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Abstract

The study of electronics that utilise the spin of electrons has led to sig-
nificant technological developments for data storage applications. The
manufacturing of electronics on flat substrates is well established, and
hence electron spin tends to be integrated into two-dimensional (2D) com-
puter chips and data storage devices by design. This work investigates
how spintronics may be extended to three-dimensional (3D) nanoscale
structures. The additive manufacturing method of focused electron
beam induced deposition (FEBID) is optimised for the fabrication of
free-standing ferromagnetic nanowires (NWs). Vertical and angled NWs
are tailored to exhibit consistent compositional and magnetic properties,
which enhances the fabrication of free-standing spintronic circuits. The
advanced transmission electron microscopy (TEM) method of off-axis
electron holography is used to characterise the magnetic configurations
in a 3D A-shaped NW structure, and a method is developed for tomo-
graphic reconstruction of magnetisation in 3D. The tomographic method,
based on model-based iterative reconstruction (MBIR), incorporates
tomographic alignment and image-distortion correction algorithms, en-
abling experimental reconstruction of a 3D magnetisation vector field
with a spatial resolution of 50 nm. To assess the applicability of the
reconstruction method to other datasets, simulations are performed that
test known limitations of TEM methods. The effects of a limited range
of sample rotations are evaluated in simulations of NWs. It is found that
spatial averaging between the vacuum and the sample surface can occur
when tomographic datasets contain too few projections. In addition,
Néel domain walls (DWs) and Bloch points are simulated to test how
the MBIR algorithm treats magnetic configurations that are conven-
tionally invisible to TEM. The reconstruction is limited to revealing

only magnetic moments that create detectable signals. Overall, methods
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were developed for the fabrication of consistently ferromagnetic 3D NW
structures and for the characterisation of 3D magnetic configurations

within them.
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Chapter 1.

Introduction and Theory

“A sea of electrons.”

— A popular analogy for describing electrons in metals.

1.1. Overview of nano-magnetism research

Over the last 60 years, the performance of standard-sized computer microchips has
doubled every two years [2,3|. These advancements in hardware, known as Moore’s Law,
have enabled many technological developments, including smartphones and consumer-
accessible artificial intelligence (AI), but further improvements will be challenging. Since
approximately 2020, the classical approach of fabricating smaller components with
increased density on a silicon microchip is no longer viable because the operation of
transistor gates is no longer adequately described by classical physics below 10 nm length
scales, and quantum mechanics comes into effect. At quantum length scales, controlling
the flow and storage of electrical charge on silicon chips becomes more challenging due
to quantum tunnelling. This can be overcome by classical means, e.g., correcting charge
levels more frequently; however, the overall processing speed of microchips does not
improve significantly compared to incorporating larger components [4]. Consequently,
new technologies are being researched to harness quantum mechanics in the development
of computer hardware [5|. Among the many research directions considered globally, this

thesis focuses on new 3D architectures for spintronic applications.
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Although conventional electronics physically represent binary bit information (0 or 1)
by the amount of charge stored in capacitors, the research field of spintronics develops
methods to represent data using electron spin [6]. In ferromagnetic materials, magnetic
moments arising from electron spins in atoms can be aligned to form magnetic domains,
and their orientation can be used to represent data. In theory, rotating electron spins
to represent bit values changing from 0 to 1 could be more energy efficient than the
conventional electronic approach of translating electrons between capacitor plates |7].
Due to their unique properties, the study of nanoscale ferromagnets has led to the
development of a range of impactful technologies [6]. Examples include: tunnelling
magnetoresistive junctions that have improved the readout signal and enabled increased
data storage density in magnetic hard disk drives [8]; magnetic random access memory
(MRAM), which is a non-volatile implementation of RAM, that does not need a constant
supply of power to store data [9]; magnetic racetrack memory (RM) that is a non-
volatile shift-register, which can be scaled to implement (3D) stacking [10]; and artificial
neural networks based on stochastic magnetic DW motion [11]. Figure 1.1 shows a
diagram of a RM system and its operation by shifting, reading, and overwriting patterned
magnetic domains. Regarding continued development, the emerging research field of 3D
nanomagnetism is of particular interest as extending conventionally planar spintronic
systems into 3D geometries unlocks one more degree of freedom [12]. Implementing 3D
stacking has been shown to increase component density on microchips [13], and altering
3D geometry can tune device performance via geometry-dependent anisotropy [14]
or symmetry breaking [15]. The emerging field of 3D nanomagnetism involves the
development of theory, fabrication, and characterisation methods for completely novel

spintronic circuits [12].

This thesis discusses the development of methods for the fabrication and charac-
terisation of 3D nanomagnetic devices. First, electron microscopy (EM) methods are
introduced for fabrication of nanoscale materials and characterisation of their chemical,
structural and magnetic properties. Then, a 3D-printing EM method for ferromagnetic
nanostructures is tested, and improvements to fabrication quality are discussed. To
characterise the fabricated nanostructures, a method is developed for reconstruction of
the 3D distributions of spins in a ferromagnetic NW structure. Following this, simulations
are used to evaluate the conditions under which the spin reconstructions are accurate and
the types of samples that can be characterised are described. In summary, investigations
of 3D nanomagnetism often lead to the discovery of interesting physical phenomena, and
in this thesis methods are developed for optimised fabrication, accurate simulation, and

3D characterisation of ferromagnetic NWs arranged in bespoke 3D structures.
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Figure 1.1. RM diagram. (a) Magnetic domain movement in RM. Electrical pulses can be
applied to shift the magnetic domains along the RM, and the magnetic state of
each domain is read by a tunnelling magnetoresistive junction. (b) Read/write
circuitry, using a magnetic field created by an electrical current to change the
alignment of a magnetic domain. (c) Scaling to a complete data storage device.
Reproduced with permission from [10].

1.2. Ferromagnetism on the nanoscale

All physical phenomena that will be relevant, including the very existence of solid matter,
can be explained by the quantum mechanical observation that electrons behave as waves
that interact both with electromagnetic fields and with one another. Inside atoms,
electrons carry quantised amounts of energy, angular momentum, and charge, and due to
the Pauli exclusion principle, every electron must be unique [16]. Due to quantisation
and exclusion, electrons must occupy specific orbitals unique to each chemical element.
Therefore, if the atoms in a material show long-range order, the electronic properties
will also be consistent over extended length scales. Ferromagnetism is a special case
(occurring due to exchange interaction) when the sum angular momentum of electrons
in atom orbitals is non-zero, thus creating a magnetic moment, and the moments of

nearby atoms align towards one direction. This is typically observed in transition metals,
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including cobalt (Co) and iron (Fe), which can form permanent magnets. The emergent
nanoscale behaviour in ferromagnetic materials can be modelled by considering the energy
associated with configurations of atomic magnetic moments. The main contributions to

the energy associated with one magnetic moment (m;) are

E@' = Eemchange + Edemag = - Z Jij m; - My — o My - Hdemag- (11)
J

Where J;; is the exchange constant, p is the permeability of free space, and (Hgemag) 18

the net magnetic field created by all magnetic moments in the material [17], given by

H () = — > Sri(mi - 1i) = mi (1.2)

4yt £ o
7

Where r is a point in space, and r; is a distance vector pointing from the position of
m; to r. A ferromagnetic sample is considered to be in a stable configuration if the

total energy of all moments, £ = >  E;, is minimal [17], which requires a trade-off

between all energy terms. Exchamgez energy corresponds to the interactions between
electrons in neighbouring atoms, which favours parallel alignment of spins in ferromagnetic
materials. Demagnetisation energy corresponds to magnetic moments interacting with
H j¢104, which depends strongly on sample geometry. This energy term often favours
long-range m; configurations that create a weak H jepnq4, such as vortices. The magnetic
configurations of many ferromagnetic nanostructures are accurately described by the
competition of interactions between neighbouring atoms and magnetic fields created by
the whole system [18]. Note, that the underlying theory presented here will be revisited
and expanded upon in later chapters when experimental results requiring further theory

are presented.

Based on the principle of energy minimisation, simulations can be developed that can

predict stable configurations in ferromagnetic nanostructures. By expressing magnetic

dm
av o

per unit volume, it is possible to efficiently simulate ferromagnetic samples larger than

moments as a magnetisation field M = corresponding to the magnetic moment
1 nm [19]. Additional energy terms representing material-specific properties [20,21] or
interactions with external fields [22] can be added as necessary, and will be discussed
in Section 2.7. Based on the consideration of energy states, it is possible to define
micromagnetic simulations that model M in ferromagnetic materials and relate the

emergent nanoscale behaviour to the underlying quantum mechanical principles [23].
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Such simulations form the theoretical basis for designing spintronic devices and validating

experimental results, and will be discussed in detail in Section 2.7.

For spintronic applications, the study of ferromagnetism focuses on the formation of
magnetic domains in NWs and on mechanisms for controlling the motion of magnetic
DWs [24]. Figures 1.2a and 1.2b introduce the types of DWs typically observed in NWs.
In planar NWs, which have a thickness to width ratio corresponding to the dashed
square in Figure 1.2b, the magnetic configurations are energetically constrained by the
low-thickness (typically < 10 nm for NWs fabricated from ferromagnetic metals) and can
be described by 2D M distributions. In planar NWs, either transverse DWs (TDW) or
vortex DWs (VDW) are typically observed, as shown in the top of Figure 1.2a. When
considering a wider range of NW thicknesses, configurations are characterised by 3D M
distributions that exhibit both transverse and vortex DW (TVDW) characteristics with
the vortex core oriented perpendicular to the long-axis (y in the figure), or a Bloch-point
DW (BPDW) with vortex cores oriented parallel to the long-axis forming a point of
undefined M [25] as shown in Figure 1.2a. TVDWs propagate along the NW when
an external magnetic field (H) is applied parallel to the NW long-axis, as shown in
Figure 1.2c. This property can be utilised to transmit DWs over ferromagnetic NWs
or to study collective spin oscillations, known as magnons. Figure 1.2d shows that
a DW propagating above a critical velocity V,, can emit spin waves. The dynamics
of DWs and topological DW configurations, such as skyrmions, have been applied to
develop stochastic computing devices that accelerate machine learning by non-linearly
transforming electromagnetic signals [11,26]. For comparison, 3D nanostructures, such
as tubes, spheres, and Md&bius strips in Figure 1.3a, exhibit DWs that are more stable
in response to external stimuli and thus more suitable for deterministic computing
than their 2D counterparts in Figure 1.3b [27,28]|. This is attributed to asymmetric
magnetostatic interactions energetically favouring exotic M configurations in curved 3D
geometries [14,24,25]. The study of such ferromagnetic nanostructures in 3D is enabled

by recent advances in fabrication, characterisation, and computational techniques.

1.3. Characterisation using electron microscopy

In addition to theory, research in nanomagnetism requires methods to characterise the
nanostructured materials, as understanding their physical properties is essential for

developing novel technologies. Comprehensive magnetic characterisations are possible by



Introduction and Theory 6

(a) TOW VDW (b)
Z
Rl VoW BPDW @
[ =
—— -
v N A < 2
/ / e [ e e
) ¥ S/
T ~—
o<
—
x Width
(c) L) 1 T T T
1,200 2
Tw .If. T T TR R, -
£ 00} J
2
(%]
ke
S 400 —— Walker regime
E —— Magnonic regime
0 i L i 1 A L A 1 " 1 |
0 2 4 6 8 10 —200 0 200
jiH (M) Ay (nm)

Figure 1.2. Overview of magnetic DWs in ferromagnetic NWs. (a) M configurations
in common DW types, showing TDW and VDW features in thin nanoscale strips
(top), and TVDW and BPDW textures in 3D NWs (bottom). (b) Schematic
diagram showing the correlation between DW types and NW dimensions. (c)
Velocity of a TVDW propagation as a function of applied H field strength. (d)
Azimuthal component of magnetic moments in a simulation of DW propagation
in the magnonic regime. In non-planar NWs, Magnetic DWs form vortex-like
magnetic configurations that can be propagated by applying an external magnetic
field. Reproduced with permission from [24].

probing the sample using beams of light [29], neutrons [30], X-rays [31], or electrons [1].
Electron-based techniques stand out due to their small size and strong interactions with
materials. When an electron is accelerated by a 100 kV electrostatic potential, its velocity
is more than half the speed of light, and it exhibits a relativistically corrected de Broglie
wavelength of 3.7 pm. As a result, electron wavelengths are small enough to resolve
electromagnetic fields and subatomic particles between atoms, allowing fundamental
physical properties to be characterised by analysing the statistics of signals collected
in electron microscopes. Figure 1.4 shows the range of useful signals that are produced
when an electron beam interacts with a thin (typically < 200 nm) sample [32]|. High-
energy incident electrons can scatter in all directions, with a probability distribution

dependent on the atomic structure of the material. Scattering transfers energy to the
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Figure 1.3. Schematic comparing examples of 3D (a) and 2D (b) nanostructure
geometries. Blue arrows indicate the M distributions. Curved 3D surfaces
exhibit novel magnetostatic interactions that have not been observed in 2D
nanostructures. Spherical surfaces exhibit chiral magnetic configurations that are
stable at room temperature; thick films exhibit internal variations; and cylinders
switch between longitudinal and transverse alignment depending on diameter.
Reproduced with permission from [24].

material, exciting atoms and causing them to emit both X-rays and low-energy secondary
electrons (SEs), dependent on the electronic structure of the atoms. Since electrons
carry charge, their movement can result in the flow of electrical currents in the sample or
collective oscillations called plasmons [33]|. Additionally, the electron beam can ionise gas
molecules in a near-vacuum, causing them to chemically erode the sample or deposit new
material [34]. Using dedicated instruments (discussed in Chapter 2), these signals can
be detected to characterise the atomic structure, elemental composition, and electronic
properties of the material, but the most precise quantitative measurements require

analysis of the transmitted beam as well.

Transmitted electrons scatter elastically or inelastically. Elastically scattered electrons
are typically coherent and show interference effects when detected. They can be described
using wave optics and modelled as wavefronts diffracted by electromagnetic fields created
by atoms in the sample, which underpins coherent TEM techniques, such as electron
crystallography and electron holography [32] (discussed in Chapter 2). For comparison,
inelastically scattered electrons lose energy, thereby increasing their wavelength and
causing decoherence. Hence, coherent TEM techniques are only applicable if a sufficient
elastic signal can be detected. The electron inelastic mean free path (IMFP) is the

average distance an electron can travel in a material before scattering inelastically, and
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Figure 1.4. Signals that are detected when an electron beam interacts with an
electron-transparent sample. Electrons can transmit elastically or inelastically.
Inelastic scattering transfers energy to atoms in the material, thereby inducing
the emission of photons and electrons from the irradiated volume. Additionally,
irradiation of volatile molecules can incite chemical reactions.

is ~ 100 nm for 100 kV electrons in most materials [35]. Figure 1.5 shows measurements
and theoretical models of IMFP as a function of electron energy relative to the Fermi
level (typically < 20 eV) in elemental solids [36]. Conventionally, material samples are
considered electron-transparent if their projected thickness is less than the IMFP for the
material, indicating that coherent TEM signals can be collected efficiently. In this thesis,
both coherently transmitted electrons and inelastically generated SEs are utilised for

sample fabrication and characterisation.

1.3.1. Lorentz transmission electron microscopy

A TEM is a specialised instrument used to characterise materials below the atomic scale
by analysing an electron beam transmitted through an electron-transparent sample [32].
Transmitted electrons are often coherent, and by relating to quantum mechanics, they
can be described by charge-carrying wave-functions ¥ = ae?. The amplitude a and
phase ¢ of the plane wave are affected by quantum-mechanical interactions between
the electron and the atoms in the sample [37]. Modern, aberration-corrected TEMs
frequently achieve atomic resolution and can be used to study inter-atomic interactions
affecting individual atomic columns [38]. Magnetic interactions can be characterised
by mapping the projected magnetic vector potential [39], but this requires specialised
TEMs.

A Lorentz TEM (LTEM) is dedicated to measuring electromagnetic potentials and
holds the sample in an environment free of external magnetic fields [28]. Named in

honour of H. A. Lorentz, LTEMs are used to quantify electromagnetic fields that interact
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Figure 1.5. IMFPs for (a) Al and (b) Cu. Points and lines correspond to experimental data
and theoretical functions, respectively. Theoretical predictions and experimental
measurements of IMFP are in good agreement for electron energies above 1 kV,
and predict ~ 100 nm IMFP for typical TEM beam energies in the 100 kV range.
Reproduced with permission from [36].

with transmitted electrons via the Lorentz force [40], given by
F =q¢.(E+vxB). (1.3)

Where g, is the electron charge, FE is the electrostatic field, v is the electron velocity, and
B is the magnetic induction. Although the Lorentz force offers a qualitative description of
electron deflections in TEM, scattering from electromagnetic potentials is quantitatively
described by the quantum-mechanical Aharonov-Bohm effect on ¢ [41], which will be
discussed in Section 2.6. This is used to characterise functional nanostructures that exhibit
or utilise electromagnetic fields, such as components in electronics and spintronics [42].

