete. Consequently,
conduction in this material is high but still slightly semiconducting in nature, with the TCR
small but negative. Magnetically, these deposits display a rather large AMR behaviour, also
due to the significant conduction through iron.

Much of this behaviour remains unchanged as the water vapour pressure and hence oxygen con-
tent is gradually increased. The excess oxygen incorporated into deposited material mixes into
the amorphous composite leading to a very similar microstructure, but higher resistances. At a
certain point however, near an oxygen content of approximately 30 at.% (60 at.% iron), small
grains of iron oxide begin to form. With conduction still carried primarily by the intergranu-
lar amorphous material, the resistance increases, but not significantly. Magnetically, given the
possibility for intergranular transport, a second MR effect arises (GBMR) in addition to AMR.
As oxygen content increases further the grains enlarge and ultimately, at a critical composition
of ∼55 at.% iron, come into contact with one another. The microstructure in deposits with
such a composition is thought to consist primarily of columnar Fe3O4 crystals surrounded by
Fe2O3, though further microstructural characterisation should be performed to confirm this.
With conduction now forced through the oxide grains themselves, this structural development
is also seen electrically as a significant increase in the resistance, and magnetically as a change
of primary MR from AMR to GBMR. Due to the preferential formation of iron-oxide, as deposit
stoichiometry approaches 1:1, towards that of Fe3O4 or Fe2O3, additional water vapour has no
further effect.

A number of conclusions can be drawn from these results. Perhaps most interesting is the
minimal influence of additional oxygen content in deposits containing a high percentage of iron.
Although the substitution of metallic and magnetic iron for oxygen undoubtedly has an effect on
both the resistivity and magnetisation of deposits, this influence was quite small for oxygen con-
tents as high as 30 at.%. Even beyond this, although oxide formation induced a microstructural
transformation, ferromagnetic behaviour remained simple and significant (figure 4.6d).

Towards the other compositional extreme, results were also very interesting. In agreement with
the finding of Shimojo et al. 30 discussed in the beginning of this chapter, at rather high water
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pressures very little carbon remained in deposits. Deposits produced under such conditions
readily developed columnar crystalline iron oxide structures. With carbon also a significant
contaminate in iron-rich deposits, further investigation of this process could prove advantageous.
Furthermore, the suggestion of the presence of Fe3O4 is particularly exciting in regards to
spintronic applications given the half metallic nature of this material. The addition of water
vapour in this way could allow for the direct deposition of high purity crystalline Fe3O4 in all
the ways and forms granted by the EBID technique.

Ultimately, in addition to these more fundamental conclusions, this systematic investigation
has also further highlighted the significant flexibility of the EBID technique and particularly
the Fe2(CO)9 precursor. With deposit microstructure ranging from polycrystalline iron to
granular iron oxide, resistivities spanning more than three orders of magnitude and two forms of
magnetoresistance arising, deposit properties can be tuned significantly simply via the addition
of water vapour.
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Chapter 5

Functional Magnetic Nanopillars

In this chapter an investigation of the growth and subsequent magnetic influence of nanoscale
iron pillars produced by EBID is described. Unlike the wire deposits of the previous chapters,
freestanding pillars make full use of the out-of-plane patterning ability of the EBID technique
and being the simplest structure to do so, are ideal for an initial investigation. Furthermore,
again in contrast to the more fundamental microwire characterisation, the work of this chapter
is focused ultimately towards a magnetic application of such pillars.

A column of magnetic material effectively describes a bar magnet. Consequently, an iron pillar
can be expected to possess north and south poles and thus emit magnetic stray fields. The
influence of such stray fields on nearby magnetically sensitive materials represents a very simple
and direct magnetic application of such pillars. It can be easily controlled by adjusting the
position or size and shape of a deposit. One such application is the use of these pillars to influ-
ence domain wall motion in perpendicularly magnetised wires, and at the end of this chapter,
preliminary experiments of this nature are presented as proof of this principle.

By their nature, pillars produced by EBID take a form determined predominantly by the char-
acter of the electron beam. For nano-magnetic applications, small but well shaped pillars with
high iron content are required. Subsequently, in the first part of this chapter the influence of
both the current and energy of the electron beam on pillar growth is discussed. In addition,
a significant portion of this chapter explores beam induced heating phenomena in pillars, an
effect found to have a major influence on both the content and shape of deposits.

In appendix A, the stability of such deposits is briefly reviewed.

5.1 Growth Dependencies

Achieving vertical growth with EBID is in itself trivial. The selective nature of the technique
is such that in principle, the longer the electron beam irradiates a position, the more material
is deposited at that position and thus the taller a deposit becomes. Such deposition is also
simplified by the fact that many ordinarily important parameters relating to patterning (beam
overlap, dwell time, see section 2.1.2) are in the case of pillars, generally∗ redundant. This
leaves just the electron beam itself (and as always, the precursor) to determine the properties
of deposits.

∗In the case of non-continuous pillar deposition, dwell time remains important.
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Naturally, the most straightforward variable on which pillar size can depend is the beam spot-
size. It is known that in a SEM, due to the Gaussian form of the source emission, beam
diameter tends to have a square root dependence on electron current.57,58 Similarly, due to
reduced electron-optical aberrations, spot size tends to decrease with increasing electron energy.
Beyond such simple considerations though, due to the rather unusual nature of pillar deposition
where growth extends significantly in the direction of the electron beam, certain aspects of the
fundamental principles governing EBID (chapter 1) can change, particularly those relating to
electron scattering processes.

PEs

BSE

SE
FSE

SE

BSE

SE

Figure 5.1: Electron scattering in a pillar. Due to the narrow geometry, electrons can readily leave the
deposit, sometimes crossing the matter-vacuum interface numerous times. In tips longer than the BSE range
scattering is confined to the pillar itself, however in shorter deposits, electrons can scatter forward (forward
scattered electrons, FSE) into the substrate.

Compared to scattering in a flat substrate (or deposit) (figure 1.1a), electron scattering in a
pillar is more complex, as depicted in figure 5.1. Electrons now impact a much smaller and
isolated volume, and thus scatter through the deposit-vacuum interface much more readily.
Depending on the length of the deposit (and energy of the electron beam), scattering can
be entirely confined to the deposit or as illustrated in the figure, continue through into the
substrate.

With this more complex scattering also comes more complex growth behaviour. Although for
regular flat depositions, secondary electrons (SE) are thought to be primarily responsible for
precursor dissociation, for pillar deposition, both primary (PE) and secondary electrons each
seem to play an important role. Vertical growth is thought to be induced in large part by the
electron beam directly (PEs), however, with pillar deposits consistently found to be broader
than the beam used to create them,59 side-scattered SEs are thought to be responsible for an
additional radial growth process.60 Such reasoning is found to agree with observations, and has
in fact already been experimentally applied to deposit extremely small features. By stopping
irradiation before pillars have a chance to form sidewalls and thus expand laterally, nanodots
as small as 1 nm (the diameter of the electron beam used) have been successfully produced
in this way.61 Also, by growing pillars sideways from an edge (lateral deposition) and thereby
minimising PE interaction and SE creation, deposit diameters have been successfully reduced
by an order of magnitude, from 50 to 5 nm.62

As a pillar increases in length and the electron interaction volume becomes increasingly sepa-
rated from the substrate, some unique effects can arise. Both charge63 and heat64 buildup can
occur, each able to significantly influence growth. This concept of beam induced heating was

58



discussed by Schoenaker 34 , and is thought to partially explain the positive dependence of iron
content on beam current. A local temperature increase induced by a high power electron beam
can aid precursor dissociation and thus deposition. Such effects can be considerably enhanced in
thermally isolated pillar structures and subsequently, commonly represents an additional source
of radial growth.

With the above in mind, in the following two subsections the current and energy dependencies
of pillars deposited using the Fe2(CO)9 precursor are discussed. The goal of these investigations
is to optimise deposition parameters to eventually allow the deposition of nanoscale magnetic
deposits. In order to truly reach the nanoscale, dimensions need to be below 100 nm. Also,
although it is not completely clear when ferromagnetic behaviour will cease, from the work of
Schoenaker 34 and of the previous chapter, it appears safe to assume that a deposit containing
at least 60 at.% iron will be magnetic.

5.1.1 Beam Current

As just discussed, while increasing the electron beam current can lead to larger deposit di-
ameters, it can also help increase the purity of deposits.34 The goal here is thus to explore
this relation, and ultimately determine how these parameters can best be balanced in order to
maximise iron content while keeping deposits as small as possible.

To help minimise deposit size, the ultra high resolution (UHR) immersion lens mode of the
dualbeam (described in section 2.1.1) was primarily utilised for pillar deposition. The strong
axial magnetic field used in this mode is expected to influence scattering, particularly that
of the low energy SEs, confining them near the axis and thereby influencing the deposition
process. Furthermore, with pillars of magnetic iron being deposited, this field is also hoped to
help magnetise pillars along their axis.
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Figure 5.2: The influence of electron beam current on pillar size and composition (all deposits made
with a beam energy of 5 keV). (a) Pillar diameter as a function of beam current in both regular (red)
and immersion (blue) modes. For non-uniform deposits, both the minimum and maximum diameters are
presented as indicated. Theoretical beam spot-sizes are also included for comparison. (b) Pillar composition
as a function of beam current for immersion mode deposits. (c) SEM images of three pillars produced at
different currents in immersion mode (viewed 52◦ from the normal, hence the different horizontal and vertical
scales).