Theoretically, an LTEM can be used to characterise all relativistic quantum fields that



Introduction and Theory 10

feature in Maxwell’s equations [1,41], but this work focuses on magnetic moments and

magnetic induction in spintronic device prototypes.

LTEM techniques sensitive to B include Fresnel imaging, differential phase contrast
(DPC), and electron holography [43]. When the electron beam transmits through a B
field created by a material sample, the beam will be deflected by a Lorentz force according
to Equation 1.3. Fresnel imaging is a technique for detecting magnetic DWs in thin
films, in which the sample is illuminated with a parallel electron beam and bright or dark
lines are detected when magnetic domains deflect the beam around the DW, causing the
beam to locally converge or diverge when defocused. When the electrostatic fields and
inelastic scattering in the sample are negligible, the magnetic contrast can be modelled
numerically using the "transport-of-intensity" equation [44]. Quantitative measurements
of projected B are more reliably acquired using DPC, which detects deflections of a
convergent beam, as shown in Figure 1.6. The Lorentz force deflects the transmitted
beam away from the beam axis, thereby shifting the illuminated spot on the detector
off-centre. The detected spot shift can be calibrated to quantify the average Lorentz force
acting on the beam [45,46]. The mathematical description of DPC is consistent with the
leading theory based on the Aharonov-Bohm effect on the electron wave phase, but is
sensitive to the gradient of . Off-axis electron holography is a technique that utilises
the interference of two electron beams to reconstruct ¢ directly [37]. Holography is the
preferred technique for imaging 3D nanostructures because the direct ¢ reconstruction is

affected less by non-magnetic forces that can introduce uncertainty to DPC [47].

Magnetic characterisation of 3D nanostructures benefits from the use of tomographic
techniques for 3D imaging and reconstruction, such as electron holographic vector field
tomography (EH-VFT) [1,48|. Figure 1.7 introduces the acquisition method for EH-VFT
datasets, which requires a 360°rotation of the sample around two orthogonal axes and the
acquisition of electron holograms at < 10° intervals. Phase reconstruction from holograms,
including requirements for the electron biprism and reference wave, will be discussed
in detail in Section 2.6. By modelling ¢ signals created by a 3D object, EH-VFT has
been used to reconstruct the 3D distributions of electrostatic potential (V') and B with
10 nm spatial resolution, enabling the observation of 3D geometry-dependent variations
in electromagnetic fields created by the sample [49]. In combination with electromagnetic
simulations, the 3D B reconstruction has enabled the derivation of local variations in
micromagnetic material properties, such as J;; from Equation 1.1 [48]. The reconstruction
and analysis of 3D datasets are underpinned by computational optimisation techniques,

which enable large-scale data processing and are extensively employed in this thesis.
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Figure 1.6. Illustrative DPC diagram. The electron beam is deflected away from the
central axis by B. The deflection angle (fr) is reconstructed by measuring the
shift of the illuminated spot on the detector and is indicative of the average B in
the beam path. Reproduced with permission from [45].

1.4. Cost function minimisation

Electron microscopy encompasses a range of techniques that can comprehensively char-
acterise nanostructure composition and physical properties, but analyses often must
be automated to handle the volume of data. When applying the LTEM techniques
introduced above, terabytes of data can be generated during experiments, which requires

efficient use of computational resources and development of processing algorithms.

As computers are utilised for data analysis, many analytical procedures depend on
the underlying technique of cost function minimisation. Given a scalar cost function
¢ = c(xy,...,x,), it solves the problem of finding parameters (z,1, ..., Z.,) that correspond
to the minimum value of ¢ [50]. For example, minimisation is used in micromagnetic
simulations to find magnetic configurations corresponding to minimum energy, or in
least-squares fitting to refine parameters in a theoretical model f = f(xq,...,x,), such
that the differences between the measurements y; and the predictions f; are minimised

by using a cost function

c=Y (i~ filar, ... zn))" (1.4)
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Figure 1.7. Schematic diagram of EH-VFT. 1) Electron waves pass through the sample
represented by the V and B fields. 2) Electron holograms are formed on the
detector. 3) Maps of ¢ are reconstructed. 4) Rotating the object and recording
holograms around two tilt axes, x and y, provides a 360° tilt series of ¢ maps
for each tilt axis. 5),6) Computed tomography (CT) is used to reconstruct V'
and B in 3D. EH-VFT enables comprehensive electromagnetic characterisation of
nanostructures. Reproduced with permission from [48].

Minimisation problems can be solved using three main types of approaches, namely,
analytical solutions, non-gradient iterative algorithms, and gradient-based iterative
algorithms. Since the minimum of ¢(zy, ..., x,) is at a point where the gradient Ve = 0,

the minimum can sometimes be found by analytically solving the system of equations

de _ e
{6,301 =0,y 50

such as linear regression, but for functions with many parameters, it is much faster to

= 0}. Analytical solutions are fast and precise for simple functions

compute good iterative approximations [51]. Non-gradient iterative methods approximate
the minimum by evaluating ¢ at many different points and choosing the lowest value.
Grid search is an example of a “brute force” method that sets bounds for all parameters,
represents all possible combinations of (z1, ..., x,) values as a grid, and evaluates ¢ for
all combinations. For comparison, more sophisticated algorithms consider (z1, ..., x,) to
be coordinates of a multi-dimensional "parameter space", where each set of coordinates
corresponds to a point with an associated value ¢, and the minimisation problem is

rephrased as a search for the point with lowest ¢. Powell’s algorithm [52] is an example,
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which does not require bounds, but starts the search at a specified point. The search
is implemented by varying one parameter at a time to evaluate ¢ at multiple points,
taking a step to a point with a lower ¢ value, and then varying the next parameter to
determine the next point. At each iteration, the value of ¢ is reduced until a point is found
where changing any of (1, ..., x,) no longer reduces the value of c. The benefit of these
non-gradient-based algorithms is their reliability, finding a minimum for any cost function
with a real-number value; however, faster algorithms can be defined for well-behaved,
differentiable functions. The conjugate gradient (CG) method is the standard for large
least-squares problems, and it functions by taking steps from a starting point towards the
direction of decreasing V¢, whilst making sure that each step is in a direction conjugate to
previous steps [53]. This ensures that each step preserves the reduction of ¢ value gained
from previous steps. If the analytical expression for the gradient is known, the CG method
needs to evaluate ¢ and V¢ fewer than n + 1 times to find the minimum of a quadratic
function. Alternatively, if the gradient is approximated numerically, ¢ must be evaluated
a number of times proportional to n2. Further algorithm optimisations are possible for
non-quadratic functions [54], but the computation time required for CG minimisation is
often most significantly improved by optimising ¢ to compute faster, rather than altering
the algorithm. Regarding uncertainty, the discussed iterative methods can, theoretically,
find a local minimum of ¢ with precision equal to the numerical precision of the computer.
In practice, minimisation is performed multiple times from a few starting points to detect
if multiple minima are present, and to save time, algorithms are terminated when the
reduction in ¢ per iteration slows below a user-defined threshold. In summary, cost
function minimisation is performed during micromagnetic simulations or when fitting
functions to experimental data, and by choosing the best algorithm for each problem,

computations that may take years with pen-and-paper are executed in seconds.

1.5. Combined applications

Research in ferromagnetism and the development of specialised magnetic characterisation
techniques have often been driven by the potential to harness magnetic material properties
in computing applications. Theoretically, readily available materials such as Fe can
encode one bit of data in a magnetic domain smaller than 100 nm in all dimensions, the
data can be stored for decades, and by applying external stimuli, including electrical
current or magnetic fields, the bits can be read, written or deleted by physics-based

randomisation [55]. If integrated with existing technologies, this could address many
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limitations of computer hardware, such as data storage density, volatility, absence of
true randomness, and reliance on rare-earth metals [6]. However, to achieve this, the
technology to fabricate functioning devices must be developed, which requires dedicated
fabrication techniques and a comprehensive understanding of the properties of the
ferromagnetic material. LTEM has been instrumental in this and has been developed
historically to meet the challenges of characterising spintronic device prototypes as they
increased in complexity. Early works focused on investigating magnetic domains in thin
ferromagnetic films [56]. This led to the characterisation of films with magnetic domains
on 100 nm length scales [57], and to the design of functional 2D NWs that control
the types of domains and DWs that can form by altering the NW geometry [58,59].
Further works investigated how DWs can be manipulated by using magnetic fields
that apply torque to magnetic moments [60]|, applying electrical currents to rotate
moments via spin transfer torque [61,62], or structural deformations caused by localised
thermal expansion [63]. Based on the knowledge gained from such experiments, a design
was proposed for a device based on 3D RM [10], which could combine the benefits of
non-volatility, storage density, and material availability. Such a device has not been
realised at the time of writing, but 3D fabrication techniques for functional ferromagnetic
materials [64,65] and methods for tomographic LTEM imaging & reconstruction that
can be used to characterise prototypes [48| are being developed. With ever-increasing
use of computational resources for Al and big data, research into ferromagnetic materials
that may reduce the environmental impact of computers by addressing key hardware
limitations is growing in significance. Some of the most promising device designs require
the development of dedicated 3D prototyping techniques, which can be based on electron

microscopy.

Recent work has investigated magnetic configurations at connections between ferro-
magnetic 3D NWs [66]. FEBID has been used to fabricate NW networks that exhibit
switching of magnetic states with applications in data storage, which is influenced by
the topological configuration of the NW system [64,67]. Figure 1.8 shows the magnetic
characterisation of a 3D NW lattice element, which can be switched between multiple
M configurations and exhibits the formation of magnetic DWs with vortex-anti-vortex
pairs [68]. Topologically non-trivial M configurations are expected based on simulations
shown in Figures 1.8b-d, but their existence is not explicitly confirmed by LTEM charac-
terisation that is sensitive to 2D projections of B, shown in Figures 1.8e-g. Previous
works have used EH-VFT to comprehensively characterise 3D nanostructures by recon-
structing B in 3D, which was used to constrain micromagnetic simulations [48,49,69]. In
this thesis, an EH-VFT method is developed to reconstruct the underlying 3D M that
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is consistent with B, thus enabling direct comparison between data and micromagnetic

theory.

(a)

Figure 1.8. Magnetic states in a 3D N'W junction. (a) TEM image of a free-standing
NW. (b-d) Schematic depictions of M configurations predicted by micromagnetic
simulation. The orange diamonds indicate the location and number of surface
anti-vortices (SAV). (e-g) Magnetic induction contour maps, acquired using off-
axis electron holography. The inset colourmap shows the direction of projected
B, and white arrows indicate the expected direction of M. Conventionally,
ferromagnetic nanostructures are examined through the combined use of LTEM
and micromagnetic simulations. Reproduced with permission from [68].

1.6. Scope of this thesis

The focus of this thesis is the development of electron microscopy methods for the

fabrication and characterisation of ferromagnetic 3D nanostructures.

Chapter 1 has introduced the core underlying concepts. The recent history of
nanomagnetism research is summarised, and the novelty of extending 2D fabrication
methods to 3D is discussed. A practical description of nanoscale ferromagnetism and

statistical methods required to employ the theory are then introduced.
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Chapter 2 introduces standard electron microscopy techniques that are applied
in this work. A nanofabrication method based on FEBID is presented. The working
principles of electron microscopes are summarised, and methods for interpreting amplitude
contrast, phase contrast, and spectroscopy are shown. A comparison is made between the
electron-optical alignments required for TEM, scanning TEM (STEM), off-axis electron
holography, and SEM. Methods for counting atoms in a material using STEM electron
energy-loss spectroscopy, and reconstruction of the electron wave phase using off-axis

electron holography are discussed in detail.

Chapter 3 discusses the optimisations of the FEBID NW fabrication method. It is
observed that vertical NWs create stronger magnetic fields than angled NWs. FEBID can
be used as a 3D printing method to create bespoke 3D arrangements of ferromagnetic NWs,
but for applications in spintronic devices, it would be preferable if NWs were consistently
magnetic regardless of geometry. A study of how the deposition parameters affect the
composition and magnetisation of angled NWs confirms that the depth of electron-beam
penetration during deposition strongly influences their chemical composition. The higher
stability of the precursor gas molecule and limitation of the penetration depth enable

the fabrication of NWs with consistent material properties.

Chapter 4 describes the development of a method for reconstructing magnetisation
in 3D, by using tomographic off-axis electron holography. Tomographic reconstruction
is implemented using MBIR. Improvements to automated tomographic alignment and
distortion correction algorithms are implemented, which enable the first successful
experimental reconstruction of magnetisation in electron microscopy. The MBIR method
is tested using a free-standing Co NW, and the results are compared with previous X-ray
based reconstructions and with the expected magnetisation values for the material. The
reconstruction is found to be accurate, and the software algorithms are identified as the

primary limitation for precision.

Chapter 5 investigates the statistical performance of MBIR through testing on
simulated datasets. The mathematical expression of MBIR is presented, and relevant op-
timisations are discussed. The accuracy of the algorithm is tested on idealised simulated
datasets by purposely introducing artificial flaws to quantify reconstruction errors. The
effects of a limited sample rotation range are measured to evaluate numerical uncertainty
in the reconstruction. The sample surface is found to acquire the largest errors for an
incomplete tomographic tilt series. Systematic errors for reconstructing divergent mag-
netic configurations are evaluated. Some magnetic moment distributions are inherently

invisible to LTEM analysis, regardless of sample orientation. These include the cores of
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Néel DWs and Bloch points, which are simulated and whose signatures in magnetisation
reconstructions are discussed. Overall, spatial resolution is determined as a valid measure
of the smallest features that can be interpreted quantitatively, and the reconstruction is

shown to be sensitive only to features that produce detectable signals.

Chapter 6 summarises the work described in the thesis and discusses future develop-

ments in 3D nanofabrication and nanocharacterisation techniques.



Chapter 2.

Instrumentation and Methods

“If I have seen further, it is by standing on the shoulders of giants.”
— Isaac Newton, 1675

2.1. Introduction

Electron beams are highly versatile probes for studying materials from the nanoscale
to below the atomic scale. Considering that many material properties, such as the
binding of atoms into a solid; conduction; creation of magnetic fields; and absorption
of electromagnetic radiation; are facilitated by the electrons in a material, much can
be learned about materials by observing their electrons. Since electrons interact with
each other, an electron beam directed at a material will be altered by the electrons in its
path. Electron microscopy is a branch of science that develops methods for characterising
materials down to the atomic-scale. Current technologies have advanced to the extent
that individual atomic columns can be easily observed, the number of atoms in the beam
path can be counted, and electromagnetic fields can be measured [70]. In this thesis,
electron microscopes are used to fabricate samples, characterise their atomic composition,

and measure their magnetic fields.

18
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2.2. Scanning electron microscopy

An SEM is a highly versatile tool for nanoscale characterisation and fabrication. It
operates by scanning the surface of a sample with a focused electron beam and recording
the radiation emitted from the illuminated site. The electron beam is formed and
controlled by an electron-optical column, shown in Figure 2.1a. The electron source
emits electrons into the vacuum by heating the source filament and /or applying a strong
electrostatic field that induces quantum tunnelling from the source tip [71]. The emitted
electrons are accelerated by applying voltage to the anode, and the condenser lens
acts to converge the electrons into a focused beam. The condenser lens achieves this
by creating a spatially varying magnetic field that converges electrons, similar to how
a glass lens converges visible light. The lensing magnetic fields are often created by
electromagnets, which allows the strength of the lens to be varied by altering the current
in the electromagnet coils [72]. The lens strength and aperture size determine the
beam current, i.e., the number of electrons reaching the sample per second. Scanning is
facilitated by electrostatic coils that can control the deflection of the beam in horizontal,
orthogonal x and y directions. The objective lens focuses the beam into a fine electron

probe on the sample surface.

|4—Electron beam
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Figure 2.1. SEM operation. (a) Ray diagram of electron beam formation. Electrons are
emitted into a vacuum, accelerated by an electrostatic potential difference, and
focused with magnetic lenses to form a fine probe on the sample surface. (b)
Schematic diagram of the instrumental configuration in the sample chamber. In
conjunction with detecting SEs emitted from the sample surface, the sample can
be irradiated with an electron beam, tilted, or submerged in a gas.

Detectors that are sensitive to radiation emitted from the high-energy SEM beam-

sample interaction site can be positioned above the sample, as shown in Figure 2.1b.
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To create an image, a SEM raster-scans the electron beam over the sample and collects
the emitted radiation. An Everhart-Thornley (ET) detector [73| is commonly used
for imaging and operates by attracting SEs to a positively charged electrode, and
produces a signal proportional to the number of SEs collected at each beam position.
SEs are generated by the SEM beam ionising the material and have low kinetic energy
(< 50 eV), hence are detected from the top ~ 10 nm of the interaction volume, as shown
in Figure 2.2a. This imaging mode is particularly sensitive to surface topology, since
SEs emitted from the interaction site can be blocked by nearby protrusions [74], as
displayed in Figure 2.2b. In combination with a motorised stage, an SEM can be used
for tomographic imaging and reconstruction of 3D geometry, based on modelling of the
beam path in SE scans [75|. Furthermore, additional equipment can be mounted to the
SEM instrument and sample chamber, including a focused ion beam (FIB) to ion-mill the
samples, additional detectors for elastically-backscattered electrons or emitted X-rays,
gas injection systems (GIS) for depositing new material, or various attachments for
in-situ experiments [76]. Due to its versatility and ability to map large areas, SEMs
are widely used for characterisation and sample preparation of biological, mineral or
mechanical specimens. In this work, an SEM with a GIS and a motorised stage, which
can tilt the sample by angles v < 55°, is used to characterise sample geometries and

fabricate ferromagnetic nanostructures (Figure 2.1b).

2.2.1. Focused electron beam induced deposition

Focused electron beam induced deposition (FEBID) harnesses natural chemical processes
in an SEM to develop an additive manufacturing method. As shown in Figure 1.4,
irradiation by the electron beam can ionise residual or injected gas molecules in the sample
chamber, leading to their chemical bonding with the sample. Insufficient vacuum levels
often lead to unwanted deposition of hydrocarbon contaminants at the irradiation site [34].
Conversely, the injection of a precursor gas through the GIS, shown in Figure 2.1, alters the
local molecular concentrations and allows for purposeful deposition of specific materials.
Metal-carbonyls including Cos(CO)g or Fey(CO)g are often injected, and disassociate
under electron beam irradiation, resulting in metal deposition at the interaction site [65].
On the molecular level, FEBID is a statistical chemical process [78] that deposits the
largest volume and concentration of Co or Fe metal in the centre of the irradiation
site [42]. By depositing sequentially at a series of successive locations, FEBID can be

used to fabricate nanostructures comprising ferromagnetic metals [79]. In this work,
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Figure 2.2. Generation and detection of SEs. (a) Schematic diagram showing that electron
and X-ray signals are detected from different regions in the interaction volume.
SEs can exit the material only when generated within < 10 nm from the surface.
(b) Diagram of SE shadowing that results in topographic contrast. Fewer SEs
are detected if the interaction volume is shadowed by protrusions on the sample
surface. Reproduced with permission from [77]

FEBID is the primary technique for manufacturing ferromagnetic structures, and the

fabrication of specific nanostructures is discussed separately for each experiment.

FEBID can be applied to the manufacture of complex 3D nanostructures. When
the SEM beam is kept stationary, material is deposited in a column, whereas more
complex structures can be deposited layer-by-layer by translating the beam along a
predefined path [79]. The range of geometries that can be fabricated using FEBID is
comparable to 3D printing [12], as illustrated in Figure 2.3a. Layered deposition has
been used to fabricate 3D ferromagnetic NW structures, such as a Co Moebius strip [65],
a mixed chirality helix [80], and a helical lattice [66] used to investigate topological
formations of 3D spin states. Furthermore, reconfigurable ferromagnetic NW lattices
have been manufactured from CosFe to investigate switching dynamics for data storage
applications [64,67]. The geometry of such NW samples is highly reproducible, as shown
in Figure 2.3b; however, the elemental composition of the deposited material has been
shown to vary [81,82]. Since 3D spintronic device prototypes can be fabricated using
FEBID, achieving uniform composition throughout these structures is essential to ensure
consistent and reliable device performance [83]. The material properties of FEBID
structures can be tuned by varying the SEM accelerating voltage, beam current, and

type of precursor gas [42|. This is discussed in Chapter 3 as part of a study aimed at
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improving the consistency of FEBID for fabricating 3D nanostructures with uniform

composition.

Cu substrate Cu substrate

Figure 2.3. FEBID of 3D nanostructures. (a) Model of FEBID fabrication of 3D nanos-
tructures. The SEM beam incites localised deposition of NWs, which can be
precisely controlled. (b) SEM image of 3D, helical Co nanostructures. In the
presence of an injected precursor gas, the electron beam can be translated to
deposit bespoke NW geometries.

2.3. Transmission electron microscopy

TEM is a highly versatile tool for the characterisation of materials from the nanoscale to
atomic resolution, with aberration-corrected TEMs resolving atom columns separated
by less than 0.1 nm [84,85]. The working principles of a TEM are similar to those of
a visible-light microscope, except that the optical system focuses a beam of electrons
instead of a beam of light [86]. As shown in Figure 2.4a, a TEM comprises a point
source of electrons, a condenser lens that forms the beam and directs it at the sample,
an objective lens that collects both transmitted and scattered electrons to form an
image, and a projector lens that magnifies the image and projects it onto a detector. It
should be noted that in modern TEM research instruments, each ideal lens in Figure 2.4
corresponds to a system of multiple lenses, apertures, corrective elements, and sometimes
additional detectors, which are required to limit aberrations and achieve performance

comparable to an ideal lens [72].
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Figure 2.4. (S)TEM ray diagram. (a) Parallel beam in TEM mode. (b) Convergent beam in
STEM mode. The directly transmitted beam is shown in green, and the diffracted
beams are shown in blue. Electrons that interact with the sample are focused to
either form images or diffraction patterns on the detector.

2.3.1. Electron sources

TEM electron sources are similar to those used in SEMs (Figure 2.1a), but are optimised
to achieve improved beam coherency necessary to measure electron interference effects,
and function at accelerating voltages in the 10 kV to 1000 kV range to increase the
IMFP and enable transmission through material samples. Early TEMs used tungsten
(W) filaments that emit electrons across a broad energy range when heated to ~ 3000 °C,
but they have since been replaced by field-emission guns (FEGs). An anode can be used
to concentrate an electrostatic field on a W or LaBg needle such that electrons in the
conduction band tunnel from the FEG tip into the vacuum. Conventional FEG types
include Schottky FEGs, which are heated to prevent contaminants in the vacuum from
reacting with the needle, and cold FEGs, which achieve a higher-intensity beam but
require ultra-high vacuum (< 1072 Pa) to operate. This results in electrons emitted from
a volume no larger than 5 nm and with an energy spread less than 1 eV, thus creating a

coherent beam ideally suited for TEM imaging [87].
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2.3.2. Lenses, apertures, and resolution

According to the Rayleigh criterion for optical systems with circular apertures, the
minimum distance at which two sources of radiation can be resolved is limited by
diffraction and is given by r = 0.61\. The de Broglie wavelength (\) for electrons
accelerated by > 100 kV is such that » < 3 pm, but in practice TEM resolution is limited
to 100 pm by spherical aberration (Cj) in the lenses [85]. TEM lenses are electromagnets
that produce a radially varying magnetic field in the TEM column, which focuses the
electron beam as shown in Figure 2.5a. Such lenses exhibit C that results in images of

point-like objects being broadened to a diameter d;,,,. Given by
dimg = 2C,3°, (2.1)

where 3 is the collection semi-angle of the lens, shown in Figure 2.5b [84]. The resolution
limit resulting from Cy can be improved by using apertures to limit g, although doing
so reduces beam intensity. Conventionally, TEMs have apertures at the condenser and
objective lenses, which control collection angles for optics above the sample and below
the sample, respectively. Additionally, Cs can be reduced by using a series of non-radially-
symmetric lenses, such as quadrupole and hexapole arrangements of electromagnets, to
correct the beam exiting a conventional lens [88]. Equation 2.1 represents the third-order
term that is corrected to achieve 100 pm spatial resolution that enables imaging of
individual atomic columns in most crystalline materials, but research is ongoing to
correct higher-order terms that would enable use of higher 8 to improve beam intensity
by enabling collection of electrons scattered at higher angles in the sample [72]. Whilst
spatial resolution describes a system’s ability to distinguish between closely spaced objects,
the concept of resolution is also applicable to other instruments. For example, energy
resolution that describes a spectroscope’s ability to distinguish electrons of different

energies, which is discussed in detail in Section 2.5.

2.3.3. Electron detection

Quantitative electron detectors use complementary metal-oxide—semiconductor (CMOS)
technology, which is underpinned by semiconductor p-n junctions that produce an
electrical current proportional to the number of electron-hole pairs generated when
irradiating the semiconductor [89]. Some designs use charge-coupled device (CCD)

sensors, often similar to sensors found in digital cameras, with an added scintillator
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Figure 2.5. TEM lens design and aberrations. (a) Schematic diagram of a TEM lens
cross-section. Electrical current flowing through the Cu coils generates a magnetic
field that is shaped by the ferromagnetic Fe pole pieces, thereby focusing the
electron beam as it passes through the gap. The lens is water-cooled to improve
stability. Adapted from [72]. (b) If the lens were ideal, it would converge electrons,
producing un-aberrated images (top). Real TEM lenses exhibit C, which results in
point-source broadening to diameter d;,g. Reproduced with permission from [84].

layer to convert high-energy electrons into visible light detected by the CCD. Because
the scintillator converts each electron into a stream of photons, this can degrade TEM
spatial resolution. The advantage is that CCD detectors are available in megapixel
configurations, facilitate readout in conventional data formats, and can be fabricated in
either square-pixel or ring-shaped geometries, positioned in the TEM beam to record
images or around the beam to record scattered electrons, respectively. Alternatively, direct
electron detectors (DEDs) have been developed that use radiation-hardened materials to
detect high-energy electrons without a scintillator, thereby enabling counting of incident
electrons in each pixel [90]. Conventionally, TEMs are equipped with a CMOS pixel
detector for imaging, and include additional ring-shaped detectors or beam-stoppers that
enable recording scattered electrons with high exposure times without saturating the

detector by the central beam.

2.3.4. Reciprocal planes

For the analysis of TEM measurements, the output of these instruments is sufficiently
described by the three concepts: resolution, detector type, and reciprocal planes. Re-
ciprocal planes are locations in the TEM column, where electron beams converge to
form easily interpretable patterns. If the detector in Figure 2.4a were a pixel detector,

the acquired image would be comparable to a magnified photograph of the sample,
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because the detector lies in the image plane, where electrons originating from one point
in the sample converge to one point on the detector. The reciprocal plane to this is the
diffraction plane, where all electrons scattered at a specific angle converge to one point;
and if a pixel detector were inserted at this plane, it would acquire a diffraction pattern.
Bragg’s law defines elastic scattering angles 6 that exhibit constructive interference

when imaging crystals and is given by
nA = 2d sin(fp), (2.2)

where n is a natural number, d is the crystal plane spacing. In the diffraction plane,
distance from the beam-axis is correlated with scattering angle, therefore, bright spots
in the detector correspond to #g, and crystallography is performed by imaging in this
plane. In addition to inserting detectors at different reciprocal planes, it is also possible
to insert apertures that filter the electron beam to select specific signals. All subsequent
TEM experiments will be described in terms of detector type, the planes in which the

detector and apertures are located, and the achievable resolution of the system.

2.4. Scanning transmission electron microscopy

Scanning TEM (STEM) is an imaging method that uses a convergent electron beam.
The condenser system shapes the electron beam into a convergent cone that tapers to
a precise focal point on the specimen. This geometry is defined by the convergence
semi-angle (), which represents the angle between the optic axis and the outer edge
of the cone. The electron beam is rastered over the sample using scanning coils, shown
in Figure 2.4b, and the transmitted signal is recorded at each scanned probe position.
The scanning coils are often integrated into the condenser system because lenses above
and below the coils are needed to fully control the shifting (lateral translation) and
tilting (angular deflection) of the beam [86]. Towards the bottom of the electron optics
column, STEMs are regularly equipped with an annular dark field (ADF) detector.
This ring-shaped detector is positioned in the diffraction plane and produces a signal
proportional to the number of electrons scattered at angles larger than . ADF imaging is
a standard technique for qualitative sample characterisation or for aligning other STEM
components. Figure 2.6 shows the ADF signal at each STEM probe position on a carbon
(C) film with gold (Au) crystallites. Due to their higher atomic number, Au atoms have

nuclei with higher charge, which scatter the electron beam at higher angles with more
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intensity than the surrounding C film [91]|. Additionally, crystal lattice planes are directly
visible, indicating that the STEM is aligned sufficiently for atomic resolution imaging.
Similar ADF images will be acquired in all STEM experiments to verify resolution and

complement the data from other detectors.

Figure 2.6. STEM ADF image of Au crystallites on a carbon membrane. Crystal
planes are visible, indicating that atomic resolution is achieved. ADF imaging of
crystals is commonly used to evaluate aberration-corrected STEM alignment.

2.5. Electron energy loss spectroscopy

STEM electron energy loss spectroscopy (EELS) is a powerful analytical technique that
can be used to measure the elemental type, quantity, and chemical bonding of atoms
in a material. When an electron beam is transmitted through a sample and undergoes
inelastic scattering, it transfers a specific amount of kinetic energy to a bound inner-shell
electron of an atom. If this energy exceeds the binding energy of the element, the
atom becomes ionised and the discrete energy loss corresponds to a direct spectroscopic
signature of the element’s unique electronic orbital structure [87]. The energy loss can be
measured using an electron spectrometer and its operation is shown in Figure 2.7. The
spectrometer aperture defines the collection semi-angle, 3, and acts as a spatial filter to
selectively admit electrons into the spectrometer. The focused convergent beam enters
the magnetic prism, where electrons are then dispersed along different paths dependent
on their kinetic energy. The magnetic prism creates a B field perpendicular to the beam

path, therefore, electrons experience a centripetal Lorentz force that constrains them in
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arced trajectories with a radius (r) dependent on their velocity,

(2.3)

Where m is the relativistic electron mass, v is the electron velocity component perpen-
dicular to B, and ¢, is the electron charge. The projection optics focus the dispersed
beams onto a detector that produces a signal proportional to the number of electrons in

each energy channel.

Collection
optics

| i@.:_l

Magnetic Projection
prism optics

Detector

Figure 2.7. Ray diagram of an EELS spectrometer. Green and blue arrows indicate
directly transmitted and scattered electron beams, respectively. Transmitted
electrons are collected into one beam, deflected by a magnetic prism at different
angles dependent on their energy, and the number of electrons in each energy
channel is counted by a digital detector. EELS enables the characterisation of
inelastic scattering.

To quantify the acquired spectra, the areal density of atoms in the beam path is
determined using least-squares fitting [92]. The number of electrons detected per second
in the energy window, dE, which underwent inelastic scattering from atoms of type i, is

given by

Where N; is the number of atoms per unit area in the beam path (areal density), Iy is the
number of electrons per second that are incident below angle 3, and o; is the scattering
cross-section for electrons (collected below () that transmit through type ¢ atoms and

lose energy in the range dE. o; is computed theoretically using the Hartree-Slater
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description of electron waves [93|, which predicts energy loss from ionisation of the first
two electron orbital energy levels with 5-10 % uncertainty, when compared to known
standards [94]|. Typically, N; can be determined by fitting /; to an experimental EELS
spectrum. Figure 2.8 shows the quantitative analysis of a sum spectrum acquired by
scanning the STEM beam over a 10 nm x 10 nm square. The Gatan 965 Quantum
ER spectrometer was equipped with a Dual EELS system [95] and uses an electrostatic
shutter to simultaneously record high-loss and low-loss spectral energies with different
exposure times to maximise the signal without saturating the detector. The signal
is further increased by summing spectra acquired at multiple nearby probe positions,
corresponding to the square in Figure 2.8a. Figure 2.8b shows the zero-loss and plasmon
peaks. The zero-loss peak has a full-width at half-maximum (FWHM) of 1.5 €V, indicating
that the electron beam comprises electrons of different energies. Additionally, some
electrons can scatter multiple times in the material, and to account for this beam-energy
broadening, I; is convolved with the low-loss spectrum (LLS). Figure 2.8c shows the
high-loss energy region of the spectrum, where I; is shown for each atomic element and
the plural scattering background is described by an exponential function in each fitting
window. After including broadening and background corrections, N; is determined by

least-squares fitting of the function:
fi(dE) = N; IO/LLS(dE —1x) oy(x) de + aief% + ¢, (2.5)

where N;, a;, b;, and ¢; are the parameters determined by least-squares fitting.