Using 5 keV beam energy as a starting point, a number of pillars were deposited with various
beam currents using the immersion lens. The results are shown in figure 5.2.

Figure figure 5.2a shows the diameter of pillar deposits as a function of electron beam current.
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To illustrate the resolution gained by using the immersion lens, deposits produced with the
regular lens are also included. It is clear that pillars get wider as beam current is increased.
More interestingly though, as indicated by the diverging lines showing minimum and maximum
diameters, above a current of a few nanoamperes, pillars take on an irregular form (see fig-
ure 5.2c). Figure figure 5.2b shows how pillar composition changes as a function of current.
The transition to non-constant diameters at currents above approximately 2 nA is also very
clear in the composition. There appear to exist two separate compositional regimes for low
and high currents. At high beam currents, high (>70 at.%) and relatively stable iron content
is found. Below a critical current of a few nanoamperes however, iron content drops off to a
(second) compositional plateau at around 60 at.%.

These results are consistent with a thermally assisted radial growth process. At currents above
around 2 nA, energy deposition by the electron beam is sufficient to increase the temperature
of the pillar deposit and thereby aid precursor dissociation, leading not only to increased iron
content but also to broader pillars. (This high current thermal phenomenon is investigated in
detail in section 5.2).

From these results, it is clear that to truly reach the nanoscale (pillar diameter, ø < 100 nm),
this thermal effect needs to be avoided and a beam current of below 2 nA (and the immersion
lens) must be used. Although deposits with currents below 100 pA were not produced or
investigated, any possible gains in resolution in this current range are expected to be minimal,
and eventually iron content will drop off. In conclusion, beam currents around 0.1 to 0.5 nA
producing pillars with an acceptable iron content of around 62 at.% and respective diameters
of approximately 55 and 70 nm, are most suitable for nanomagnetic applications.

5.1.2 Beam Energy

For flat deposits, beam energy has a rather straightforward influence on deposition efficiency.
Due to increasing penetration depths and decreasing SE yield,4 deposit purity decreases with
increasing energy.34 Also, as was mentioned earlier, decreased optical aberrations decrease beam
spot size with increasing electron energy. It is the aim here to see how these and possibly other
effects translate to the size and content of pillar deposits.

To investigate this relationship, a number of pillars were deposited with a constant beam current
of 0.1 nA (in light of previous findings), and acceleration voltages of 2, 5, 10 and 18 kV in the
immersion lens mode. The results are displayed in figure 5.3.

As can be seen in figure 5.3b, both the diameter and the iron content of pillars decreases with
increasing beam energy. The dualbeam software suggests that the spot size of the electron beam
will decrease exponentially with increasing energies. Displaying a similar trend, the observed
decrease in pillar diameter is expected to be a result of this theoretical constraint. The cause
of the reduction in iron content is less clear. A number of deposits were investigated at each
energy in order to avoid small variations caused by a badly focused or astigmatic beam. Even
so, given the expected 3 at.% accuracy of EDX, this very slight decrease in composition must
be considered with caution. One possible explanation is suggested by the volume of material
deposited. In spite of generally taller pillars, deposited volume was found to decrease with
increasing energy (not shown). This suggests that precursor dissociation efficiency, which is
often associated with deposit purity, also decreased with energy. Although always significant
in the tall and narrow geometries of pillar depositions (figure 5.1), it is reasonable to expected
that at higher energies, a larger number of PEs will scatter out of the pillar before depositing all
their energy. Though not universal, a decrease in growth rate with increasing electron energy
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Figure 5.3: (a) SEM images of four pillars produced at a constant beam current of 100 pA but various
energies (indicated) in immersion mode (viewed 52◦ from the normal). (b) Pillar diameter (circles) and iron
content (squares) as a function of beam energy. EDX determined composition has an absolute uncertainty
of ∼3 at.%, not shown.

is frequently reported in literature.58,59

In conclusion, although smaller pillar dimensions are made possible with higher beam energies,
this comes at the expense of iron content. In this regard, an energy of 5 kV provides a reasonable
compromise, producing pillars with diameters approaching just 50 nm while maintaining iron
content above 60 at.%. Although far from an exhaustive study, for EBID of iron pillars from
Fe2(CO)9 at the nanoscale, both low currents (100s pA) and rather low acceleration voltages
(5 keV) have been determined to be most optimal.

Before putting these conclusions into practise (section 5.3), in the next section the beam in-
duced heating effects that were observed when depositing at high beam currents are further
investigated via a computational model.
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5.2 Beam Induced Heating

As has already been discussed, lateral pillar growth can be caused by two different processes:
electron-induced precursor dissociation at the pillar walls by side-scattering and thermally as-
sisted precursor dissociation resulting from beam induced heating. In this section, stimulated
by the appearance of some very unusual pillar growth, shown in figure 5.4, and the results of
subsection 5.1.1, this thermal effect is investigated further. First qualitatively discussed, later
in this section a computer simulation is developed to enable a more quantitative analysis of this
phenomenon.

Pyrolytic deposition processes (such as CVD) are capable of producing very pure material. Con-
sequently, in addition to the fundamental motive to explain observations, a better understanding
of this effect may also yield practical advantages.

5
 µ

m

1 µm

Precursor 
flux

Figure 5.4: A large pillar exhibiting unusual crystalline growth. Deposited over three minutes using a
5 keV, 17.7 nA electron beam in immersion mode.

When depositing pillars in the immersion lens mode at very high electron beam currents
(∼20 nA) for extended periods, very unusual growth was observed as shown in figure 5.4.
In addition to crystalline growth biased towards the precursor flow, these large deposits pos-
sessed an apparent double structure situated on a very small base. Remarkably similar growth
was observed by Hochleitner et al. 65 using Fe(CO)5. In addition, this general character, a seg-
mented radial growth, has also been observed in cobalt21,66 and tungsten67 EBID pillars. As
will be explained, such growth can be attributed to beam induced heating.

Although crystallographic analysis could not be performed on the above deposit itself, there
are indications that the crystalline growth may represent bcc iron. The feasibility of obtaining
crystalline iron as a result of beam induced heating was successfully confirmed by considering an
extreme case. The centre of a very thin and thus thermally insulating membrane film (a TEM
membrane, 20 nm thick) was irradiated with a high current electron beam. As well as bearing
a remarkable resemblance to the pillar surface, the resulting deposition was confirmed with
electron diffraction to consist primarily of bcc iron (see appendix B). Secondly, and perhaps
more convincingly, electron diffraction was also performed by Hochleitner et al. 65 . Although
measurements on the most comparable deposits were not presented, bcc iron was identified in
the dendritic radial growth of not-dissimilar pillars. Although crystalline, surprisingly, EDX
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spectroscopy revealed a rather ordinary iron content of 75 at.%. Although this will be a bulk
average of the entire pillar, a higher-than-normal content is still to be expected given the
presence of at least some bcc iron. This is similar to what was found for the polycrystalline
microwire deposits discussed in chapter 3.

In an attempt to better understand the observed growth process, the evolution of such a pillar
with time has been studied. Using the same high current electron beam, a number of pillars
were produced for different deposition times. As figure 5.5 shows, a very particular growth
behaviour occurs. As the pillars extend vertically, an apparently cyclic radial expansion takes
place. A pillar initially just grows in length (0-20 s) but subsequently also broadens radially
to a certain size (30-60 s), then continues just to lengthen (120 s) before again also broadening
(180 s).

10     20     30       45         60             120                 180 seconds

2 µm
Precursor 

flux

Figure 5.5: SEM images of a number of pillars deposited over different times. (viewed 52◦ from the
normal). The pillars were deposited using a 5 keV, 18 nA beam in the immersion lens mode. The position
of the GIS needle and hence precursor flux is indicated. All images at the same scale.

This unusual growth was directly observable in variation in the specimen current, the current
measured flowing through the substrate due to incident electrons. Pillar growth (vertically)
was readily identifiable as a gradual decrease in this electron current caused by increased scat-
tering away from the substrate, off, and out of the sharp tip. In contrast, radial growth was
characterised by a increase in this current as fewer electrons escaped the sides of the now wider
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deposit.

As with the deposit depicted in figure 5.4, here again the radial growth of the larger pillars is
seen to be biased towards the precursor flux (indicated with an arrow in the figure). This is
not surprising given the large diameter of these deposits (ø > 1 µm) and is likely a shadowing
effect.66 The large volume of some of these deposits also means precursor pressure will play a
very important role. With an estimated volume of 30 µm3, the largest of these deposits (180 s)
was produced an order of magnitude faster than typically achieved for in-plane depositions.
Such pillars could only be produced when the precursor pressure was high (> 5×10−6 mbar).

As will be discussed in the following subsection, this behaviour is thought to be the combined
result of a catalytic effect of iron40 and beam induced heating.

5.2.1 A Qualitative Description

Before attempting to explain this growth, some simple assumptions are made relating to heat
conduction in such pillars. Firstly, heat flow is assumed to follow Fourier’s Law of thermal
conduction which states that heat flux through a surface (φ) is proportional to the (negative)
temperature gradient across that surface, i.e.