In the example spectrum Figure 2.8, the areal densities are N = 1080 #+ 50 C atoms /nm?,
Ngo = 690+ 70 Co atoms/nm?, and Np = 700440 O atoms/nm?. The uncertainties
correspond to the sum contributions from Poisson noise in the spectrum and systematic
uncertainties in the Hartree-Slater cross-section. The analysis is performed with the
Gatan elemental quantification software for Digital Micrograph. In this work, spectrome-
ters are set such that a = 29 mrad, § = 36 mrad, and the energy range in each detector
channel (called dispersion) is 0.5 eV /channel. These settings are chosen to ensure full
capture of the directly transmitted electrons, preserve the fine detail of the spectra, and

maintain consistency with previous works [96].

The example EELS quantification was performed on a single region in Figure 2.8a and
focused on determining atomic areal densities, which is one of many EELS applications.
STEM EELS, combined with automated spectrum fitting, can be used to map composition

across large areas by performing repeated analyses at each scanned beam position [97].
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Figure 2.8. Example EELS spectrum quantification. (a) STEM ADF image of an NW,
showing beam position during spectrum acquisition. (b) Low-loss energy region
of the spectrum, with the inset showing the plasmon peak. (c¢) High-loss energy
region of the spectrum, showing the characteristic energy loss spectra for C, O, and
Co atoms. Both the background and the EELS peaks match theoretical functions
shown by shaded areas.

Furthermore, since modern STEMs can achieve energy resolution < 1 €V, fine details in
the spectra can be used to identify additional signals. The oxidation states of metals have
been determined by correlating experimental spectral fine structure with simulated energy-
loss near-edge structures (ELNES) models [98]. In the LLS, the plasmon peak (dE < 50
eV) is the result of energy imparted to collective oscillations of weakly-bound electrons in
the material, which are the most frequent type of inelastic scattering and are dependent on
the dielectric constant of the material. Consequently, analysis of the plasmon resonance
peak can provide information on material’s optical properties. Since the scattering
probability is directly proportional to the sample thickness, it can also facilitate the
estimation of the electron IMFP [99]. Furthermore, by attaining a meV energy resolution,
it is possible to resolve coupling to thermal vibrations, allowing the precise measurement
of local sample temperature [100]. Overall, most mechanisms of inelastic scattering can
be studied with sufficient EELS energy resolution and modelling [101]. However, STEM

EELS is primarily used to map the atomic composition of nanostructures in this work.
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2.6. Off-axis electron holography

2.6.1. Phase contrast

Off-axis electron holography is a wave-optics-based TEM technique that is sensitive
to electromagnetic fields. This specialised TEM technique allows for reconstruction of
the phase shift of an electron wave and can be used for the nanoscale characterisation
of ferromagnetic materials [47]. A coherent electron beam in the TEM image plane is

described using wave-optics theory by a wave function
Wiy (7, y) = alz, y)e'#eroy), (2.6)

Where a is the amplitude, defined such that the beam intensity is I,,(z,y) = a?, and
the total phase is given by

Btot = / k-ds. (27)

path

This equation accounts for the total optical phase accumulated by an electron propagating
along a path, s, with a corresponding wave vector, k. The interaction between the electron
beam and electromagnetic fields is described by the Aharonov-Bohm effect [41], and can

be interpreted as a variation of k, such that

21/2ge me(Ua + V (2,9, 2)) . 27 g
pr— S JE—

k
h h

Az, 2). (2.8)
Where U, is the accelerating voltage, V' is the electrostatic potential, h is the Planck’s
constant, A is the magnetic vector potential, and § is the unit vector parallel to the
beam trajectory. The integral in Equation 2.7 can be solved easily if the beam is
parallel to the z-axis, and both the TEM lens aberrations and beam deflections in

the sample are assumed negligible. In that case, the phase shift relative to vacuum

(2, Y) = @iot(T,Y) — Puac(To, Yo) can be expressed as

2T qe 21 qe
©(x,Y) = Pei + Om = W%roj(x,y> - O(z,y). (2.9)

Where ¢, and ¢,, are the electrostatic and magnetic contributions to ¢, respectively,

Viroj 18 the electrostatic potential projected along the z-axis, and ® = [ B-dS is the
area S
magnetic flux enclosed in the area between the primary beam and the beam in vacuum.
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Figure 2.9a shows that ¢ at an arbitrary point x; is defined by the integral of V' along
the z-axis, Vpro; = [ Vdz. Additionally, Figure 2.9b shows that ¢, is defined relative to
the beam in vacuum, and used to specify the integral area S. Conventionally, the beam
in vacuum is chosen to be both infinitely long and far away, such that it is located in a
volume without electromagnetic fields present. In summary, equation 2.9 is derived from
plane-wave optics and can be used to characterise electromagnetic fields by measuring ¢.

(a) (b)
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Lorentz lens
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Figure 2.9. Hologram formation. (a) Schematic diagram showing the beam path and ¢
created by a potential V. (b) Schematic diagram showing the primary beam and
beam in vacuum required to describe the ¢, created by a B field. The beams are
shown as arrows parallel to wave vectors k;, and the corresponding phase shifts are
represented in the graphs below. (¢) TEM ray diagram corresponding to off-axis
electron holography. The object and reference beams are, respectively, shown in
red and blue. Electromagnetic fields shift the phase of the object beam, and the
phase shift can be reconstructed from holograms that are formed by overlapping
two coherent beams.

2.6.2. Phase reconstruction

© information is often lost when the directly transmitted beam is recorded by a camera
in the image plane, as detectors are sensitive to the time-averaged intensity rather
than W itself. Reconstructing ¢ is possible if an interference pattern is formed, which
can be achieved by overlapping two beams. Figure 2.9c is a ray diagram of off-axis
electron holography, where an electrostatic biprism is used to deflect two electron beams

and overlap them on the detector. The Méllenstedt biprism is a fine wire with radius
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r1 ~ 1 pm, positioned between electrodes at a distance r,. When a positive potential
(V3) is applied to the biprism, it attracts electrons via the Lorentz force and deflects the

beams by an angle

T qe Vi

0= 2F In(ri/r3)’

(2.10)
where F is the kinetic energy of the electrons [102]. Conventionally, V}, in the range from
20 V to 200 V is used to deflect the beams by ~ 10 prad, which results in interference
fringe spacing from 1 nm to 10 nm [37,103]. It should be noted that TEMs used for
holography often also include a Lorentz lens, which performs the function of the objective
system without exposing the sample to magnetic fields, allowing the characterisation of
magnetic materials. The measured interference pattern is described by the sum of two

wave functions
Upot(2,y) = Ying + Vg =a eiletaer) g e, (2.11)

Where ¢. is the wave vector representing the change in optical path length due to beam
deflection along the x-axis, and ag is the amplitude of the reference wave ¥, [37]. The
normalisation ag = 1 is assumed if the ¥y beam transmits only through vacuum, as
shown in Figure 2.9¢. The recorded interference pattern, named a hologram, corresponds

to
Tot(7,y) = U ¥5, =1+ a”>+a ellet2aen) 4 g milpt20em), (2.12)

Since ¢ directly modulates the measured signal, it can be reconstructed using numerical
methods. Notably, the Fourier transform of the hologram can be expressed as three
functions: the centre band; and two opposite side bands, that are located at points in

reciprocal space corresponding to ¢ =0, ¢ = q., and ¢ = —q., such that
Fllnal(q@) = Fla® +1)(q) + F(Wingl (@ — ge) + F[¥;,,)(q — ge)- (2.13)

Numerical representations of the sidebands are shown in the example Figure 2.10. U;,,,
can be reconstructed by performing a numerical fast Fourier transform (FFT) of the

hologram, applying a numerical aperture at ¢ = g, with radius r = ¢./2 to isolate and
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re-centre one sideband, and applying an inverse FFT. The phase shift is then given by

o(z,y) = arctan (En(q’—’”9)> . (2.14)

In the experimental reconstruction of ¢, all theoretical assumptions made during the
derivation must be addressed. Figure 2.10 shows the reconstruction workflow for holo-

grams of a Co NW, which includes the following experimental considerations [1].

e To reduce the significance of Poisson noise, multiple holograms are acquired and
their reconstructed ¢ is averaged. The interference fringes can bend due to imperfect
TEM alignment, hence reference holograms of empty space are acquired in vacuum

to enable flat-field correction.

e The electron beam may not be parallel to the z-axis under strongly diffracting
conditions, which may create unwanted diffraction contrast in some materials. In
this work, no significant diffraction contrast is observed. Deflection of the electron

beam by the biprism itself is limited to a few prad, which is also often negligible.

e Coherent TEM lens aberrations, such as spherical aberration, introduce spatial
averaging to W;,,,, which limits the spatial resolution of ¢ reconstruction [47]. In
the example Figure 2.10c, the actual resolution limit (6 nm) is determined by the
range of spatial frequencies allowed by the numerical aperture. The aperture radius

is limited to r = g./2 to prevent overlap between the side and central bands.

e Scattering and aberrations that cause incoherence primarily affect the a distribution,

which is not relevant in this work.

e Reference-wave perturbation induced by the interaction between the reference
wave and long-range electromagnetic fields from the sample is another source of
uncertainty. To first order, it can be approximated by a linear phase ramp, since
fields created by single charges or magnetic moments asymptotically approach zero

at long distances [41].

Regarding software implementation, defining that ¢; is a positive number and electrons
transmit in the -z direction are conventions that can be introduced without loss of
generality, as in Figure 2.10f. Overall, the derivation of phase imaging and reconstruction
is straightforward, and the uncertainties associated with off-axis electron holography
are extensively studied, which makes it a suitable technique for the characterisation of

electromagnetic fields.
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Figure 2.10. Hologram-to-phase reconstruction workflow. (a) Holograms of the sample
(top) and reference holograms of free space (bottom). Flve holograms are acquired
with 2 s exposure time each. The interference fringe spacing is less than 3 nm,
which is not visible in this document. (b) A FFT is applied to all holograms.
The magnitude of the complex number array is shown. The peak signal at the
sidebands is located at a 0.35 rad/nm distance from the centre. (c¢) The centre
line is masked to reduce Fresnel fringes, and a virtual aperture is applied to
isolate one sideband. (d) An inverse FFT is applied to the masked image, which
results in a complex real-space image. The phase shift of the complex images
is shown, and it corresponds to the phase difference between the object and
reference waves. (e) The phase images are ‘unwrapped’ by applying a 27 offset
at the discontinuous lines. Then they are averaged to reduce measurement noise,
and the vacuum reference phase is subtracted. The total phase shift image is
shown. (f) To ensure consistency, the image is rotated such that the electron
beam direction is out of the page. The rotation is performed by assuming that
the image defines a 2D plane in 3D space. Then the sign of the image is changed,
such that the electrostatic mean inner potential is positive (following convention).
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One of the more recent significant applications of electron holography is 3D magnetic
imaging. By acquiring a tomographic tilt series of electron holograms, it is possible to
reconstruct the magnetic induction (B) [48], and the corresponding vector potential (A),
in 3D [104]. These reconstruction techniques are a form of EH-VFT, which is computed
with high precision using MBIR algorithms [1,105]. Statistically, MBIR is equivalent
to a large least-squares fitting problem, where a tomographic series of ¢ measurements
represents the input data, and the function is a forward model parametrised by a distri-
bution of M vectors in 3D space that calculates corresponding ¢g;,. Since ferromagnetic
materials create B and A, nanostructures can be comprehensively characterised by re-
constructing the underlying 3D M distribution [1,106,107]. Therefore, the development
of experimental and computational methods for 3D M reconstruction will be discussed

in chapters 4 and 5, respectively.

From a theoretical perspective, the study of nanoscale electromagnetism is necessary
to verify quantum field theories. Electromagnetism is one of the four fundamental forces
of nature [108], and its description by a Lorentz-invariant 4-potential in the standard
model of physics is one of the most exhaustively tested theories in history [109]. Based
on these quantum-mechanical principles, a theory of electron interactions with materials
has been derived from the Aharonov-Bohm effect [41]. Although the effect on ¢ has
been tested unambiguously, the expected forces and interaction cross-sections have yet
to be verified [110,111]. Since EH-VFT can characterise electromagnetic fields and their
underlying charge distributions [1,112,113], it is a distinct possibility that corrections to
the mathematical formulism for quantum mechanical interactions in materials may be

discovered as 3D reconstruction techniques are developed and approach atomic resolution.

2.7. Micromagnetic simulation

As mentioned in section 1.2, by considering the magnetostatic energy of a nanostructure,
it is possible to simulate magnetic configurations. Since other energy forms and thermal
fluctuations are omitted, the simulations approximate an idealised, defect-free material
with temperature-independent properties [17]. Nonetheless, they are a useful qualitative
technique for simulating what M distributions might exist. To compute a simulation,
an equation and an algorithm for computing it must be chosen. The sum of Equations

1.1 for all magnetic moments in the material can be minimised to find an energetically
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stable state. Additional energy terms can also be added to account for interactions with

external fields or to model material-specific properties, including:

Zeeman energy E,,, = — > pom;-Hgpp, where Hyp, is an externally applied magnetic

2
field. This term can be used to simulate hysteresis loops and magnetic domain

reconfiguration in response to external fields.

Magnetocrystalline anisotropy energy Fx = — ZK <|$Z| ﬁ,) , where K > 0 is the
anisotropy energy density, and @ is the unit vecltor parallel to the easy (energetically
favoured) axis for m;. In some materials, the crystal structure can affect the
alignment of m;, but magnetocrystalline anisotropy has a negligible net effect in
nanocrystalline samples presented in this thesis.

DMI Epyr = >, D;j - (m; x myj), where D;; is the atomic Dzyaloshinskii-Moriya
interaction Z{DMI) constant. DMI is observed at interfaces between ferromagnetic
films and adjacent layers with strong spin-orbit coupling, and is necessary to
describe chiral magnetic configurations, such as skyrmions [21,114]. DMI has not
been observed in FEBID materials, but will be discussed when comparing non-trivial

topological configurations in 2D and 3D nanostructures.

Conventionally, the four energy terms, namely, Heisenberg exchange, demagnetising
field energy, Zeeman energy, and magnetocrystalline anisotropy are added to define
the total micromagnetic energy, which is minimised to simulate energetically stable M
configurations. However, it is straightforward to add additional energy terms, such
as long-range coupling with conduction electrons [20], or effects of magnetostrictive
strain [115].

Alternatively, the time evolution of an initial M state can be simulated by numerically
integrating the Landau-Lifshitz-Gilbert equation [116]

dM o dM
F:—"HMXHech—i—M (MXW) . (215)

Where the first term on the right-hand side describes the precession of M about Hyy,
and 7 is typically the gyromagnetic ratio of a free electron spin. The second term is
phenomenological and represents the damping of spin precession, specified by a positive
parameter «, which is a property of the simulated material. Heg¢ is the sum of Hgemag,
an effective field representing exchange energy, and any additional effective field terms.

Equation 2.15 can also be further modified to model the effects of spin-polarised currents.
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Given sufficient computation time, either equation can be used to find an energy minimum,

but a direct solution by differentiating Equation 1.1 often requires fewer iterations [17].

The choice of algorithm depends on how the 3D M distribution that represents the
sample is discretised. Finite difference schemes represent M as a grid with a vector in each
rectangular volume element (voxel). Simulation software packages like OOMMEF [117]
and MuMax [118] use the rectangular geometry to implement software optimisations that
reduce computation time by utilising graphics card optimisation and FFT. Alternatively,
finite element schemes sample M at the vertices of a mesh composed of tetrahedra. The
MERRILL simulation software [119] uses tetrahedral meshes to accurately represent
samples with complex geometries. All simulation packages can find energy minima, but
they are optimised for different types of simulations. Crucially, simulation results are only
reproducible if the mesh spacing is relatively small. The exchange length [, = \/% ,
approximately 5 nm for common ferromagnetic materials, indicates the length scales
over which M is expected to change direction. If the distance between neighbouring
spin vectors is less than [.,, the simulation is likely to be physically meaningful [17].
After a simulation is computed, its validity can be tested by measuring the maximum
angle between neighbouring spins. Since the expression for exchange energy relies on the
small-angle approximation, simulations are physically meaningful only if the maximum
neighbour spin angle is less than 10° to 30° [22]. Overall, micromagnetic simulation is a
technique for determining possible M distributions in samples, and how they might be

affected by interactions with electrical currents or external magnetic fields.