φ ∝ −∇T. (5.1)

Secondly, it is assumed that the substrate on which a pillar is deposited acts as a heat sink,
preventing the pillar base from heating up to any significant degree. With this in mind and
with the help of figure 5.6, the unusual growth portrayed in figure 5.5 can be explained in terms
of two distinct growth phases.
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Figure 5.6: Expected temperature profiles for pillar deposits in the different growth phases. Lines represent
the varying temperature along the length of a pillar and arrows, pillar growth. Silhouettes of the type of
pillar growth described in each graph are shown in the background. The overall process is discussed in the
text.

Regular vertical growth: Growth begins as normal. Electrons alone are responsible for
precursor dissociation and growth is primarily vertical. As illustrated in figure 5.6a, with both
the cross sectional area of the pillar and the incident heat flux provided by the electron beam
constant, this causes the temperature of the tip of the pillar to increase. In figure 5.5, this
first phase of growth can be seen at deposition times of 10 to just before 45 s. Eventually, at
some characteristic height hcrit (around 3 µm in this case), the tip reaches a temperature, Tcrit,
sufficient to induce thermally assisted precursor decomposition. This marks the beginning of
the second phase of growth.
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Thermally induced autocatalytic radial growth: Upon reaching Tcrit a second deposi-
tion mechanism arises. Due to the increased thermal energy, the precursor can now dissociate
much easier, possibly even spontaneously. The increased temperature combined with the sud-
den increase in precursor decomposition leads to crystalline growth all around the hot tip.
The previous vertical growth becomes suppressed slightly, likely due to the sudden decrease in
precursor availability. As shown in figure 5.6b, the broadening of the tip cause the heat flux
through it to also decrease, ultimately lowering the temperature. However, in what is thought to
be an autocatalytic effect10,20,21,65 the presence of the crystalline iron allows further thermally
assisted crystalline growth to progress towards the bottom of the pillar where temperatures are
sub-critical (< Tcrit) (indicated by the shaded region in figure 5.6b). The additional broadening
induced by this autocatalytic growth further reduces the temperature gradient and ultimately,
ends the radial growth phase. This second phase of growth is first apparent at a deposition time
of 60 s in figure 5.5. It is clear that further down the pillar this radial growth is less efficient,
yielding less material and smaller crystals.

As seen at 120 s in figure 5.5 and indicated by figure 5.6c, once the autocatalytic growth ceases,
ordinary vertical growth can continue as usual. Eventually the whole process can repeat itself.

5.2.2 Semi-Quantitative Simulations

To give some quantitative weight to the previous mostly qualitative explantation of the growth
process observed in figure 5.5, a simple semi-quantitative computational model has been devel-
oped.

There have been numerous attempts to model beam induced heating phenomenon. Both sim-
ple analytical considerations3,24,66,68 and more comprehensive computational simulations64,69,70
have been applied. In both cases, two things need to be determined. Firstly, given the possibil-
ity of electron scattering, the proportion of the beam energy that is actually deposited into a
pillar must be determined. Secondly, given such energy deposition, heat flow and resulting tem-
perature gradients must be deduced. While this first point is generally achievable, either from
stopping distance calculations or scattering simulations, modelling the heat flow through the
deposit can be more difficult, due primarily to a lack of knowledge of the thermal conductivity.

Estimates of the thermal conductivity (κ) of carbon/metal nanocomposites, of which depositions
commonly consist, can range from polymers (0.01 W/Km for PMMA) to pure metals (395
W/Km for copper).3 As a result, modelled beam induced temperature increases under otherwise
identical conditions can range from tens24,64 to just fractions of a degree.69 There is still some
disagreement as to the significance of beam induced heating in EBID, and this uncertainty of κ
is thought to be largely the reason why. The aim here is to work backwards. By modelling two
situations, one in which thermally assisted growth is clearly apparent and the other in which
it is not, a value of κ can be predicted. Based on how realistic this prediction is, a thermal
influence can either be confirmed or disproved.

Following a similar approach to Randolph et al. 64 , simulations have been carried out in two
phases. First, using Monte Carlo methods, numerous electron scattering trajectories are simu-
lated to determine how much of (and where) the energy of the beam is deposited in the pillar.
Next, using this energy distribution as a source term, the heat transport equation is solved
using finite element methods (FEM), enabling temperature gradients to be determined. Details
can be found in appendix C.

The two pillar geometries produced at deposition times of 45 and 60 seconds in figure 5.5
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Figure 5.7: Results from the electron scattering (5 keV, 18 nA) and heat flow simulations in two pillar
geometries. (a) SEM images (52◦ from the normal) and corresponding modelled volumes of the pillars used
for the simulations. The model pillars are coloured corresponding to the temperature gradient predicted
when simulating a thermal conductivity of 30 W/m·K. (b) Simulated maximum pillar temperature as a
function of κ for both pillar geometries. The thermal decomposition temperature of Fe2(CO)9 (80 ◦C)
is indicated. The shaded region subsequently describes values of κ which agree with a thermally induced
growth theory. For comparison, κ values for a number of other relevant materials are also listed.42,71

have been modelled, as can be seen in figure 5.7a. These two cases respectively represent the
beginning and end of the radial growth phase and were modelled as hemispherically-capped
cylindrical-like volumes approximately 3 µm high and 300 and 700 nm wide (maximum). From
EDX measurements on the deposits (73-14-13 at.%, Fe-O-C), the atomic number (Z) and atomic
weight (A) of the pillars were estimated by taking simple averages. Total density, ρ, was also
estimated by averaging, using the densities of crystalline iron (7.874 g/cm3), amorphous carbon
(2 g/cm3), and averaging the oxygen density as it exists in Fe2O3 and Fe3O4 ((3.33 + 2)/2 =
2.67 g/cm3) (values from reference 42). Electron scattering simulations were carried out with
12,500 5 keV electrons, coming from a Gaussian beam with a 100 nm FWHM diameter (predicted
by the dualbeam software). The energy distribution produced by this scattering was converted
into a power distribution assuming a 18 nA beam current. The same simulations were carried
out for both pillar models. Thermal modelling was carried out as a function of the thermal
conductivity. κ was varied from 10, near that of thermally insulating crystalline iron oxide,71
to 80, that of metallic iron.42 The final results are shown in figure 5.7.

The temperature profiles calculated for the case of κ = 30 are shown in figure 5.7a. It is
clear that there is a significant difference in temperature between thin and thick pillars. More
significantly though, in figure 5.7b the peak temperatures of both pillar geometries as a function
of κ is shown. To help interpretation, the expected decomposition temperature of the Fe2(CO)9
precursor is indicated as the solid horizontal line. Although the Fe2(CO)9 molecule is not well
explored in literature a small number of publications do suggest that it will thermally decompose
at temperatures as low as 80 ◦C.18,72 This was also confirmed by Schoenaker 34 . Considering
the previously described growth process, for heat induced decomposition to be confirmed, the
maximum temperature of the thin pillar must be above 80 ◦C. Then after the pillar has expanded
radially, this temperature must drop below this line. As indicated by the shaded region in the
figure, this scenario is indeed possible for thermal conductivities of between approximately 20
and 40 W/m·K.
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A κ of around 30 W/m·K is neither unbelievably low nor high. To better put this value
into perspective the thermal conductivity of a number of relevant material are also listed in
figure 5.7b. Microstructure has a major influence on thermal conductivity and thus with pillars
expected to be predominately amorphous, a κ anywhere near that of pure iron cannot be
expected. At the same time though, deposits do still contain a significant proportion of iron
which should similarly prevent a very low value. This result confirms that heat played a part
in producing the unusual growth behaviour illustrated in figure 5.5.

5.2.3 Concluding Discussion

It is clear that heating induced by the electron beam does play an important role in the depo-
sition of freestanding structures using the Fe2(CO)9 precursor. The unusual growth observed
when depositing with high beam currents (figure 5.5) can be qualitatively well explained. A
degree of quantitative agreement has also been achieved. Although the rather average iron con-
tent of these deposits (75 at.%) might suggest otherwise, the development of what appears to be
bcc iron and a very high deposit yields do reinforce the idea that this growth is the result of an
additional precursor decomposition mechanism, in addition to the electrons. In particular, this
crystalline pillar growth is thought to represent the most extreme influence that beam induced
heating can have, causing temperature rises sufficient to actually spontaneously decompose the
precursor thermally.

In terms of the diameter and iron content increases observed in subsection 5.1.1 (figure 5.2),
a less extreme version of this effect is expected to be responsible, specifically heat assisted
precursor decomposition, for which electron induced dissociation is still required. With changes
apparent at currents of just a few nanoamperes it is unlikely that critical temperatures (Tcrit)
will be reached. Unlike the crystalline growth, the appearance of the radial growth observed
here is quite different. Best illustrated by the high current deposit presented in figure 5.2c, it
appears layered and platelet-like. It is as though conical ‘caps’ have been constantly re-deposited
on top of one another. Such growth is thought to be caused by forward scattering electrons as
they pass through the pillar wall.73 It is possible that increased temperatures allows previously
ineffective electrons scattering in this way to subsequently decompose the precursor. Another
possibility is that such increased temperatures alter precursor adsorption behaviour, possibly
in towards the pillar walls. Autocatalysis could also still play a role.

What is interesting about these previous results is the compositional change. In the deposits
exhibiting crystalline growth composition was effectively constant at 75 at.%. The onset of
thermal effects at lower currents however clearly had a positive influence on the composition.
This could suggests the presence of a fundamental limitation. It is possible that the vacuum or
even the precursor itself is not suitable for depositions higher than around 75 at.% iron.

As seen in figure 5.8, similar time dependent experiments were performed using the regular lens
mode. Even when using equally high currents, the strange growth of figure 5.5 could not be
reproduced. Although the appearance of the just described platelet growth does indicate that
temperature had some effect, with deposits much broader, it is likely temperatures simply could
not get high enough to thermally dissociate the precursor.

One final observation of note is the appearance of a slight roughening of pillar surfaces (see
the 0.46 nA deposit in figure 5.2c). Such roughening is often reported, for EBID74 as well as
IBID,75,76 and while the exact cause is not completely clear, the rather uniform appearance of
the growth along the height of pillar depositions suggests it is not thermally induced. The effect
is enhanced at high precursor pressures,76 however, both the use of insulating substrates75 and
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Figure 5.8: SEM images (viewed 52◦ from the normal) of a number of pillars deposited over different times
(as indicated). The pillars were deposited using a 5 keV, 18 nA beam in the regular lens mode.

high (> 5 kV) beam energies74 reduces the growth. One reasonable explanation suggests that
this irregular structure is the result of surface deposition induced by secondary electrons emitted
from the pillar sidewalls,75 an effect somewhat similar to the previously described scattering
leading to the platelet growth, but now at low currents. Given its manifestation in small, low
current deposits, of the effects discussed here this is perhaps the most important with regards to
the rest of the work in this chapter. However, with no definitive cause determined, prevention
remains difficult.

A great deal has already been learnt from these investigations, but there is still a lot of potential
for further investigations of this nature. One parameter not yet investigated is beam energy,
and its influence on these thermal effects. The exact nature of the catalytic growth process
is also not yet well understood. The simulation program developed also still has significant
potential. Ultimately, it should be possible to use such simulations to predict whether such
thermal effects will or will not occur for a given electron beam and deposit geometry. There is
also the possibility to use such thermal effects to anneal already deposited samples in situ. By
irradiating a deposited nanopillar with a high energy beam without applying a precursor, both
structure and purities may be able to be increased.

68



5.3 Preliminary Application: Influencing Domain Wall Motion

Figure 5.9: A conceptual illustration of domain wall motion. The red and blue regions represent two
domains (the arrows the direction of local magnetisation). As one increases and the other decreases in size,
the interface between them moves.

Domain wall motion (DWM), the coherent transport of magnetic domains, is currently the
subject of substantial scientific research, due in no small part to its potential application to
next-generation data storage and processing technologies. Among others, this is one of the
fields of research which could benefit greatly from magnetic EBID techniques and it is for this
reason that such experiments have been chosen as part of a preliminary study of the magnetic
influence of EBID iron nanopillars.

Magnetically, data is always encoded in essentially the same way, as magnetic domains of dif-
fering polarity. What does vary however, is the dynamics, the methods by which such magnetic
data is transported for access and eventual manipulation. In a hard-disk drive, a modern mag-
netic storage device, data access involves a lot of mechanical movement. Both the read-write
head as well as the disk on which the data sits must move, leading to inherent drawbacks such
as long access times and an increase susceptibility to failure. Ideally, data needs to be accessible
without the need for such movement, which is where domain wall motion enters; if the magnetic
domains describing the data could themselves be coherently moved, the need for moving parts
would be eliminated. The key here though, is to achieve such transport without altering or
destroying the domains.

Two domain wall transport mechanisms are currently being explored. The first, and most
straightforward method to move a domain wall is to use a magnetic field. A second method,
more recently discovered and also perhaps more promising, utilises a so called spin-torque effect
and involves using very large currents to literally push domain walls with electrons. Beyond a
fundamental transport mechanism, both approaches also need to make use of additional tricks
to ensure data can be appropriately controlled. This is particularly important for field driven
DWM, since ordinarily, the application of a magnetic field will simply grow domains of one
polarisation at the expense of another, thereby destroying information.

To this end, an almost universal simplification which is applied to grant better control is the
restriction of motion to one dimension via the use of (nanoscale) wires. Additional control
can be achieved through the manipulation of the energy landscape of the domain walls. Such
manipulation has already been successfully achieved using a variety of techniques. These include
geometrical alterations (notches and bends),77 material modifications (Ga+ radiation),78 and
the deposition of external magnetic structures.79

EBID of magnetic materials represents a particularly useful addition to these current possibil-
ities. The one-step, three dimensional, nanoscale nature of the technique makes it ideal for
research of this nature. In this section a very simple implementation of this principle is demon-
strated: iron pillars are deposited on top of magnetic wires and the influence of their stray fields
on DWM is observed. As well as illustrating the practical merits of EBID in such applications,
such experiments also provide a straightforward, though indirect, method to qualitatively inves-
tigate the ferromagnetic character of such pillar deposits, something which, due both to their
small size and orientation, is otherwise not trivially done.
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After first considering how best to carry out such an investigation, towards the end of this
chapter the results of a pilot experiment are presented.

5.3.1 Experimental Considerations

When a vertical pillar is deposited on a flat substrate, the resulting stray field penetrating the
surface will be strongest along the pillar axis. In contrast, a very thin (10s of nm) magnetic
nanowire, suitable for domain wall motion experimentation (for example, permalloy) will gen-
erally have a magnetisation aligned in-plane, perpendicular to the field of the pillar. Although
the magnetisation of a domain wall itself can often be very complex, even partially out of plane,
this situation is not ideal. Fortunately however, perpendicularly magnetised materials are also
of interest for DWM.

When layered periodically, certain magnetic/non-magnetic material combinations can exhibit
unusual magnetic properties, most notably, a very large perpendicular magnetic anisotropy.
Thought to be a result of interface effects,78 these properties tend to be strongest for very thin
(sub-nm) layers. The very high anisotropy in these materials tends to produce domain walls
that are both simple and narrow, two features beneficial for domain wall dynamics. While
simplicity will be key both to the stability and reproducibility of domains in eventual memory
devices, smaller domain walls will also ultimately allow for higher data densities.

A popular multilayer system of this nature is Co/Pt,80 and it is such a system, specifically
a trilayer of Pt(4 nm)-Co(0.6 nm)-Pt(2 nm), which is utilised here. By depositing an iron
pillar on top of a narrow wire of such a multilayer, its stray field can be made to penetrate
the wire. This penetrating stray field essentially couples the magnetisation of a small region
of the wire under the pillar to the magnetisation of the pillar itself. Essentially, a pillar acts
to increase the perpendicular anisotropy in the wire underneath it. In order for a domain wall
to subsequently pass through this region, either the coupling must be overcome or the pillar
must also be switched. A practical implementation of this idea is illustrated in figure 5.10.
With a pillar grown on top of a wire, (i) first the entire construction must be saturated to
ensure the pillar and wire are pointing in the same direction. (ii) Next a domain wall must
be nucleated and by applying a small opposite field, made to approach the pillar. (iii) If the
pillar is indeed magnetic, and magnetised opposite to the approaching domain, the wall motion
should be retarded. (iv) To overcome this pinning the applied field will need to be increased
to switch the magnetisation of the pillar itself.

Saturation Nucleation Pinning Switching
& Depinning

(i) (ii) (iii) (iv)

H H H H H

Pt/Co/Pt wire:

Iron pillar:

Continuation

Figure 5.10: A schematic profile view of a magnetic iron pillar on top of a perpendicularly magnetised
wire. A magnetic field (H) is used to attempt to move a domain wall in the wire past the stray field of the
pillar. Further discussed in the text.

As mentioned earlier, domain walls can be influenced in a number of different ways, from ma-
terial to geometric variations. For this reason, the observation of pinning alone is insufficient
to prove a specific magnetic effect. To better characterise the nature of the pinning, further
investigation is required. Essentially, a domain wall can be pinned in one of two ways. As
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illustrated by figure 5.11, it can either be blocked by an energy barrier or trapped in an energy
well. By reducing the width over which a domain wall can form, a notch in a wire typically
represents an energy well.77 In contrast, a protrusion has been found to represent a barrier
surrounded by two smaller wells.81 The electrostatic influence of the magnetic pillar however,
is expected to be intrinsically repulsive. Provided the pillar reverses its magnetisation as the
domain wall passes, it should behave just like simple energy barrier. As also illustrated in fig-
ure 5.11, experimentally testing whether pinning is due to a well or a barrier (or a combination)
is relatively straightforward. If a domain wall can be brought towards and away from a pillar
without getting ‘stuck’, then this is an indication that the pinning is magnetic in nature.

Energy Barrier: Energy Well:

E

Easy Difficult

Difficult

Easy

Difficult

Figure 5.11: The two fundamental energy landscape distortions influencing DWM, a barrier and a well. As
indicated, although both represent an obstacle, the trapping effect of a well allows the two to be distinguished
experimentally by attempting to approach and retract a domain wall. A general roughness of the landscape
is induced by material defects and/or thermal fluctuations.

Pinning Dependencies

One step further than simply achieving a magnetic influence with a magnetic pillar is controlling
the influence. There are essentially two ways to achieve such control, by changing the strength
or form of the magnetic stray field or by changing the switching behaviour of the pillars. Here,
both these parameters are briefly investigated with computational modelling.