2.8. Conclusions

The experimental procedures used for the fabrication and characterisation of the 3D
nanostructures in this research have been presented. A SEM is used to map sample
surface topography by recording SEs and fabricate ferromagnetic nanostructures with
FEBID. Nanoscale resolution images of samples are acquired with a TEM, and the
elemental composition of NWs is mapped with STEM EELS. With the addition of an
electron biprism, a TEM can record interference patterns and reconstruct the phase shift
of electron waves, which enables characterisation of electromagnetic fields. Micromagnetic
simulations predict energetically stable configurations of M that can be compared with

reconstructions of projected B obtained using off-axis electron holography, which are
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indicative of underlying magnetostatic interactions. By combining these techniques, it is

possible to fabricate and characterise increasingly complex ferromagnetic nanostructures.



Chapter 3.

Compositional Variation in
Ferromagnetic Co and Fe Angled
Nanowire Structures Fabricated Using
Focused Electron Beam Induced

Deposition

“The first principle is that you must not fool yourself - and you are the

easiest person to fool.”
— Richard P. Feynman, 1974
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3.1. Introduction

Focused electron beam induced deposition (FEBID) is an additive manufacturing tech-
nique uniquely suited for fabricating nanoscale 3D prototypes for a range of applications,
including spintronic devices. However, the variation of growth dynamics associated with
electron beam translation and sample interaction volumes results in structures with
non-uniform composition when fabricating intricate 3D geometries. Herein, we measure
changes in atomic composition and corresponding changes of the magnetic induction
in 3D ferromagnetic nanostructures with overhanging elements, e.g. bridges or arches.
To investigate the effects of electron beam translation, we fabricated 41 Co and Fe
NW structures with growth angle relative to the optic axis varying from 0°to 90°. The
(scanning) TEM techniques of EELS and off-axis electron holography were performed to
map the NW elemental composition and magnetic induction as a function of NW growth
angle. Comparison of the results reveals that the metal content in FEBID NWs decreases
from 0.1% to 0.4% per degree of growth angle, with the most consistent deposition
occurring when the chemical reactions are concentrated in an interaction volume that
does not exceed the NW diameter. Ferromagnetic NWs can be fabricated with consistent
thickness and composition at growth angles up to 60°, by using a low electron beam
voltage and a high beam current to reduce the interaction volume and increase the metal

content, respectively.

3.1.1. Additive manufacturing of ferromagnetic nanostructures

The environmental impact of conventional electronics can be mitigated by the development
of spintronic computing architectures, which are theoretically more energy-efficient when
handling digital data [7]. Devices including magnetic RM for data storage [10] or magnetic
synapses for artificial neural networks [11] function by moving and storing data as magnetic
DWs in ferromagnetic NWs. These designs have been tested in 2D racetracks [10], but
by expanding to 3D architectures the component density per chip area can be increased
by angling NWs vertically with respect to the substrate [13]. Additionally, the shape
anisotropy and symmetry breaking induced by NW curvature [14,15| can be used to tune
magnetic interactions that control magnetic DW movement. Complex 3D NW structures
can be fabricated using focused electron beam induced deposition (FEBID), which is
an additive manufacturing technique that can locally deposit ferromagnetic NWs with

diameters down to 50 nm [65,120]. Even though the range of fabrication geometries
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is generally as unlimited as 3D-printing [79], many functional ferromagnetic structures
comprise NWs that are deposited at a constant angle to the substrate [65,67,80]. Since
the purity and magnetic properties of the FEBID material are generally dependent on
the orientation of the electron beam [83], translation of the beam can cause non-uniform
composition in the deposited nanostructures [79]. Ensuring that FEBID nanostructures
have a uniform composition when fabricating complex geometries is crucial for the design

of magnetic devices, which can be controlled by tuning the deposition parameters.

3.1.2. FEBID chemical reactions

FEBID is performed by injecting a precursor gas into the sample chamber of a SEM and
irradiating solid material with the electron beam. This process drives the dissociation
of precursor gas molecules through irradiation by SEs emitted from the substrate. The
reaction products bond with surfaces in the vicinity of the reaction volume, typically
forming a deposit of nanocrystalline metal. The primary challenge associated with FEBID
is fabricating nanostructures with desired geometries while maintaining high metal purity,
e.g., Co, Fe, etc. Inclusion of C & O contaminants and incomplete dissociation of the
precursor gas is inherent to the FEBID process, which can result in relatively low metallic
content [121] and loss of ferromagnetic properties. Optimising the deposition parameters
and inclusion of post-processing stages have been thoroughly investigated to produce
deposits with predictable ferromagnetic and charge transport behaviours, required for
reliable device operation [42,82,122].

The composition of FEBID material is attributed to the balance between multiple
chemical reactions occurring at the site where the SEM beam is incident on a substrate
[121]. This includes adsorption, which involves the formation of a bond between the
precursor gas and the substrate; dissociation of the precursor molecules via bond cleavage;
and the desorption of reaction products from the surface. The underlying chemical
reactions have been studied both in isolation and as a combined deposition reaction.
For the commonly used Co,(CO)g precursor gas, autocatalytic adsorption has been
observed to occur spontaneously [123], but can also be driven by electron impact (EI)
ionisation [121,124]. Regarding dissociation, mass spectroscopy experiments have shown
that EI breaks bonds between Co and organic ligands more frequently, resulting in the
creation of ions of the form Coy(CO)s — Coy_5(CO)i ¢ [124]. Calorimetry experiments
have also shown that thermal dissociation (TD) at temperatures above 80 °C results in the
deposition of pure Co and the desorption of CO gas, Coy(CO)sg 8, 2Col + 8COT [125].
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Although the FEBID material can contain organic ligands and is not guaranteed to be
ferromagnetic, the conventional beam-damage mechanisms of ionisation by scattered
electrons and beam-induced heating act to increase the metal content, which can be
tuned by controlling the SEM beam [82].

For comparison, the Fey(CO)g precursor gas also undergoes EI ionisation of the form
Fe,(CO)g — Fey_5(CO)E, [126], and TD Fey(CO)g 22255 2Fe] + 9COT above 280°C [125].
Additionally, when Fey(CO)g is exposed to white light, heat, or electron beams [127,128|,
it partially converts to Fe(CO);, which adsorbs autocatalytically [129]. In practice, the
process for Fe and Co precursors is similar, but the higher TD temperature for Fey(CO)q
requires the use of a higher intensity electron beam to promote TD when depositing Fe

NWs.

Experimentally, when the SEM beam is stationary or rastering over a flat substrate,
the elemental composition, magnetisation, electrical resistivity, and geometry of the
deposited structure can be reproducibly controlled [120]. This is achieved by tuning several
deposition parameters, including the accelerating voltage of the electron gun, the SEM
beam current, the concentration of precursor gas, and the dwell time at each beam position.
Using these methods, more than 90% Co purity has been achieved regularly [122,130-132].
In comparison, when fabricating geometrically complex nanostructures, the position of
the SEM beam can be controlled precisely, but the high intensity required to break metal-
carbon bonds and deposit high-purity ferromagnetic metal must be maintained throughout.
This is not straightforward when the beam transmits through a 3D sample and induces
deposition on multiple layers, therefore, by controlling the deposition parameters, a

trade-off must be made between SEM beam energy and current.

The purity of deposited NWs can be further improved by post-growth treatments,
which include thermal annealing, electron beam curing [122, 133-135|, reactive gas
exposure, and combinations of each [136,137]. Thermal annealing has been the most
extensively investigated and successful post-processing treatment for increasing the
relative metallic content in FEBID deposits. Temperatures in the 300-600 °C range are
observed to induce thermal dissociation of carbonaceous material, which can diffuse and
desorb from the deposit surface [83,138]. This has been studied with Co [139,140] and
Fe [141,142] precursors, generally resulting in enhanced purity and crystallinity of FEBID
deposits. Overall, FEBID of vertical NWs and flat films has been extensively studied to

optimise deposition parameters and purification methods.
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3.1.3. FEBID 3D printing

The SEM beam can be programmed to slowly translate along a predefined path, which
results in NWs growing at an angle (6) relative to the SEM beam-axis, as illustrated
in Figure 3.1a. # = 0° corresponds to a NW that is deposited around a stationary
SEM beam, and, in this work, is approximately perpendicular to the substrate surface
(vertical). A translating beam can be used to fabricate intricate 3D NW structures, such
as double-helices, helical latices, Moebius strips, or NW cubes that show curvilinear
magnetic interactions [66,79,80], and may inform the design of spintronic devices. To
fabricate such 3D nanostructures, predictive models are used to generate stream files
that control the translation and dwell time of the incident electron beam. Models based
on Langmuir-type approaches [143,144] or atomistic Monte-Carlo [78,145] have been
developed to enable FEBID 3D printing from CAD designs and fabrication of micrometre-
sized FEBID structures from Co or Fe. These model types assume that material is
deposited in thin layers without affecting the layers underneath, which is inconsistent
with the description of the TD reaction and does not predict either the anisotropic growth
of angled NWs [79] nor auto-catalysed crystalline growth [129]. Such models are most
accurate when TD is limited, and hence lower-purity material is deposited. Methods
have been developed to simulate thermal conductance and FEBID TD reactions [79,146],
but they have been tested so far with Pt and Au.

In practice, the material properties of FEBID NWs are tuned depending on the
intended application. Such optimisations leverage the observation that NWs exhibit
characteristic responses to specific changes in the deposition parameters [82]. Since
FEBID precursor gases are chemically similar and the underlying electron scattering
interactions are the same [147|, the effects of changing deposition parameters are similar
for most materials. They can be observed by depositing NW "A’, changing one deposition

parameter, and then depositing NW "B’. The characteristic responses include:

RO. If nothing is changed, A and B are approximately identical. This indicates that the
deposition is consistent, and is a necessary condition for the accuracy of FEBID
CAD modelling 79,143, 145|.

R1. If the beam current is increased, B will have a larger volume and higher metal
purity, as demonstrated for Co and Fe [42,130, 132, 148|. There is an upper
limit to the beam current beyond which randomly oriented crystalline growth is
observed [128,129,149,150].
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R2. If the beam is defocused, B will have a larger diameter and lower metal purity. This
has been observed for Co, Fe, and Pt [82,147,151-153]

R3. If B is annealed at a temperature in the 300-600 °C range, its metal purity will
increase, as seen for both Co and Fe [139-142].

R4. If the beam accelerating voltage is increased, the geometry of B will be different.
If the SEM beam is translating during deposition, the cross-section of B will be
more elongated rather than circular. This has been observed for Fe, Co, FeCos, and
Pt |67,79,81,129,153].

R5. If the speed of beam translation is increased, the metal purity of B will decrease.

This is revealed for Co and Fe in this work.

In this work, Co NWs are fabricated with 6 = 0° to test responses R0O-R3 and verify
that the FEBID system is functioning normally. Then Co and Fe NWs are fabricated
with 0° < 6 < 90° at different accelerating voltages to quantify responses R4 & R5 and
test whether R5 is material-agnostic. Furthermore, correlations among 6, metal purity,
and magnetic induction in ferromagnetic NWs are measured; to develop methods for
improving angled NW composition uniformity and inform the development of FEBID

3D-printing algorithms for ferromagnetic nanostructures.

3.2. Methods for consistent measurement of NW

properties

3.2.1. Sample fabrication

A Thermo Fisher Scientific HELIOS Xe plasma focused ion beam (FIB) SEM was used
to ion-mill flat substrates from a copper film, which could be electrically grounded during
TEM and SEM imaging. NWs were deposited on the copper substrates using FEBID.
The gas injection system (GIS) heated solid precursor material to induce sublimation
and the precursor gas was injected through the GIS needle positioned at 45° to the
substrate, at approximately 100 pm distance from the substrate surface. For FEBID,
the Coz(CO)g and Fey(CO)g precursors were heated to 29° C and 37° C, respectively.
Nine sets of FEBID NWs were fabricated: first, five sets to characterise NWs deposited

using a stationary SEM beam as reference samples; and secondly, another four sets
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Figure 3.1. FEBID 3D printing process. (a) Schematic diagram of FEBID process, where
NW structures are fabricated by injecting precursor gas through the GIS needle
and translating the SEM beam along a path defined by stream files. The figure
was rendered by Keir Edgar. (b) Streams that define SEM beam position as a
function of time, during deposition. (¢) SEM image of FEBID Co NWs fabricated
by executing the streams in (b), viewed at a 55° sample tilt angle. To fabricate
angled structures (c), the beam must be stationary at each position for an amount
of time corresponding to (b).

to measure the composition change in NWs deposited with a translating SEM beam.
Table 3.1 lists the details of each sample set, including the precursor gas, SEM beam
accelerating voltage and beam current. For completeness, the base pressure in the SEM
chamber was recorded before and during deposition, and to indicate the reaction rate,
the vertical NW height to deposition time ratio is recorded. Compositional analyses and
beam conditions for each individual NW are available in appendix B. The arrows in the
dataset titles indicate whether the deposition was at 6 = 0° (1) or # > 0° (). For each
deposition, the SEM beam was focused to achieve minimum NW diameter. The samples
were plasma-cleaned with an oxygen-argon mixture for 15 s to reduce amorphous carbon

growth during STEM imaging.

The NW structures were fabricated using stream files that encode the SEM beam’s X-
and Y-deflections (in the substrate plane) as functions of deposition time. Vertical NWs

were deposited using a stationary beam for 120 s, whilst angled NWs were deposited
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by maintaining the beam stationary for 40 s and then translating it in the X-direction
at a constant rate for up to 80 s. The electron beam dwell time at each coordinate is
shown in Figure 3.1b. For the Co5/ v dataset, each stream in Figure 3.1b translates
the SEM beam at a different rate; therefore, the deposited NWs in Figure 3.1c grow
at different angles relative to the vertical NW. Samples from all datasets are shown in
Figure 3.2. Datasets Coky 1y, COt 1y Colnneal’ 30 wvr Felg v, and Fel . are used to
find deposition parameters that enable controlled high-purity deposition of vertical NWs.
Datasets Cos/r W 003/0 W Fes/r v and Fe?,/'0 v use the optimised parameters to deposit
angled NWs. For calibration, NWs in the dataset Colnneal, 30 kv were fabricated with
lower currents and gas pressures and characterised before and after annealing at 350 °C
for 30 min to verify consistency with previous works [42,82,140]. In summary, stream
files are defined to fabricate angled FEBID NWs with growth angles ranging from 0° to
90°, and are executed using different precursor materials, accelerating voltages, and beam

currents.

3.2.2. Elemental mapping

A JEOL ARM200cf operated at 200 kV (University of Glasgow) equipped with a cold
field emission gun, a CEOS (Corrected Electron Optical System GmbH) probe corrector
and Gatan 965 Quantum ER spectrometer was used to perform STEM EELS elemental
mapping. A dual EELS system with a high-speed electrostatic deflector [154,155| allowed
simultaneous acquisition of high-loss and low-loss spectra from select areas of the FEBID
NWs. The spectra were acquired using a 0.5 eV /pixel dispersion, 2.5 mm aperture,
29 mrad convergence semi-angle and 36 mrad collection semi-angle. Principal component
analysis (PCA) [156] was utilised to remove X-ray signatures and reduce noise in high-
loss spectra by reconstructing from the first 150 components, such that PCA would
alter quantification results by less than 0.1% in sample areas with high signal-to-noise
ratio (SNR), but provide smoothing in areas of low SNR. Spectra with more than 10*
counts per energy channel in the fitting region were quantified using the Gatan Digital
Micrograph elemental quantification plugin [95]. The measurement error stems from the
combined contributions of Poisson noise and uncertainties of fitting the Hartree-Slater
cross sections [92]. The uncertainty for relative atomic content measurement (atom %)

in the thickest part of the NWs is less than 3% per scanned pixel.
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Table 3.1. Deposition parameters for FEBID samples. Each sample comprises multiple

NWs.
Dataset title Beam | Beam Depo. Base Growth | Precursor
voltage | current pressure | pressure | rate gas
(kvV) | (pA) (Pa) (Pa) (nm/s)
Co] neal, 30 v | 30 21 —[0.9-107*|05-107* | 6 =10 | Coy(CO)g
340
Coly v 30 170 — 22-107% | 0.7-107* | 8 =26 | Coy(CO)g
2800
Co! v 5 170 — 221074 0.7-107* | 11 —22 | Coy(CO)g
2800
Fel, v 30 170 — | 1.5-1074{ 0.2-107* | 6 =20 | Fey(CO)g
11000
Fe! v 5 170 — | 1.2:107* [ 0.2-107* | 6 =20 | Fey(CO)g
11000
Co%y v 30 690 2.2-107% ] 0.7-107* | 8 Coy(CO)g
CoZ 5 340 2.2-107 1 0.7-107* | 11 Co,(CO)s
Fely v 30 2800 0.8-107* | 0.2-107* Fey(CO)g
Fel o 5 2800 1.0-107* | 0.2-107* Fey(CO)g

Co,5kV,340pA

i i{ £

:Fe, 30 kV |Fe, 5 kV |Fe, 5 kV, 2800 pA|Fe, 30 kV, 2800 pA.