A magnetic pillar essentially represents a dipole and thus produces a rather simple stray field.
Using the software package COMSOL,82 the stray field produced by a 1 µm long, 60 nm wide
magnetic cylinder of pure iron (Ms ' 1700 kA/m) has been modelled. The result can be seen
in figure 5.12a. The inverse-cubed decrease in field strength with distance, characteristic of
a dipole, is evident. It is subsequently clear that with the Pt/Co/Pt multilayers only a few
nanometres thick, under ideal circumstances at least, the range of the stray field of a pillar will
not be an issue in these experiments. Although the permeability of the Pt/Co/Pt wires will
have some influence, controlling the form of the stray field from a simple cylindrical pillar is
difficult. The magnitude however, is more feasible. As well as simply depositing a pillar further
away from the wire, the magnetisation of the pillar itself will control the strength of this field.
In terms of EBID iron pillars, the saturation magnetisation was previously found to scale with
iron content.34 This implies that the strength of the stray field also simply scales linearly with
iron content. Although a linear relation is likely an oversimplification, since the influence of
on-magnetic material is disregarded completely, this does theoretically at least, provide a rather
straightforward way to control the magnetic pinning strength of a pillar.

Although the properties of the stray field do have some influence on the magnetic pinning ability
of a pillar, with depinning determined by the field at which the pillar switches its magnetisation,
it is ultimately the coercive field which is of most concern. Using the (2-D) macromagnetic
simulation software OOMMF,83 the switching of a magnetic pillar, specifically the dependence
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Figure 5.12: (a) The simulated stray field emerging from the tip of a pure iron (Ms ' 1700 kA/m)
nanopillar (dipole) 1 µm by 60 nm in size. (inset) A visualisation of the entire stray field of the pillar. (b)
Simulated coercive fields of different sized nanopillars, for a magnetisation of 1000 kA/m corresponding to
60 at.% iron.

of such switching on geometry, has also been briefly investigated. A simple rectangular geometry
was modelled for a magnetisation of 1000 kA/m (corresponding to 60 at.% iron) and considering
only shape anisotropy. The field required to longitudinally switch the magnetic body was
investigated as a function of its dimensions. Two different widths (diameters) were simulated
for various lengths, as shown in figure 5.12b. Provided the aspect ratio of a pillar was sufficiently
high (>10), length was found to have a minor influence on Hc. Width, however, had a large
effect, with thicker pillars switching much more readily. Although not of interest quantitatively,
qualitatively these results are informative: provided pillars are thin, their length is of lesser
concern.

In the following subsection, these findings are put into practise in the form of a pilot experiment.

5.3.2 Pilot Experiment

Note: Towards the end of this project, in the time between the optimisation study of section 5.1
and this preliminary application investigation, the Fe2(CO)9 precursor ran out and was
refilled. For reasons not yet understood, subsequent deposits were found to contain sig-
nificantly more oxygen and previous results, namely very high iron contents, could not be
reproduced. Maximum achievable iron content was reduced from 80 to 60 at.%. Repeating
the optimisation investigations was not feasible, however brief measurements of some test
pillars deposited at 0.1 nA revealed that iron content had dropped to less than 50 at.%,
with the remainder consisting primarily of oxygen (40 at.%) and a small amount of carbon
(10 at.%). The form of these pillar deposits was unaffected.

Finally in this chapter the results of a small pilot experiment are discussed. A small number of
EBID iron pillars were deposited onto Pt/Co/Pt wires to explore their influence on DWM.

In line with the conclusions of section 5.1, all pillars were deposited in the immersion lens mode
using a 5 keV beam. Two sets of pillars were produced using two different beam currents; the
first at 0.41 nA and the second, 0.1 nA. While keeping dimensions in the nanoscale, the use of
these two different currents enabled pillar diameter to be varied. Each set consisted of three

72



deposits of different heights (1, 2 or 3 minute depositions), having both low and high aspect
ratios.

The two sets were deposited onto two separate Pt(4 nm)-Co(0.6 nm)-Pt(2 nm) wires. The
wires were patterned onto a Si-SiO2(2 µm) substrate using electron beam lithography (EBL)
and sputtering techniques. Usually, due to charging issues, thick oxide layers are avoided for
low energy EBID. However, time and availability constraints left no alternative. The wires
were all 55 µm long but a number of different widths were available. Ultimately, 1 µm wide
wires were chosen due to their well behaved switching and good visibility. In order to allow a
domain wall to be easily and reliably nucleated in these wires, local gallium ion irradiation78

was applied to a small region at the end of each one. As was mentioned, the high anisotropy
in these multilayers is thought to be the result of interactions at the Co-Pt interfaces. By
destructively modifying this interface with high energy Ga+, this anisotropy can be reduced,
making magnetisation reversal easier (effectively the opposite action of a pillar). For more
details both of the fabrication of these wires and the gallium irradiation process, see Franken 78 .

55 µm

10 µm

1 µm

Ga+

irradiation

(a)

1500 nm850 nm320 nm

0.41 nA - ø 80 nm

580 nm 1300 nm 2300  nm

0.1 nA - ø 50 nm

(b)

Figure 5.13: (a) A schematic representation of the a sample used for the experiment. Two different sets
of three iron pillars were investigated, each deposited on a Pt/Co/Pt wire. (b) SEM images of these two
sets (viewed 52◦ from the normal). The diameters and heights of the pillars are indicated.

As schematically illustrated in figure 5.13a, the three pillars of each group were deposited onto
these wires 10 µm apart with the shortest and thus easiest to reverse, closest to the gallium
irradiated area where a domain wall would be nucleated. SEM images of the deposits are shown
in figure 5.13b. The pillars produced at 0.41 nA had an average diameter of 80 nm, those at
0.1 nA, 50 nm. Unfortunately, due to substantial drift caused by the charging of the insulating
SiO2 substrate, EDX measurements could not be reliable carried out. However, both sets of
pillars were expected to have an iron content of around 50 to 60 at.%. To ease subsequent
discussion, each pillar/wire system is referenced by the current used to create them.
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Results

Domain wall motion was observed using Kerr microscopy (subsection 2.2.4), with switching
achieved by applying a perpendicular magnetic field. To quantitatively record the switching of
a wire, its Kerr intensity (contrast) was monitored as a function of applied field. Experiments
were carried out following the scheme illustrated in figure 5.10. First a -20 mT field is briefly
applied to align the magnetisation of both the wire and the pillar in one direction. Then a 3 mT
field is applied in the opposite direction to switch the magnetisation of the gallium irradiated
region and thereby nucleate a domain wall. Finally, to de-pin the wall and induce DMW this
field is linearly increased.
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Figure 5.14: DWM of Pt/Co/Pt wires in the presence of iron nanopillars. (a) The Kerr intensity of two
wires containing 0.41 nA (black) and 0.1 nA (red) iron pillars as a function of applied field. Intensity is
normalised such that 1 corresponds to a un-switched wire (bright) and -1 to a switched wire (dark). The
field was increased linearly (∼1.5 mT per minute), inducing domain wall motion and a gradual switching
(darkening) of the wire. The Kerr intensities corresponding to the positions of the pillars are indicated.
Only the influence of the first pillar on the 0.41 nA wire is apparent. A SEM image of a damaged region of
the wire is inset. Critical points (i) to (iv) are discussed in the text. Single measurements are presented since
averaging was made ineffective by slight variations in switching fields between experiments due to random
thermal influences. (b) Kerr microscopy images of the same switching process shown in (a). Black/gray
contrast describes magnetisation out of and into the page respectively. The locations of the pillars are
indicated with horizontal lines, and domain walls with arrows. As a magnetic field (applied out of the page)
is increased in strength going from left to right, the nucleation of domain walls and subsequent DWM is
apparent from the top to the bottom of each wires.

The results of such a procedure, excluding the saturation and nucleation steps, are presented
both quantitatively and qualitatively for both wires in figure 5.14. In figure 5.14a, the Kerr
intensity of each wire is plotted as a function of applied field (0.41 nA in black, 0.1 nA in
red). This intensity essentially defines the position of the domain wall along the wire and is
normalised such that for 1 it is at the very beginning (unswitched) and -1 it is at the very end
(switched) of the wire. Intermediate Kerr intensities corresponding to numerous critical points,
such as the pillars, are labelled. Figure 5.14b shows a number of Kerr micrographs of the two
wires (0.1 nA left, 0.41 nA right). The location of the pillars is again indicated with horizontal
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lines, and domain walls are pointed out with arrows. Four key points, (i) to (iv), are labelled
in each figure and these will now be described.

(i) As indicated in the Kerr image, the domain walls in both wires are pinned in the gallium
irradiated region at the beginning of the wires. Correspondingly the Kerr intensity is high
(∼1).

(ii) At an applied field of approximately 5.5 mT, both domain walls de-pin. In the 0.1 nA
wire the wall subsequently proceeded all the way to the other side of the wire unimpeded
bringing the Kerr intensity to -1. In the 0.41 nA wire however, after initially also travelling
quite quickly, the wall velocity was slowed as it crossed a damaged region of the wire (a
SEM image of the damage is inset in the figure).

(iii) After passing the damaged region, the wall is very clearly pinned at the position of the
first pillar. Persisting as the field is increased by almost 1 mT, this pinning is particularly
strong.

(iv) Finally, at a little over 6.6 mT, the wall de-pins and continues, without further delay, to
the end of the wire.

The time between (i) and (iv) is approximately 65 seconds corresponding to a field sweep rate
of ∼1.5 mT per minute.

From these results it appears as though the 0.1 nA pillars have no impact on DWM. The
0.41 nA pillars however, specifically the first, shortest one, clearly does pin a passing domain
wall. From figure 5.14, the second and third 0.41 nA pillars appear to have no influence on the
wall. However, under certain conditions, a minor effect was often observed. By applying a field
just sufficient for a wall to pass the first pillar (∼6.5 mT) and then keeping it constant, the
wall was often observed to pause momentarily (< 1 s) at the positions of the second and third
pillars, as illustrated in figure 5.15. The pinning was very weak, and even if the applied field
was switched off, thermal fluctuations were generally sufficient to induce depinning.

20 µm

Pillar:     1        2         3

Figure 5.15: Kerr micrographs showing the occasional domain wall pinning induced by the second and
third 0.41 nA pillars. This pinning was typically very brief (< 1 s).

To investigate the cause of the strong pinning induced by the first of the 0.41 nA pillars,
additional experiments were carried out following the idea depicted in figure 5.11. The fields
required either to make a domain wall approach, withdraw or pass the pillar were compared.
If the pinning is magnetic in nature, the pillar is expected to behave as an energy barrier. As
suggested in the figure, for such a barrier, the ‘withdraw field’ should be approximately equal
to the ‘approach field’, and be significantly smaller than the field required to transit the pillar.
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Measurements revealed that indeed, moving a wall towards and away from the pillar on either
side required similar fields, at least 0.5 mT below that required to pass the pillar completely.
This suggests that to a domain wall, the pillar appears as an energy barrier and although not
unique, is a good indication that the cause of the pinning is magnetic in nature.

It is not completely clear why only the first pillar of the 0.41 nA set had this seemingly mag-
netic influence. One reasonable explanation is that the coercive field of all three pillars was very
similar such that once a field sufficient to pass the first one was applied, the second two had
also flipped. This assumes all three deposits are magnetic. It is possible that it is this mag-
netic character which is responsible for the very weak influence of the second and third pillars
sometimes observed. Although the simulations predicted that with an aspect ratio of just 4,
the coercive field of the first pillar should have been lower than that of the two larger pillars,
this explanation is still consistent with the general idea that pillar length is not particularly
important for Hc.

In addition to this, it is also unclear why all three of the 0.41 nA pillars had some kind of
influence, but none of the 0.1 nA pillars did. One explanation may relate a difference in
composition. The optimisation work of section 5.1 would suggest that the iron content of
pillars grown at both these currents should be approximately equal. However, the precursor
issue mentioned at the beginning of this subsection could have changed things. Although
EDX could unfortunately not be performed to confirm these suspicions, with higher currents
generally associated with higher purities, the 0.1 nA pillars may simple have insufficient iron to
be magnetic. As was discovered in the previous chapter, once iron content begins to approach
50 at.% with the remainder mostly oxygen, as is likely the case here, ferromagnetic behaviour
can become difficult to detect (at least optically). An additional explanation relates to the
diameter the pillars, the only obvious physical way in which the two sets differ. The simulations
argue that a thinner pillar, having a higher coercivity, would have a stronger pinning effect than
a thicker pillar. However, if the pinning effect is considered to be purely physical in nature,
to be the result of the deposit or deposition process itself, a larger pillar might have a larger
influence. There are arguments both for and against such an idea. The Pt/Co/Pt wires are very
thin and thus could be particularly sensitive to such an effect. In addition, the irradiative nature
of the EBID technique is intrinsically rather violent. Conversely, the actual difference between
the wires which do and do not exhibit such an effect on the scale of the width of the pillars is
very small (80/1000 vs. 50/1000). Thankfully, due to the versatility of the dualbeam, such a
‘presence effect’ can be easily tested for by repeating a DWM experiment using non-magnetic
pillars, as discussed below.

Using the platinum precursor available in the dualbeam and a 5 kV, 0.41 nA electron beam
(in immersion mode), four platinum† pillars of different heights (1–2.2 µm) were deposited onto
a new, Ga+ irradiated, Pt/Co/Pt wire. Unfortunately, experimental conditions could not be
exactly matched to earlier experiments. Due to availability issues, the pillars had to be deposited
on a 2 µm wide wire. In addition, although the tips of the Pt deposits were similar to the iron
pillars (ø 70 nm), their bases were very broad (200 nm, see figure 5.16b), likely the combined
consequence of high precursor pressures (> 1×10−5 mbar, typical for the Pt GIS) and diffusion
enhanced growth effects.84 Regardless, the same DWM experiment (figure 5.10) was carried out
and the results are shown in figure 5.16a. With the positions of the Pt pillars indicated with
horizontal lines, it is clear that after depinning at around 5.65 mT, although travelling slower
and less smoothly than in the narrower wires (due to increased intrinsic defect pinning in the
wider wire), the domain wall was not specifically influenced by any of the Pt deposits.

†Platinum might seem a poor choice given the composition of the wires, but with EBID Pt deposits typically
less than 30 at.% pure (the rest C and O) a modification of the multilayered wire structure is not expected.
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Figure 5.16: (a) The Kerr intensity of a wire containing 0.41 nA platinum pillars as a function of applied
field. Intensity is normalised such that 1 corresponds to a unswitched wire (bright) and -1 to switched wire
(dark). Following the experiment performed on the iron pillars, the field was increased linearly (∼1.5 mT per
minute), inducing domain wall motion and a gradual switching (darkening) of the wire. The Kerr intensities
corresponding to the positions of the pillars are indicated. No correlation between the positions of the pillars
and the DWM is apparent. (b) A typical Pt pillar deposit, showing its unusual form (produced using a
5 kV, 0.41 nA electron beam with the immersion lens).

5.3.3 Conclusions

Although this was only a prelimary investigation, involving a very limited number of experi-
ments, the results are already promising. Although not yet indisputable, there is significant
evidence that iron pillars deposited by EBID are not only magnetic, but are sufficiently mag-
netic to influence domain wall motion with their stray fields. Given the very small number of
experiments performed and the very large parameter space, the chance to observe this effect
was very small. Had the depinning of the domain wall occurred at just a one or two millitesla
more, nothing would have been observed. Although many of the dependencies of the magnetic
pinning are not yet clear, most of these issues should be readily straightforward to address by
simply performing more experiments on a larger range of pillar deposits.
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Conclusions and Outlook

To end this thesis, the important findings and conclusions of the previous chapters are briefly
summarised here. Detailed discussion of this nature has been presented at the end of the
previous three chapters, so is kept short here. In addition to conclusions, an outlook on possible
future research is also presented.

Conclusions

The general aim of the ongoing project between FNA and FEI is to investigate the potential
of the Fe2(CO)9 precursor for EBID of magnetic nanomaterials. For this work specifically, two
goals were defined: to further characterise the Fe2(CO)9 precursor and to begin investigating de-
posits suitable for preliminary magnetic applications. Both of these goals have been successfully
achieved. Key results are presented in terms of these two goals below.

Microwires

In chapters 3 and 4, the characterisation of simple microwire deposits was discussed.

Chapter 3 considered deposits produced under optimal vacuum conditions. Using high elec-
tron beam currents (20 nA), and low energies (5 keV), such deposits consistently contained
approximately 75 at.% iron. They displayed clear ferromagnetic behaviour, including AMR
and hysteresis, and were highly conducting, with an average resistivity just ten times that of
iron (100 µW·cm). With an almost flat temperature dependence (TCR: -23 ppm/K), conduc-
tion was slightly semiconducting in nature. Metallic conduction was achieved by annealing,
however, following this process, oxidation appeared to become an issue. The microstructure of
these deposits was found to depend on their thickness. Below approximately 200 nm, a mostly
nanocrystalline structure was apparent, but growth above this thickness was crystalline.

In chapter 4, the influence of increasing oxygen content on these characteristics was considered.
By worsening the vacuum conditions via controlled water vapour injection, the iron:oxygen
ratio of deposits was varied from that of the optimal deposits (75:15) to as low as 50:50. As
this ratio decreased, iron oxide grains were seen to develop, eventually leading to a columnar
crystal structure in which both Fe2O3 and Fe3O4 were identified. Over the entire compositional
range, resistivity was found to increase three orders of magnitude. Two separate exponential
trends were apparent, corresponding to before and after percolation of the oxide grains. The
temperature dependence of the resistivity was negative, but lower than expected for pure iron
oxide. Deposits maintained some ferromagnetic character over the entire compositional range.
As oxygen content increased, AMR was substituted by a grain boundary magnetoresistance
(GBMR).
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Nanopillars

In chapter 5, an investigation into freestanding iron pillars was presented. The influence of
electron beam current and energy on deposit composition and size was considered. To maximise
iron content (> 60 at.%) while minimising deposit size (diameter < 100 nm), a 5 keV electron
beam and currents in the order of 100s of pA were found to be optimal. Beam induced heating
phenomena were also investigated. Unusual crystalline pillar growth was both qualitatively
and semi-quantitatively confirmed to be the result of the thermal dissociation of the precursor.
Finally, in order to investigate both the magnetic properties and practical use of such pillars, a
pilot experiment testing the influence of pillar deposits on domain wall motion was conducted.
Of six deposited pillars, half had some influence, one very strongly. Further investigation of the
strong influence suggested it was magnetic in origin. Non-magnetic platinum pillars were also
deposited and had absolutely no influence.