Figure 3.2. SEM images of FEBID NWs that are characterised and compared. (a-e) Respec-
tively, samples Cogo KV Colnneal’ 30 KV Cog KV Cos/kv, and Cog) we (fg)
Respectively, samples Feg0 o Feg KV Feé; Wy and Fe5/r wv- All images were ac-
quired with the sample tilted 55° and are shown at the same scale. High-resolution
images are available in appendix B.
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A Cartesian coordinate system was defined to describe the cylindrical NWs, with
the z-axis parallel to the TEM beam, the y-axis parallel to the NW length, and the
x-axis parallel to the projected NW diameter. Figure 3.3 provides an example. The
variation along the x-axis in the EELS map Figure 3.3a corresponds to the projected
distribution of atomic composition of a NW in dataset Cog v deposited with a 340 pA
beam current. Figure 3.3b shows a modelled compositional map constructed from an
NW with the cross-section displayed in Figure 3.3c. The FEBID NWs exhibit a radially
layered structure, consistent with a Co (or Fe) rich core and an outer shell rich in C
and O. Hence, care must be taken when interpreting EELS maps, as they represent the
thickness projection of a radially varying structure, as previously observed [157]. This
NW is modelled because it has a smooth surface texture. In this analysis, the Co purity is
measured as the average concentration of Co atoms in the central band, corresponding to
the volume indicated by dashed lines in Figure 3.3, defined as the 20 nm wide area around
the projected centre of mass in the EELS compositional map. To enable comparison,
measurements of magnetic induction will also consider only the average magnetic field

within this volume.

(c)

_Y
1

(d) (e)
100% Co .

100% O 100% C

20 nm

Y X

Figure 3.3. Atomic composition map and model. (a) STEM EELS compositional map
for a vertical NW in dataset Cog wv- (b) Projection of a compositional map,
assuming the NW cross-section (c). (¢) Model of an elliptical cross-section with a
pure Co core, intermediate layers, and outer layers rich in C and O. (d) Colour
map for (a), (b), and (c). (e) STEM ADF image identifying the location where (a)
was acquired. FEBID NWs are modelled as multi-layered structures with elliptical
cross-sections. Black arrows indicate the semi-axes of the ellipse, the insets show
the coordinate system, and the dashed lines identify the volume where composition
was measured.
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A quantitative model that consistently describes the internal composition of all FEBID
NWs is not presented in this study, but composition models for illustrative purposes
are discussed. The 3D distribution of elemental composition is modelled by assuming
that vertical NWs have circular cross-sections with radially varying composition. The
radial distributions of Co, C, and O have been approximated by exponential functions
with limited success [67], but models that correspond to experimental data more closely
can be generated by modelling NWs as multi-layered cylinders. Since EELS maps are
projections of the underlying 3D atomic distribution, they can be simulated based on a
model of the NW and compared with experimental data, as shown in Figure 3.4. The
projection described in Figures 3.4a-c assumes a 25 nm radius core with 100% Co content,
linearly interpolated intermediate layers, and a 10 nm shell with an average composition
corresponding to the red shaded area in the figures. This projection qualitatively
resembles the experimental data shown in Figures 3.4d-f and 3.3, but it does not account

for asymmetry.

The compositional model can be used to visualise how the non-magnetic NW shell
affects EELS maps taken in projection. The shell composition (Figure 3.4g) can be
estimated by assuming that material with < 40% Co content in Figure 3.4e is not
ferromagnetic [140] and represents both the thickness and average composition of a
hollow cylinder corresponding to the NW shell. The projected atomic density of the
shell can be subtracted from the data (Figure 3.4d) to give partially corrected estimates
of atomic composition, as shown in Figure 3.4f. The same algorithm can be applied to
modelled data shown in Figures 3.4(a-c), and in both cases indicates that the presence of
the shell offsets measurements of Co content by approximately 10%. Comparing simulated
EELS maps to experimental data and considering the non-ferromagnetic material present
on the surface of the NWs was necessary to generate the model shown in Figure 3.3. 2D
elemental mapping was insufficient to automatically generate models, therefore, shell

corrections are only illustrative and were not used in the quantitative analysis.

3.2.3. Measurement of NW elliptical cross-section shape

The 3D sample geometry must be known to perform quantitative measurements of
magnetic induction. Therefore, NW cross-sectional shapes are described by ellipses as

shown in Figure 3.3c, with the semi-major and semi-minor axes of the ellipse labelled r,
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& 1y, respectively. They define a cylinder in 3D space, with coordinates
z =rycos(p); © = rysin(p). (3.1)

Where p is an arbitrary real-valued parameter and z & x are coordinates. When the
sample is tilted by an angle v during SEM imaging, it is equivalent to a rotation around
the x-axis. Then, the observed NW width (W) is a tomographic projection |75] of the
ellipse, given by

W(v) = 2(rq cos(pm) sin(y) + 74 sin(py, ) cos(7y)). (3.2)

7 cos(7y)
rq sin(y)

from the origin in the projection plane. The axes can be measured by imaging the sample
at v = 0° and v = 90°, providing values of W (0°) = 2r, and W (90°) = 2r,. When the

model is accurate, W measurements at intermediate v values are consistent with equation

Where p,, = arctan ( ) is the ellipse parameter corresponding to the point farthest

3.2. In which case, the projected thickness of the NW during TEM imaging is given by

T

2

t.(z) =2r,y /1 — <—) : (3.3)
Ty

This is needed to measure spatially resolved magnetic induction. Tomographic projections

from both SEM and TEM were used to calculate ¢, because this approach reduces

uncertainty and ensures consistency between instruments.

3.2.4. Magnetic characterisation

Off-axis electron holography [37] is performed to reconstruct the magnetic phase shift
(pm) of an electron wave passing through the sample and calculate magnetic induction
(B). Electron holograms were acquired using the FEI Titan G2 60-300 TEM at 300
kV (Ernst Ruska Centre for Microscopy and Spectroscopy with Electrons) and a 100 V
voltage was applied to the electron biprisim, resulting in a hologram fringe spacing of
approximately 3 nm. The total phase shift (¢) was reconstructed using Holoworks [158]
and Holoview [159] extensions for the Digital Micrograph Software package [160]. Maps
of ¢ are reconstructed with 5 nm spatial resolution, determined by the size of the
virtual aperture selecting the hologram sideband, and have 0.01 rad measurement noise
corresponding to the root-mean-square (RMS) difference between two vacuum reference

images. Since the z-axis is defined as parallel to the TEM electron beam and the y-axis
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Figure 3.4. Comparison between model and measurement of atomic composition
for the NW in Figure 3.3. (a)-(c) A radially symmetric model, qualitatively
replicating experimental data in (d)-(f). (d),(e) y-averaged EELS maps of atomic
density and composition, respectively. (g) Estimates of the composition of the
outer shell of the NW, using experimental data. (c),(f) Composition estimates
after subtracting the contribution of the shell, using modelled and experimental
data, respectively. (h) Legend. The non-magnetic shell offsets EELS measurements
taken in projection by ~ 10%.

is parallel to the NW centreline, the Aharonov-Bohm effect [41] can be expressed as

o= pa(V)+ on(A) = L / vz + & / Ade. (3.4)
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Where ¢.; and ¢,, are the electrostatic and magnetic contributions to the total phase
shift (¢), respectively, q. is the charge of an electron, % is the reduced Planck constant, v
is the relativistic electron speed, V' is the electrostatic potential, A, is the z-component of
the magnetic vector potential, and dz is a path element along the z-axis. The integral is
over the full trajectory of the beam. To separate ¢, from ., the NWs are magnetically
saturated by tilting the sample to large opposite + 70° a-tilt angles, applying a 1T
magnetic field using the TEM objective lens, and acquiring ¢ images at 0° a-tilt angle for
the opposite remnant states. Hence, the half-difference of the two ¢ images corresponds
t0 @u,. [138] Since B = curl(A), the thickness-averaged magnetic induction component
parallel to the y-axis is given by
ho dem

B,(z) = o a (3.5)

where t is the NW thickness in projection along the z-axis, given by equation 3.3. The
measurement of B, is used to compare the strength of magnetic induction fields created
inside the NWs.

3.2.5. Micromagnetic simulations

Micromagnetic simulations are performed using Mumax3 [19, 23| to determine mag-
netisation configurations (M) that are energetically stable in cylindrical FEBID NWs
comprising nanocrystalline impure Co. To qualitatively evaluate possible M configura-
tions, FEBID NWs can be approximated as uniform cylinders [31,66]. The exchange
stiffness is Ae, = 1.5+ 107 J/m and the saturation magnetisation is M, = 8 - 105 A /m,
based on previous FEBID simulations [66,161] and measurements of Co samples of
different purities [1,31,140]. A cubic mesh with 2.5 nm voxel size is used for an exchange
24

length [, = m ~ 6 nm.

3.3. NW composition variations

3.3.1. Comparison of vertical NWs

To ensure consistency of analysis for all deposits, the vertical FEBID NW samples

Cog0 wv (Figure 3.5a), Cog KV Feg0 v and Feg whbrovided a compositional reference.
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Figure 3.5d displays an EELS elemental map acquired from the blue square in Figure 3.5a
and reveals the metallic core and carbonaceous shell of the NW, as seen in previous
works [42,140]. In Figure 3.5e, the thickness-averaged cobalt content measured from the
central 20 nm band (Figure 3.5d, rectangle) is compared to the other beam currents used
for NWs in Coly COZnneal, 30 v and (303/'0 wwsamples. The systematic EELS fitting
uncertainty is < 3% for all points. In agreement with previous works, the highest purity
NWs are deposited using higher beam currents and exhibit surface nodules attributed
to autocatalytic deposition [123,128,140,148|. Figure 3.5f demonstrates that annealing
the CoZnneal’ 30 kvl VWs at 350 °C for 30 min is an effective method of increasing mean
purity, and correctly focusing the beam is important for depositing with high initial Co
content [122,133|. The compositional analysis agrees with previous observations that the
deposition purity scales generally with SEM beam current [120], but high currents result

in less consistent surface topologies.

3.3.2. Calibration of angled NW shape and composition

measurements

To enable comparison, all NWs are characterised using the same methods. Since NW
cross-sections can be elliptical, the NW diameter is measured twice by tilting the SEM
stage and acquiring SEM images at v = 0° and v = 55° tilt, shown respectively in Figures
3.6a and 3.6b. The SEM images are acquired using an SE detector and have a 2.2 nm
pixel size. The projected NW width is measured as the FWHM of the intensity line
profiles in the SEM images, as shown by the lines corresponding to W (55°) and 2ry.

STEM EELS elemental maps are acquired with 2 nm resolution to characterise areas
of interest, as shown in Figure 3.6c. The sample orientation during (S)TEM imaging is
equivalent to a v = 90° tilt, therefore the projected NW widths in the EELS maps can
be used to determine r,. Additionally, the radius of the calibration element (r) is the
same in all projections, thus comparison of r measurements indicates that the intensity
FWHM in SEM images corresponds to a width in EELS maps where more than 200
at/nm? are present in the beam path. Based on EELS thickness measurement, this
shows that the SEM detects the NW edge at the position where the projected material
thickness is ~ 0.5 nm, which is significantly below the pixel size and does not require
correction. Furthermore, the W (55°) measurement is within two pixel-widths (6 nm) of
equation 3.2, showing that the NW cross-sectional shape is consistent with an ellipse that

has semi-axes r, and r,. Comparisons between NWs will be presented in a later section.
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Comparison of vertical Co FEBID NWs deposited at 30 kV. (a-c) Vertical,
30 kV NWs from samples Cog0 KV Colnneal, 30 kv and C0£ xv» respectively.
The scale is identical in all three images, annotations show the beam current during
deposition, and the 9 superscript identifies when the SEM beam was defocused.
(d) EELS atomic composition map of the NW section corresponding to the blue
box in (a). (e) Atomic cobalt content in the NWs before annealing. The error
bars represent the range of Co content values measured in the central band. The
systematic uncertainty is 3%. (f) Comparison between NWs that are annealed,
not annealed, or deposited with a defocused beam. The violin plots represent the
distributions of measured values in each central band. The abscissa is logs scale.

The deposition consistency is evaluated by ensuring all nanostructures include a NW

calibration element deposited with a stationary beam, such as the vertical sections in

Figure 3.6b. EELS maps are used to compare Co content in the calibration element,

as shown in Figure 3.6d. The violin plots indicate the distributions of Co content

measurements in NW centre bands, corresponding to the rectangular boxes in Figure 3.6¢.
The 6 = 0° NW is the outlier as the SEM beam is stationary, thus it transmits through

the NW and irradiates the bottom layers for the entire deposition time. Consistent

calibration sections indicate that deposition parameters do not vary significantly across

nanostructures, enabling comparison of the angled NW sections. The growth angle

is defined relative to the SEM optical axis, as shown in Figure 3.6c. Co content in the
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Figure 3.6. Measurement of cross-section shape and Co content for the
Cos/rkvsample. (a) 0° tilt SEM image of NWs. (b) 55° tilt SEM image of
NWs. The lines indicate the locations of high-resolution STEM EELS scans. (c)
STEM EELS map displayed over a STEM ADF map of the 5th NW. The boxes
indicate the locations of high-resolution STEM EELS scans, 6 is the NW growth
angle, and black lines correspond to width measurements relating to equation 3.2.
(d) Atomic Co content in NW regions corresponding to the horizontal blue lines
in (b), used to verify consistency. (e) Co content in NW regions corresponding to
the angled green lines in (b). The NW composition and cross-section shape are
characterised to determine the correlation with 6.

angled NWs is compared in Figure 3.6e, showing a negative correlation between Co

content and 6.

3.3.3. Compositional analysis of angled NWs

Having established fabrication and characterisation methods consistent with the expected

results for vertical NWs, angled NWs are characterised. Figure 3.7 presents the variation

of NW composition and shape as a function of 6, for samples COS/ oV Coz,ﬁ; KV Fe5/' oV

and Fe£ v (Figure 3.7a), which were fabricated by translating the SEM beam during

deposition. Figure 3.7b shows that the mean metal content (Co or Fe) in the 20 nm
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central band declines with increasing 6 for all NWs. The lowest observed purity loss is
0.1% per degree of growth angle for the Fes/r wsamples, and the highest is 0.4%/° for the
Co?f) wv- The length of 7, is shown in Figure 3.7c, revealing that the NW cross-sectional
area shrinks during beam translation. Figure 3.7d displays the r,/r, ratio as a function
of 6, indicating that the NW cross-section becomes more elliptical if a 30 kV accelerating
voltage is used and the beam is translated, confirming previous works [81]. The results
show that Fe5/r wachieves the highest metal content and the most uniform distribution,

whilst maintaining a uniform cross-sectional shape.

3.3.4. Micromagnetic simulations of cylindrical FEBID NWs

To investigate magnetic configurations in FEBID NWs, 1 pm long cylinders of FEBID
Co are simulated. The diameters are varied in the range from 60 nm to 240 nm, and the
initial magnetic states are aligned parallel to the y-axis (red arrow in Figure 3.8), such
that the simulation emulates a relaxation after being subject to a saturating external
field [19]. Corresponding energetically stable configurations are shown in Figure 3.8.
Whilst magnetic flux closure is always visible at the cylinder ends, the majority of the
volume is magnetised parallel to the long axis if the cylinder diameter is below 160 nm.
For diameters above 160 nm, various vortex configurations are observed because they
reduce the magnetostatic energy term. Based on these simulations, the angled NWs
in Figure 3.7 are expected to be uniformly magnetised. Hence, the magnitude of B is

comparable to B, and can be calculated from reconstructed ¢,,.