Outlook

As was mentioned near the end of chapter 5, towards the end of this project, after the Fe
GIS was refilled, deposits were found to contain much more oxygen than they had previously.
Before research into the Fe2(CO)9 precursor can continue effectively, this issue will need to be
addressed. Discussions with FEI are ongoing, but the cause is still not known. Assuming this
issue is eventually overcome, some possible future investigations, both fundamental and more
practical in nature, are briefly discussed below.

In terms of characterisation, the properties of the iron-rich microwires are now much better
understood, however, there are still some open questions. The most significant of these relates
to the cause of the thickness-dependent crystallisation. Although currently not coupled with
an increase in composition, if better understood, it might be possible to also achieve increased
purities. With disordered growth limited to regions near the substrate, it could be useful to
more specifically investigate the influence of the surface on which depositions are made. In
addition to different substrate materials or coatings (i.e., hydrophobic), the influence of seed
layers (EBID or sputtered iron), or temperature could also be particularly interesting, and might
eventually allow completely crystalline deposits to be produced.

Certain aspects of the water vapour investigations could also be expanded. Both the exact
nature of the suspected GBMR effect, and the processes which disallow iron contents below
∼50 at.% to be achieved, are not yet clear. In both cases, further microstructural investigations
would be beneficial. Also of particular interest is the ability to deposit half-metallic Fe3O4.
Further work needs to be performed to optimise the deposition of this material, but eventually
it might be possible to deposit near-pure crystalline Fe3O4 on demand, ideal for spintronic
applications.

Investigations into performing in situ electrical measurements inside the dualbeam have begun
recently. This also opens up a number of new experimental possibilities. Most specifically, this
could allow the resistance of deposits to be monitor during deposition, giving a great deal of
insight into growth processes.

The most exciting future work will undoubtedly relate to freestanding magnetic structures,
such as the pillars investigated here. A particular issue for such deposits is characterisation.
Due to their small size, composition measurements with EDX are already problematic, but
direct electrical or magnetic characterisation is even more difficult. So far, the only indication
that these pillar deposits are in fact magnetic has been the DWM experiment. The ability
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to perform in situ electrical measurements would also open up some possibilities here. One
approach could be to use the FIB of the dualbeam to ‘cut down’ the deposits and then, using
nanomanipulators, orient them horizontally on electrical contacts. Similarly, by manipulating a
small, sensitive, magnetic field sensor (such as a GMR or TMR stack) towards a pillar deposit,
its stray field could be characterised. A final possibility, commonly mentioned in literature (see
subsection 1.3.1) is to use electron holography.

Although beam induced heating effects are now better understood, their full potential for the
deposition of high purity material has not yet been realised. So far, only very high currents
and simple deposit geometries (pillars) have been investigated. The influence of beam energy
has also not yet considered. Combined with the simulation program developed, it should also
be possible to characterise the thermal properties of deposits dependent on the appearance of
such effects.

The magnetic application of iron pillars in domain wall motion has so far shown promise, but
further experimentation is required both to confirm the magnetic nature of the pillars and to
gain better understand their effect. Once this is achieved, more complex structures could be
investigated. A ‘U’ shaped geometry made out of iron essentially defines a horseshoe magnetic.
With stray fields confined primarily between the ends, deposits of this nature could be used with
in-plane magnetised materials. Given the versatility of the EBID technique, deposit intricacy
is essentially only limited by the patience of the experimenter.
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Appendix A

Deposit Longevity

Oxidation

With iron being deposited, an obvious concern is oxidation. Although no detailed oxidation
investigations were carried out, the resistance of a few iron-rich microwire deposits was rechecked
some time after their initial electrical characterisation. After being exposed to air for one month,
the resistance of the three deposits was found to have decreased slightly (< 5 %). Oxidation
could obviously not be responsible for such a result. The stability of these deposits is though
to be the combined result of a rather high impurity concentration (∼25 at.%) and a disordered
microstructure in which these contaminates are mixed throughout. A similar stability was found
in deposits with lower iron content.

It is possible that when deposits are first removed from the vacuum chamber of the dualbeam
they oxidise slightly. However, given the generally low resistivity of deposits, the extent of this
‘rusting’ is not expected to be significant, and is likely limited to the surface.

Pillar Stability

A number of pillar deposits were revisited after the substrate they were deposited on had been
exposed to air for almost three months. Stored in a sample box, glued to an aluminium stub,
the deposits were generally not treated with care.

The majority of the large crystalline pillars grown using the immersion lens mode with high
currents (section 5.2, figure 5.5) were found to have fallen over, as can be seen in figure A.1b
and A.1a. Given the ‘top heavy’ nature of these deposits this result was of no great surprise.
The crystal growth may also have made these particular pillars brittle. In contrast, the pillars
also produced at high currents but in the regular lens mode remained standing (figure A.1c).
Thin pillars, deposited at lower currents were also unaffected (figure A.1d).

The pillars utilised in section 5.3 for domain wall motion experiments were also found to be very
robust and stable. The same domain pinning was observed many months after their original
deposition.
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(a) Collapsed crystalline pillar deposits (5 keV,
18 nA, immersion lens mode).

(b) A bent crystalline pillar deposit (5 keV, 18 nA,
immersion lens mode).

(c) Stable non-crystalline pillars (5 keV, 18 nA,
regular lens mode).

(d) Stable, low current thin pillars (5 keV, 0.46 nA,
immersion lens mode).

Figure A.1: SEM images of a number of different pillars almost three months after their deposition.
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Appendix B

Deposition on Thin Films: Thermal
Effects

Figure B.1 shows the crystalline iron growth which resulting when the centre of a thin and thus
thermally insulating film was irradiated with a high current electron beam.

3 µm50 µm 300 nm

(a)

(b)

(c) (e)

®-Fe
5 nm-1

(d)

Figure B.1: Crystalline growth resulting after irradiating the centre of a thin (20 nm) Si3N4 membrane
for 60 s with a 5 kV, 24 nA electron beam in spot-mode. With growth extending a distance of more than
20 µm away from the beam, precursor decomposition is undoubtedly thermally induced. EDX spectroscopy
revealed a composition of 86/9/5 at.% (Fe/O/C) (a) TEM membrane window before irradiation. (b)
After irradiation (the oval distortion is an imaging artifact resulting from charging). (c) The centre of the
resulting crystalline deposition and where the electron beam was positioned. (d) The electron diffraction
pattern resulting from the growth clearly indicating α-iron (bcc). (e) Dendritic crystal growth, 25 µm from
the irradiation region.
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Appendix C

Modelling Beam Induced Heating

In this appendix, the computational details of the beam induced heating simulations discussed
in subsection 5.2.2 are presented.

Monte Carlo Scattering Simulations

A Monte Carlo (MC) based electron scattering simulation was developed with MATLAB, fol-
lowing the single scattering model detailed by Joy.85,86 This model is based on two important
assumptions.

Firstly, only elastic scattering events are considered important for determining electron trajec-
tories. While elastic scattering is commonly responsible for scattering of 5 to 180◦, inelastic
collisions typically only cause very small deviations of fractions of a degree and thus have a
significantly lesser effect on electron trajectories. Consequently, in the simulation, collisions are
governed by an expression describing an interaction cross section for elastic scattering.

A common choice in this regard is the relativistically corrected screened Rutherford cross sec-
tion,64,86 classically derived from Coulomb scattering theory. Such an approach, however, be-
comes inaccurate for the low electron energies typically used in commercial SEMs (2–30 keV).
Consequently, as a modification to the standard single scattering model, a cross section derived
from Mott scattering theory is implemented instead. The more accurate Mott cross section
is able to account for spin dependent scattering effects. However, since, as derived, this cross
section cannot be expressed analytically, an empirical expression,87 accurate over the energy
range of interest, is used to approximate it:

σ = 4.7×10−18· (Z1.33 + 0.032Z2)
(E + 0.0155Z1.33 · E0.5) ·

1
(1− 0.02Z0.5 · exp(−(log(8EZ−1.33)2))) , (cm2) (C.1)

where E is the electron energy (in keV) and Z the atomic number of the target material.

The second major assumption of this model relates to how electron energy loss is simulated.
Since inelastic scattering, ordinarily responsible for energy loss, is ignored, an electron is instead
assumed to lose energy continuously as it travels through the target material. By using an
expression incorporating into it all possible energy loss mechanisms things are greatly simplified.

Such an expression was developed by Bethe 88 . It defines the rate (as a function of distance
travelled) at which the energy of a scattering electron is transferred to the material in which it
is travelling. Again modified for low energies89, this takes the form:
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dE

dS
= −78500 · ρZ

AE
· ln

(1.166(E + 0.85J)
J

)
, (keV/cm) (C.2)

where S is the distance travelled (in cm), ρ is the density (g/cm3), A the atomic weight, and J
the mean ionisation potential (J = (9.76Z + 58.5/Z0.19) · 10−3) of the target material (in keV).

It should be noted that the nature of this approach means that such scattering simulations are
automatically restricted to modelling primary electrons. Although inelastic energy losses are
accounted for, the possible creation and propagation of secondary electrons is not considered.
Although important for BID in general, for a rudimentary energy deposition investigation such
as this, the influence of these low energy (<50 eV) electrons is considered insignificant.

Within these assumptions, electron trajectories are simulated by modelling individual scattering
events using a typical Monte Carlo algorithm:

Get energy of electron E
Calculate mean free path λ for this energy in the target
Probabilistically compute step length S and scattering angles θ & φ
Calculate energy lost over step dE

R
ep

ea
t

E

S
dE

C1

C2

θ

φ

x
y

z

Beginning with user specified initial conditions (electron energy E, and position C1), the scat-
tering of an electron is governed by the cross section equation described above (equation C.1).
From this expression the mean free path (MFP) of the electron in the target material can be
calculated

λ = A/NAρσ, (cm) (C.3)

(ρ the density of the target material and NA Avogadro’s number), allowing the distance travelled
before scattering, S, to be probabilistically determined

P (S) = exp(−S/λ). (C.4)

Scattering angles are then similarly determined. The polar angle (θ) from an empirical expres-
sion matching experimental results

cos(θ) = 1− 2 · (3.4× 10−4Z0.67/E)rand2

1 + (3.4× 10−4Z0.67/E)− rand, (C.5)

for a random number rand, and the azimuthal angle (φ), randomly around 2π.

With the scattering event fully defined spatially (C1 →C2), the last step of the simulation
involves calculating the energy consequently lost by the electron, dE, in travelling the distance
S, as given by the Bethe formula (equation C.2). At the end of an individual scattering event,
the energy and position of the electron are updated (C1 = C2, E = E− dE), and the process is
repeated. An electron trajectory continues until one of two conditions are met: electron energy
drops below 50eV, or the electron leaves the volume representing the pillar.

Since the location (C2) and energy loss (dE) of each scattering event can be recorded, by
simulating a large number of these electron trajectories, a distribution representing how energy is
deposited by an electron beam in a pillar structure is constructed. In preparation for the second
phase of simulations, the resulting large array of continuous data is discretised. Assuming axial
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symmetry, just a radial slice of the data is processed, with a resolution of 10 nm. Furthermore,
given the number of electron trajectories simulated, the specified beam current to be modelled
and the 10 nm binning, the data is converted from an energy to a power density before finally
being exported to a text file.

Implementation

Pillars were modelled as cylindrical volumes with rounded tips. Although these simulations
cannot account for interface scattering effects, the simulated shape of the tip of the pillar can
still have a significant influence on resulting energy deposition predictions.70 The simplest case
of a dome tip was considered here. Also, to model the Gaussian shape of the electron beam,
the starting position of an incident electron above the pillar was randomly varied distribution
(2-D normal distribution).

Figure C.1 shows a typical result of such simulations for 10,000 5 keV electron trajectories
scattering in a dome-tipped iron pillar. Figure C.1a shows the actually scattering simulation.
Absorbed (blue), backscattered (red) and side-scattered electrons (green) are all shown. The
limits of the modelled pillar are also shown as rings. Figure C.1b shows the resulting power
density distribution slice.

(a) (b)

Figure C.1: The typical output of a scattering simulation. (a) shows the simulated trajectories for 10,000
5 keV electrons from a gaussian (FWHM = 100 nm) beam in a pure iron pillar, ø 300 nm. Red traces
represent backscattered paths; green, side exit paths; and blue, scattering trajectories which remained in
the pillar. (b) the corresponding power density data (10 nm binning) for a 20 nA beam current.

Modelling Heat Flow

To model heat flow the commercial finite element analysis simulation package COMSOL Multi-
physics has been used.82 Pillar geometries matching those used in the scattering simulations are
modelled in a 2-D environment with axial symmetry. Thermalisation is assumed to occur much
faster than pillar growth64 and consequently, the heat equation is solved in the steady-state as

κ∇2T +Q = κ

(
∂2T

∂r2 + 1
r

∂T

∂r
+ ∂2T

∂z2

)
+Q(r, z) = 0. (C.6)

Here, κ is the thermal conductivity of the target material (assumed isotropic), T is the temper-
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ature, and Q is the power density, determined from the previous scattering simulations. This
simplified approach implies not only that all the kinetic energy of the electrons is transferred
into heat,68 but also that other heat transfer mechanisms such as convection or radiation, are
ignored.

293 K

Q

κ

(a) (b)

Figure C.2: (a) The basic assumptions used to model the heat flow through a pillar. (b) Solution to
equation C.6 for a ø300 nm pillar of pure iron and the power distribution (Q) of figure C.1b. Colour
gradient represents temperature, arrows heat flux (a.u.).

As illustrated in figure C.2a, equation C.6 is numerically solved under the conditions that the
pillar is initially at room temperature (293K), that vacuum interfaces are thermally insulating,
and that the pillar-substrate interface remains at 293K (this condition was found to be effectively
equivalent to modelling a semi-infinite silicon substrate). Following this approach, using the
energy distribution presented in figure C.1b (5 keV, 20 nA beam in a ø300 nm pillar of pure
iron), produces figure C.2b.
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Appendix D

Larger Depositions

While the electrical experimental techniques used extensively in this work lend themselves to
wire geometries, to open up other characterisation possibilities while at the same time testing
the limits of the EBID technique, a single very large iron deposit was also produced. Measuring
120 x 100 µm, a sample was deposited on a Si-B substrate over a continuous 22 hour 40 minute
period (figure D.1).

Figure D.1: A SEM image of a large EBID iron deposit produced over a 22:40 period (5 keV, 20 nA,
regular lens mode).

From EDX spectroscopy, the content of the deposit was determined to be 62/21/17 at.%
(Fe/O/C), lower than typically found for nanowires when no water is added. This result high-
lights the difficulty of performing EBID over such a long period. It is likely this lower content
is the combined result of changes in the GIS and hence precursor flux as well as the electron
beam. Furthermore, as well as being produced over an unusually long time, this deposit was
also extremely large physically. Trying to pattern such an area with raster methods means the
interval between passes is quite long (in this case, one second), and thus, so too is the possibil-
ity for vacuum contaminates to adsorb and eventually be integrated into the deposit. Using a
surface profiler (an AFM device for larger lateral scales) the average height of the deposit was
determined to be approximately 160nm giving a total volume of just over 1900 µm 3.

The original motivation for the creation of such a macroscopic deposit was to allow the mag-
netisation of the iron EBID material to be determined via SQUID (Superconducting QUantum
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Interference Device) magnetometery; this goal defined the volume requirement of the deposit.
However, even with supposedly sufficient magnetic material for detection, measurement results
were inconclusive, indicating a magnetisation significantly above that expected for a pure iron
deposit. Subsequently, the focus shifted to a Kerr microscopy investigation of the large and
thus highly visible deposit.

Kerr Microscopy

Using the wide-field Kerr microscope described in subsection 2.2.4, the magnetisation structure
and switching of the deposit was investigated. Figure D.2a shows the hysteresis behaviour
of the deposit as a field is swept along its long axis (120 µm); Kerr images at saturation and
remanence are also included. The magnetisation around the edges of the deposit was found to be
harder to reorientate than the bulk, leading to the observed first gradual (H > 1 mT) and then
sudden (H < 1 mT) switching behaviour. The formation of large magnetic domains is apparent
in the Kerr images, with a clear non-zero remanent state. By investigating the deposit with
both longitudinal (figure D.2b) and transverse (figure D.2c) Kerr sensitivity, the remanent state
magnetisation was completely characterised, as shown in figure D.2d. The domain structure is
such as to minimise stray fields; a flux closure structure exists.
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Figure D.2: (a) The hysteresis loop produced by the large deposit for a a longitudinally swept field (along
the 120 µm dimension). Kerr images of specific in-plane magnetisation states are also shown, with dark the
the left and bright to the right, as indicated. (b-d) By inspecting the deposit with Kerr sensitivity along
both principal dimensions, the complete domain structure can be determined.
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Appendix E

Ion Beam Induced Deposition

To briefly investigate the possibility of IBID with the Fe2(CO)9 precursor, two IBID depos
microwires were produced and briefly characterised. IBID is typically capable of much higher
yields than EBID and is subsequently often of more interest for commercial applications. Using
a 30 keV, 37 pA beam, two 15 µm x 500 nm microwires were deposited, one is depicted in
figure E.1. As is apparent from the insert AFM profile in the figure, the cross-section of the
deposits was much more rectangular than that of equivalent EBID wires. This is likely due to
combined milling-depositing action of the ions. As a result of gallium implantation, iron content
was relatively low (55-4-13-28, Fe-O-C-Ga at.%).
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Figure E.1: (a) A SEM image of one of the IBID microwires with an AFM profile inset. (b) Deposit
resistance as a function of temperature. (c) The magnetoresistive behaviour of the deposit.

Both electric and magnetic characterisation was carried out. In spite of the low iron content,
the deposits had low resistivities (∼200 µW·cm) and as shown in figure E.1b, exhibited slightly
metallic conduction. This was undoubtedly caused by the high gallium content. The magnetore-
sistance measured in one of the deposits is shown in figure E.1c. At low fields AMR is apparent,
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while at higher fields, isotropic normal magnetoresistance effect can be seen. The cause of the
asymmetry in the transverse AMR component is unknown. The large relative magnitude of the
longitudinal AMR suggests that the remanent magnetisation is not well aligned to the easy axis
of the wire. Furthermore, with both transverse and perpendicular AMR saturating at a rather
low field of 400 mT, it appears as though the magnetisation is particularly easy to manipulate.
This suggests that the ferromagnetic coupling in the deposits is rather weak.
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