3.3.5. Magnetic induction in angled NWs

Figures 3.9 and 3.10 present the relationship between NW growth angle 8, and by impli-
cation purity, and the magnetic properties of samples Cos/r wvand Fe£ v respectively.
These samples comprise NWs of 0.5 pm to 1.5 pm in length, thus exhibiting magnetic
configurations in a range of geometries. Figure 3.9a shows magnetic induction maps
reconstructed from electron holography of the C05/ v NWs deposited using a 340pA beam
current. To create magnetic induction maps, the ¢, images underwent Gaussian smooth-
ing and the cosine was amplified (x5) to produce magnetic phase contours, and colour
wheels are used to show the projected B direction. Figure 3.9b shows line traces of ¢,, as
a function of #, from which, after adjusting for variations in NW cross-sectional area, the

mean B, value in the 20 nm centre bands was calculated (Figure 3.9¢c). The error in B,
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Figure 3.7. Variation in NW composition and shape as a function of growth angle.
(a) SEM images of the Co?kv, Co?f) v Fe5/kv, and Fe5/kVNWs. (b) Mean
atomic content of metal (Co or Fe) in the NW central bands as a function of 6.
Error bars in (b) are not drawn to improve graph readability, but would represent
3% systematic uncertainty and less than 2% random error for each point. (c)
The length of the major axis of the elliptical NW cross-section, as a function of
6. Error bars correspond to STEM image pixel size. (d) Ratio of the major and
minor axes of the cross-section, as a function of 8. Error bars correspond to one
standard deviation of random error. For all tested precursor gases, accelerating
voltages, and beam currents, the NW purity and cross-sectional area decrease with
increasing beam translation speed.

represents the combined uncertainty of projected NW thickness measurements and the
standard deviation of B, in the central bands. Since the NWs are uniformly magnetised
and have a length-to-projected-diameter ratio greater than 5:1, Fy is indicative of the
saturation induction By, which is an intrinsic material property. Based on modelling of
the demagnetising fields, the average By is expected to be up to 20% greater than Fy
for such NW geometries [162]. It should be noted that the lowest-purity NW deposited
at 8 > T70° was observed to warp during STEM EELS mapping, creating a site for a
magnetic DW to nucleate. Hence, the ¢, line trace was acquired off-centre, so it is in

the middle of a uniformly magnetised region.
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Figure 3.8. Micromagnetic simulations of FEBID Co cylinders. (a), (b), (c) correspond,
respectively, to 80 nm, 120 nm, and 160 nm diameter cylinders. In the energetically
stable configuration, cylinders with diameters below 150 nm are predominantly
magnetised parallel to the long axis. The simulations were performed by Keir
Edgar.

For comparison, Figure 3.10 shows magnetic induction maps of the Fe§) vV Ws
deposited using a beam current of 2800pA (Figure 3.10a), line traces of ¢, as a function
of 6 (Figure 3.10b) and the calculated mean B, value in the centre bands (Figure 3.10c).
In both COE‘/r wvand Fe:f) wwsamples, the NWs grown at larger angles are observed to
create weaker magnetic fields, and the average B, value reduction is 2 mT and 7 mT per
degree of 0, respectively. As noted above, the outliers to this trend occur at  ~ 0° in
both datasets due to the stationary SEM beam transmitting through the length of the
NW for the entire duration of deposition, thereby altering the geometry and composition

of the lower layers.

Figure 3.11 summarises the correlation between NW metal content and Fy measure-
ment. The data in Figures 3.9c and 3.10 are plotted with respect to the metal content
in each angled NW and are compared with the literature. The two blue datapoints in
the top right of Figure 3.11a correspond to the thermally annealed NWs and agree with
previous works [42,140] characterising annealed Co FEBID NWs (Figure 3.11a, black
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Figure 3.9.
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Magnetic characterisation of the Co5/ wvsample. (a) Magnetic induction
map with contour spacings of 1.3 rad. The underlying hologram was acquired by
Trevor Almeida. (b) Line traces of ¢, are from areas corresponding to the white
boxes in (a). The measured ¢y, is consistently smaller for higher 6. The central
band is denoted by dashed lines. (c) Correlation between 6 and B, in the central
band.
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dots and dashed lines). The underlying magnetic induction maps for annealed NWs
are shown in Figure 3.12. All other blue datapoints correspond to C05/ 1w NWs, which
are not annealed, and lie outside the range of the referenced study. For FEBID NWs,
B, is smaller than 1.75 T B, for bulk single-crystal Co [131,163]. For the Fegy ., NWs,
the values of B, in Figure 3.11c are lower than the 2.1 T value measured for pure bulk
iron [164]. B, is lower than By due to contributions from the demagnetising field and
represents the average thickness in NWs with radially varying composition, but it is
indicative of the variation in effective B. Overall, the B field created in ferromagnetic

NWs is affected by growth angle due to changes in elemental composition.

3.4. Optimisation for uniform magnetic properties in

3D nanostructures

This study has analysed multiple datasets to identify the optimal SEM conditions for
FEBID of angled NW structures and highlighted considerations for designing nanostruc-
tures in CAD. Characteristic FEBID NW variations in response to changes in deposition
parameters were observed, including increases in metal content with increased SEM beam
current, precise focussing of the electron beam, or thermal annealing of the NWs at 350 °C
for 30 min [82,140,147,152]. These were all considered to find optimal beam currents
for fabricating angled (0° < 6 < 90°) Co and Fe NWs at 5 kV and 30 kV accelerating
voltages. In all samples, increasing the SEM beam translation speed characteristically
increases #, but reduces NW cross-section area, metal content, and the magnitude of
B. The most symmetrical and highest purity angled NWs were deposited using the
combination of the lowest tested accelerating voltage (5 kV), the highest beam current

(2.8 nA), and the Fey(CO)gy precursor.

The SEM beam current is increased by increasing the spot-size [72], which enables
more electrons to pass through the condenser aperture at the expense of beam broadening.
The corresponding elevation in precursor ionisation and beam-induced heating promotes
high-purity deposition, but the NW diameter is increased. The highest beam current of
2.8 nA used in this study resulted in a NW diameter lower than 150 nm. Micromagnetic
simulations demonstrated that, in 1 pm long Co cylinders with diameters < 150 nm,
(M) is mostly uniaxially oriented. Hence, small-diameter NWs are investigated due to
the enhanced magnetic signal associated with uniaxial magnetic configurations, which is

advantageous for spintronic device applications [10]. Additionally, excessively high beam
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currents can lead to unpredictable autocatalytic growth (Figure 3.5a). Similarly for the
Fey(CO)g precursor, which dissociates to Fe(CO)s5 [128] during irradiation, FEBID can
produce randomly oriented crystalline iron composed of single-crystal grains up to 1 pum
in length [129]. Consequently, the maximum viable beam current is limited by the NW

diameter and required growth predictability:.

The optimal SEM beam acceleration voltage is often sample-specific because electron
energy affects the optical power of SEM lenses, and alters the scattering interaction cross-
sections in the NW and the substrate [72,157|. In this study, a minimum accelerating
voltage of 5 kV was used, as lower voltages compromised imaging resolution and reduced
the ability to achieve good focus. At 5 kV, the cross-sections of angled NWs are circular
(Figure 3.7d) since the interaction volume is comparable to the NW diameter and SEs
are generated in a localised spot [74]. At 30 kV, highly elliptical cross-sections are
observed due to SEs being generated along a line as the beam transmits through the
NW. Additionally, the vertical growth rate in angled NWs is larger at 5 kV compared
to 30 kV (Figure 3.7a), whereas Table 3.1 shows an inverse relationship of vertical NWs
growing faster at 30 kV than at 5 kV when using high beam currents. This is attributed
to the smaller interaction cross-sections of 30 kV electrons [165], resulting in electrons
imparting less energy during transmission through the sample surface. Despite sample
specificity, the 0.1 — 5 kV range is considered advantageous for FEBID of angled NWs due
to the smaller interaction volume, where the incident beam provides an approximately

point-like source of SEs [82,157] and leads to more consistent deposition.

The precursor gas pressure was held constant, with fluctuations not exceeding 2 -
10~° Pa, which is believed to have negligible effects on composition or growth rate
[130]. The spatial distribution of precursor gas concentration is dependend on GIS
alignment [166] and has been observed to affect NW deposition reaction rate, geometry,
and atomic composition [130]. Although local gas concentrations were not measured,
they are assumed to be constant because GIS alignment and chamber pressure were

consistent for all samples.

Of the tested precursors, the Fey(CO)g molecule is more stable than Cos(CO)s, as
indicated by the higher required beam currents (Table 3.1) and threshold temperature
for TD [125]. In Figure 3.7b, the elemental composition of Fe NWs, in comparison to
CO, is less affected by variations in the SEM beam translation speed. This is attributed
to improved confinement of deposition reactions, as molecules outside the immediate

vicinity of the SEM beam are less impacted by scattered electrons or conducted heat. It
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should be noted that other FEBID precursor gases are available [120], and HCosFe(CO);5

has been used to successfully deposit ferromagnetic angled NW structures [67].

NW arrays [66], artificial spin ices [67], and 3D data storage [13| prototypes can be
fabricated with FEBID. Achieving uniform composition throughout these structures is
essential to ensure reproducible and reliable device performance. We have demonstrated
that a uniform material composition and high metal purity can be achieved when the
deposition parameters are optimised to confine the reaction volume to dimensions no
larger than the NW diameter, whilst using a high beam current. However, NWs grown at
angles 6 > 60° from the optic axis exhibit a twofold decrease in magnetic signal due to
reduced NW cross-sectional area. It may be possible to correct this in associated CAD
modelling software [79] by increasing the diameter, as the NW composition is largely
independent of growth angle using the optimised deposition parameters. The observed
decrease in metal purity was, on average, 0.1% per degree of . Better material uniformity
may be achieved by investigating how precursor gas concentration affects angled NWs,
or by using accelerating voltages below 5 kV, which would require the introduction
of additional sample features to enable fine focus. Additionally, the metal purity and
resultant magnetic induction (Figure 3.11) may be increased by thermal annealing
observed in vertical NWs (Figure 3.5), but the optimal temperature for preserving
nanostructure uniformity would need to be determined. Overall, using high electron
beam currents and optimising deposition parameters to limit the reaction volume has
significantly improved the uniformity of angled ferromagnetic FEBID NWs, which is

beneficial for the fabrication of uniform 3D nanostructures.

3.5. Conclusions

Strategies are discussed for optimising deposition conditions to improve material uni-
formity in 3D ferromagnetic FEBID nanostructures. This work demonstrates inherent
variation in the material properties of angled FEBID NWs deposited with a translating
electron beam, as compared to a stationary beam, and shows that these properties can be
tuned by adjusting the deposition parameters. Higher-energy electron beams penetrate
further into a material, which can delocalise the deposition reactions by irradiating a
larger volume. FEBID of angled Co NWs using a 30 kV beam reveals a reduction in
cross-section area and a decrease in metal content by up to 0.4% per degree of growth

angle relative to the optic axis. TEM characterisation confirms that the reduction of NW
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purity results in a corresponding weakening of the magnetic induction. Ensuring uniform
NW composition enhances the consistency of spintronic circuit prototypes fabricated
with FEBID. Consequently, angled NWs fabricated using different combinations of SEM
beam current, accelerating voltage, and precursor gas type were characterised to assess
compositional variations. By using the optimum conditions of: 5 kV accelerating voltage;
2.8 nA beam current; and the FeoCOg precursor gas, the decrease in NW metal content
was found to be limited to 0.1%/°, and the NW cross-sectional shape is preserved for
growth angles up to 60°. In summary, the angled NWs (0° to 60°) can be fabricated
compositionally uniform and ferromagnetic by tuning the FEBID parameters to confine

the deposition reactions to an interaction volume within the NW diameter.
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Figure 3.10. Magnetic characterisation of the Fe:,f) wwsample. (a) Magnetic induction
map with contour spacings of 1.3 rad. The underlying hologram was acquired
by Trevor Almeida. (b) Line traces of ¢, are from areas corresponding to the
white boxes in (a). The measured ¢y, is consistently smaller for higher 6. The
central band is denoted by dashed lines. (c) Correlation between 6 and B, in

the central band.

(@) 151 4  Co Data L
--- CMetal. ’/’ .
— 1.0 /:, ’/’,
N Mg
Q
| et
0.5 HH
0.0 T T
40 60 80

Co at. content, %

100

(b)

B, T

1.5+

0.5

i Fe Data

0.0
40

60 80
Fe at. content, %

100

Figure 3.11. Correlations between NW metal composition and associated magnetic
properties. (a) Correlation between mean B, and atomic Co content for FEBID
NWs. Black dots and dashed lines indicate the data and range of uncertainties
in previous works [42,140], respectively. (b) Correlation between mean B, and
Fe content for angled FEBID NWs. There is a correlation between metal content
and the strength of magnetic fields created by the NWs.
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(b)

Figure 3.12. Magnetic induction maps of Co NWs annealed at 350 °C for 30 min.
(a) and (b) were deposited using 21 pA and 86 pA beam currents, respectively.
Contour spacing is 1.3 rad and the inset indicated the direction of projected B.
Line traces of magnetic phase shift are acquired from the areas corresponding to
the white boxes and indicate B, consistent with previous works [42].
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4.1. Introduction

Experimental techniques for the characterisation of 3D magnetic spin structures are

required to advance the performance of nanoscale magnetic technologies. However, as

67
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component dimensions approach the nanometre range, it becomes ever more challenging
to analyse 3D magnetic configurations quantitatively with the required spatial resolution
and sensitivity. Here, we use off-axis electron holography and MBIR to reconstruct the
3D magnetisation distribution in an exemplary nanostructure comprising an L-shaped
ferromagnetic cobalt NW fabricated using FEBID. The approach involves using off-axis
electron holography to record tomographic tilt series of electron holograms, which are
analysed to reconstruct electron optical magnetic phase shifts about two axes with tilts of
up to £60°. A 3D magnetisation vector field that provides the best fit to the tomographic
phase measurements is then reconstructed, revealing multiple magnetic domains in the
NW. The reconstructed magnetisation is shown to be accurate for magnetic domains that
are larger than approximately 50 nm. Higher spatial resolution and improved SNR ratio
can be achieved in the future by using more specialised electron microscopes, improved

reconstruction algorithms, and automation of data acquisition and analysis.

4.1.1. 3D magnetic characterisation

As a result of advances in material characterisation, fabrication and the discovery of
increasingly complex spin textures such as skyrmions and hopfions [167|, there has been
a drive to explore the properties of 3D magnetic configurations. Spintronic circuits that
contain integrated magnetic NWs have been proposed for next-generation data storage
applications [10] and as physical components for improving machine-learning efficiency [11].
Spintronic computing is being developed due to its energy efficiency compared to capacitor-
based electronics [7]. However, most prototypes have been fabricated using 2D lithographic
techniques and the 3D stacking that would benefit commercial implementation has not
been optimised. For example, magnetic RM prototypes have demonstrated storage
and manipulation of data carried by magnetic domains in 2D patterned NWs. Their
extension into 3D NW architectures would increase the storage density per unit area [13].
As prototypes of 3D magnetic architectures are developed, experimental measurements
of magnetic structure and domain motion are required to guide further development
of RM-type technologies. The observables that are used to characterise ferromagnetic

samples are related by the equation
B = u(H(M) + M) , (4.1)

where M is the magnetisation vector field describing magnetic moment per unit volume, B

is the magnetic induction and g is the vacuum permeability. If no external magnetic fields,
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conduction currents or displacement currents are present, then H is the demagnetising
field, which is defined by the distribution of M. It should be noted that, in general,
B permeates all of space whilst M is local to the sample. Here, B arises from the
M within the sample, therefore reconstructing M gives a compact and simple local
configuration. X-ray imaging currently allows 3D reconstruction of M with sub-50-nm
resolution using magnetic laminography [168] and sub-70-nm resolution using Fourier
transform holography [169,170]. Theoretical predictions estimate a resolution for X-
ray laminography down to 20 nm [31]. In comparison, phase contrast techniques in
the TEM cannot be used to reconstruct M directly, but have been used to measure
B with a 3D resolution of 10 nm using electron holographic EH-VFT [48,104, 171].
Micromagnetic simulations are often used to interpret TEM measurements of B [22,107|.
Here, we use the alternative approach of applying MBIR to reconstruct a magnetisation
distribution M from experimental TEM measurements that are sensitive to B rather
than M. We discuss how magnetic and electrostatic signals obtained from electron phase
measurements can be used to improve the accuracy of the reconstruction, as well as
practical limitations to resolution and accuracy. In summary, previous works have used
EH-VFT to reconstruct B in 3D and theorised how M may be reconstructed. This work
shows an experimental reconstruction of M in 3D by applying MBIR to an EH-VFT

dataset.

4.1.2. Model-based iterative reconstruction of M

The theoretical development of MBIR for the tomographic reconstruction of M from
EH-VFT measurements has been described in detail elsewhere [172]. The most common
phase contrast techniques for magnetic imaging in the TEM [44, 45,173-175|, which are
often collectively termed Lorentz microscopy, all rely fundamentally on an interpretation
of the Aharonov-Bohm effect [41], which describes how the phase of an electron wave is
affected by electromagnetic potentials. The interaction of an electron wave travelling

with a magnetic induction field B results in an electron phase shift ¢,,q4, where

/B x dz = EVgomag : (4.2)
Qe

e is the electron charge, 5 is the reduced Planck constant, dz is a path element in the
incident electron beam direction and the phase gradient V,,,, is defined in a 2D plane
perpendicular to the incident electron beam direction. In principle, MBIR can be applied

to results obtained using all Lorentz microscopy techniques, as they are all sensitive
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to Ymaey- Here, the recovery of ¢,,,, from off-axis electron holograms is described in
the Methods section. Typically, H fields are present and therefore B and M are not
equivalent. For imaging conditions where H results only from the M configuration,
magnetic phase effects are considered to arise from the curl(M) component parallel to
the electron beam direction [176]. This curl(M) component, which can be regarded as
an Amperian current, is the origin of the B component that contributes to the electron
phase and is associated only with the sample. The M component of magnetic vortex
DWs has been measured under such conditions [177], but it required tilting of the sample
to evaluate all of the components of curl(M). The reconstruction error depends on
the type of sample, the angular imaging range and the correction of TEM instrument
misalignments. If a nanostructure can be tilted incrementally to high angles and 44
is detected from all parts of the sample, then all the information that is needed for
reconstruction can be obtained from the phase measurements. Simulation-based error

estimates for this experiment are discussed in the Methods section and Section 5.3.

The workflow for the reconstruction of M (Figure 4.1) includes: 1) Processing and
alignment of experimental data to construct a 3D geometrical model of the sample;
2) MBIR reconstruction of the M distribution that best matches the experimental data;
3) Optimal estimation diagnostics for evaluating reconstruction errors. The theory of
applying MBIR for M reconstruction has been developed and tested extensively using
simulated datasets [178]. The present work is an experimental development, which
addresses several sources of error, such as those caused by sample alignment [179], sample
drift, and surface damage. It also builds on other previous work on the 3D reconstruction

of M from experimental electron microscopy data [180].

4.1.3. Null spaces in electron phase measurement

In Lorentz microscopy, some configurations of M [181] contribute no signal to experi-
mental measurements made in projection and can be described as null spaces, where M
may be reconstructed falsely as being close to zero [182]. In such projections, the vector
components of M can sum to zero or have non-zero divergence of M. In some cases,
tilting the sample can reveal the hidden components. However, divergent components
can remain undetectable even when tilting of the sample is used. As a result, some
configurations of M, such as Néel-type magnetic DWs, cannot be reconstructed fully
because they contain some states of M that do not create a detectable TEM signal in

any projection, as discussed in Section 5.5. It has been experimentally observed [183]
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and mathematically proven [182], that Néel-type DWs in both out-of-plane and in-plane
magnetised films include eigenstates of the M distribution that do not result in electron
phase shift. Such states cannot be reconstructed without making use of additional con-
straints, and examples of the application of MBIR to such states are discussed in Section
5.5. It should be noted that null spaces are unlikely to be present in the experimental
reconstruction described in this chapter because divergent M configurations are not
observed in FEBID Co NWs in either this or previous works [31].

Finished
Electron Phase l
Measurements Magnetic
Phase Shift »<{ Comparison Continue. Error Analysis
Measurements
Magnetic—»|
Phase Shift Tomographic
Separation Alignment
Electrostatic
v
e Magnetic Iterative 3D
» Phase Shift «— Refinement Magnetisation
Model . N N
Simulations Step Reconstruction
Alignment MBIR Diagnostics

Figure 4.1. Workflow for 3D magnetisation reconstruction. The red boxes indicate the
primary processing steps: alignment, reconstruction using MBIR, and diagnostics.
The steps are shaded to indicate the data type that is being processed: 2D phase
images (green), 3D magnetic vector fields (blue) and a 3D electrostatic scalar
field (yellow). Datasets are processed to generate both a geometrical mask that
defines where the magnetic material is located and a series of magnetic phase
shift measurements corresponding to B field projections. At each iteration, a
distribution of M is generated, and then its magnetic phase shift is simulated
and compared to the measurements. The iterations are repeated until an optimal
M is found. Optimal estimation diagnostics are performed to assess random and
systematic errors in the reconstruction. The reconstruction is improved by accurate
alignment of the experimental data. Reproduced with permission from [1].

4.2. Methods developed for vector field tomography

4.2.1. Sample fabrication and characterisation

An L-shaped intersection between ferromagnetic cobalt NWs was studied, as it is similar
to an element of a 3D RM configuration, in which structural features can act as magnetic
DW pinning sites. In order to permit TEM imaging of magnetic states at such pinning
sites, free-standing cobalt NWs were fabricated on a copper substrate using focused

electron beam deposition (FEBID) in an SEM [42,79]. As shown in Figure 4.2, a precursor
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gas is injected into the SEM chamber and cobalt is deposited at locations where the
electron beam interacts with the sample. The geometry of the deposited structure is
controlled by translating the electron beam in a controlled manner using the SEM scan
coils. The structure shown in Figure 4.3a, which consists of two intersecting NWs, was
defined using CAD [79] and deposited by electron irradiation of a Coy(CO)s precursor
in an FEI HELIOS Plasma focused ion beam SEM. Deposition was performed using a
30 kV electron beam with a 690 pA beam current and a 6 x 107> Pa chamber deposition
pressure. The dimensions and morphology of the sample were determined by imaging
the intersection from multiple tilt angles in the SEM, such as the top-down image show
in Figure 4.3b. Scanning TEM electron energy-loss spectroscopy (EELS) was used for
chemical analysis of the green and red boxed regions marked in Figure 4.3a to obtain an
elemental map (Figure 4.3d) and cross-sectional line profiles (Figure 4.3¢). The EELS
results show that the NW core has a cobalt purity in the range of 45% to 60%, while
the surface is covered in a shell of carbon and oxygen. The radial dependence of the
cobalt content in the cross-sectional elemental map shown in Figure 4.3e suggests that
the deposition was performed in the beam-limited FEBID régime [131], in which the
material that receives the highest radiation dose during deposition has the highest purity.
Off-axis electron holography was performed to image the local magnetic configuration of
the sample. Prior to imaging in the TEM, the sample was saturated magnetically by
applying a 1 T magnetic field in the plane of the NW perpendicular to the substrate and
relaxed into the magnetic state shown in Figure 4.3c. The magnetic contribution to the
phase image records the gradient of the projected in-plane components of B, according
to Equation 4.2. It is affected by local variations in cobalt purity, projected sample
thickness and the orientation of curl(M). As the present sample contains a head-to-head
magnetic DW with a vortex configuration, tomographic reconstruction is needed for full

magnetic characterisation.

4.2.2. Electron holographic vector field tomography

In this work, off-axis electron holography [37]| is chosen as the preferred magnetic
characterisation technique because it retrieves the electron phase shift directly and has a
high phase sensitivity of 0.016 radian RMS noise for a 10 s exposure time per phase image.
It also causes minimal sample damage when using a low electron flux of 200 e/nm?/s.
Tilt series of off-axis electron holograms for EH-VFT were recorded using an FEI Titan
G2 60-300 TEM at 300 kV. A voltage of 100 V was applied to the biprism, resulting
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Figure 4.2. FEBID in a SEM. Cobalt is deposited locally where the electron beam interacts
with solid material. The electron beam is translated to control the location of the
deposited material. Reproduced with permission from [1].

in electron holograms (Figure 4.4a) with an interference fringe spacing of ~ 3.1 nm, as
shown in the left inset to Figure 4.4a. The phase shift (Figure 4.4b) was determined from
the inverse FFT of one of the sidebands of each hologram, as shown in the right inset
to Figure 4.4a [37,159,160]. At each sample position, five holograms with individual
exposure times of 2 s were recorded and the corresponding phase images were averaged
to reduce the effects of statistical noise. A large TEM pole-piece gap (~ 11 mm) and a
dedicated tomography holder [179] allowed the sample to be tilted by 360° about the

holder axis without removing it from the microscope.

Tilt series of off-axis electron holograms were recorded at 10° tilt increments over two
orthogonal arcs. The effective maximum tilt angles were limited to between -60° and 30°
and to between -60° and 0°, as the sample was shadowed by the holder and the substrate.
At the end of each arc, the sample was inverted relative to the beam and recorded a
second time to enable phase shift separation, which will be described later. The second
tilt series was recorded to reduce missing wedge artefacts and to prevent projection-based
null spaces [182]. Simulations of samples comprising uniformly magnetised NWs and
vortex configurations have shown that the use of smaller tilt increments has a negligible
impact on reconstruction quality [178]. Furthermore, simulations presented in Chapter
5.4 show that if a 10% difference between the volumes of the sample and its geometrical
model is assumed, then the difference between the reconstruction of M and the ground
truth is, on average, less than 10% per voxel. In order to separate the electrostatic and
magnetic contributions to the phase images, off-axis electron holograms were recorded

before and after turning the sample by 180°. This approach changes the sign of the
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Figure 4.3. Dimensions, morphology and chemical analysis of an L-shaped cobalt
nanostructure fabricated using FEBID.(a) Bright-field TEM side-view image.
The marked regions correspond to the elemental map (green) and cross-sectional
line profile (red) shown in (d) and (e), respectively. (b) SEM top-down image of
the tip of the sample. (¢) Magnetic phase contour image recorded using off-axis
electron holography, displayed as cos(6¢mag). The colours show the direction of
the projected in-plane B field. The sample outline is marked. (d) EELS elemental
map of the tip, showing the distributions of Co, O and C. (e) Cross-sectional
EELS elemental line profile, showing that the central 90 nm of the NW has a
cobalt content of between 45% and 60%. Reproduced with permission from [1].

magnetic contribution to the total phase shift, based on the expression [41,184],

o(x,y) = 0ar(V) + Pmag(A)

_27mqe 27q.

- /V(:c,y,z)dz+ > /A(:c,y,z)-dz, (4.3)

where (V) and @,,44(A) are the electrostatic and magnetic contributions to the phase
shift, respectively, v is the relativistic electron speed and dz and dz are scalar and vector
elements of the electron path, respectively. For a pair of such reversed holograms, half

of the sum and half of the difference of the measured phase images represent ., and
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Figure 4.4. Off-axis electron holograms and alignment of phase images. (a) Off-axis
electron hologram formed by the interference of two electron waves, one of which
has passed through the region of interest on the sample. The insets show a
magnified version of the region inside the red box (lower left) and an FFT of the
electron hologram (lower right). The green circle in the FFT marks the sideband
that was used to used to calculate (b). (b) Total phase image obtained from an
inverse FFT of the sideband. The inset shows a line profile of the electrostatic
and magnetic contributions to the total phase shift along the blue line. (c) Steps
in the alignment of phase images recorded before and after flipping the sample by
180° to separate the electrostatic and magnetic contributions to the phase. Image
distortions resulting in misalignment (top) are corrected by applying an affine
transformation (bottom). Reproduced with permission from [1].

©mag, Tespectively. Unfortunately, physically turning the sample over by 180° introduces
misalignments between the phase images. These misalignments were corrected by using
an automated Python script to identify matching features at the sample edges [185-187].
Linear distortions caused by the misalignment of the electron optical system of the TEM
were corrected by using an affine transformation to provide an optimal match between
the edges of each phase image pair, as shown in Figure 4.4c¢. In the present study, the
images were found to be elongated by 2% in a direction that forms a 75° angle with
the tilt axis by tilting a calibration sample by 180° and tracking fiducial markers. By
applying the affine transformation, phase separation artefacts were reduced to below the
noise level, such that they were not detectable in line profiles. This approach ensures a
consistent separation of ¢, and ¢;,.4, as shown in the inset to Figure 4.4b. It should

be noted, that all necessary software packages are listed in Appendix A, examples of
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intermediate steps of the hologram-to-phase calculation are shown in Chapter 2.6, and

the processing steps of phase shift separation are illustrated in Figure 4.5.
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Figure 4.5. Separation of electrostatic and magnetic electron phase shift. (a) Total
phase shift images at -3.7° tilt (top) and 176° tilt (bottom). Both images were
rotated such that the electron beam is out-of-plane, and have been aligned with
sub-pixel precision using the edge detection method. (b) The images in (a) are
added & divided by two to calculate ¢ (top), and subtracted & divided by
two to calculate ¢y,q9 (bottom). (c) Both images are further processed before
reconstruction with MBIR. A threshold is applied to the ¢, to define the sample
outline (top). Ymag is rebinned from 0.65 nm pixel size to 10.2 nm pixel size to
reduce reconstruction computation time, and the overlap region of images in (a)
is set as the confidence mask. Reproduced with permission from [1].

4.2.3. Alignment of phase images

As each ¢,,,, image can have non-rectangular borders or include pixels at which the
hologram-to-phase calculation resulted in errors, a confidence mask was used to identify
the areas in each image that contain ¢,,,, measurements. The ¢, image was first
flattened to remove background ramps resulting from effects such as electron-beam-
induced charging and the perturbed reference wave. A threshold was then used to define
a mask that identified where the sample is located at each tilt angle. If elemental mapping
was performed, as shown in Figure 4.3e, then the threshold could be fine-tuned to include
only ferromagnetic material in the mask. These binary masks were used for aligning the

phase images in each tilt series.
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Since the present phase images have a spatial resolution of no better than 6 nm due to
the chosen hologram fringe spacing, tomographic reconstruction was found to be highly
sensitive to small image misalignments. Furthermore, the sample orientation was not
known precisely during acquisition, as only relative tilt angles between phase images A#;
were measured. The projection positions shown in Figure 4.6a were therefore refined by
using an axial-symmetry-based implementation of the common lines method [188]. As
illustrated in Figure 4.6b, at every sample tilt angle Af; there is a unique projection
orientation «;, and the two are related via geometrical parameters: ¢ is the observed
detector rotation relative to the sample tilt axis; 6 is the starting tilt of the sample; «y
is the sample orientation at 0° tilt. a; can be measured by finding the sample symmetry

axis from the electrostatic phase maps, as shown in Figure 4.6¢c. The equation
tan (o + ¢) = tan (ag + @) cos(6y + Ab;) (4.4)

is then true for all projections and can be solved to find unknown constants («g, ¢, o)
defining the absolute sample orientation. For a single tilt series i € [1,...,n] and, if the
number of projections n > 3, the system of equations is over-defined and can be solved
numerically by using multivariate minimisation [189]. Once they have been aligned, the
electrostatic phase images can be back-projected to compute a scalar CT reconstruction,
as shown in Figure 4.6d, which defines the geometry of the sample. In order to correct for
missing wedge artefacts, the geometrical model (Figure 4.6d) can be cropped to match
the sample dimensions observed in the SEM images (Figure 4.3b). The refined model
is used in the reconstruction of M to define where the magnetic material is located.
As the alignment algorithm is imperfect, blurring of features is observed and the 3D
spatial resolution of the CT reconstruction is poorer than the 6 nm 2D resolution of the
phase images. As using a smaller voxel size did not improve the resolution of M, the

reconstruction uses a 10.2 nm voxel size.

4.2.4. Three-dimensional reconstruction of M

In order to reconstruct the 3D distribution of M, a forward model was used to simulate
tilt series of magnetic phase images based on the geometrical 3D model of the sample
(Figure 4.6d) [190]. In order to determine the best-fitting values of M in the model that

would simultaneously satisfy all of the magnetic phase measurements, a cost function that
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Figure 4.6. Alignment of tilt series of phase images and generation of a 3D geo-
metrical model of the sample. (a) Schematic diagram showing the angular
position and sample outline of each magnetic phase image used in the reconstruc-
tion. The direction of the electron beam is shown in red. The arcs of rotation
of the sample are shown in black. (b) Rotations that define the projections for
a conically-symmetrical element, showing the sample tilt A#;, the projection
direction «; and the rotation between the detector and the tilt axis ¢. (c) The
centre of an axially-symmetrical part of the sample can be identified in each
projection and used to align the projections. (d) 3D tomographic reconstruction of
the masks in the aligned projections performed to generate a model representing
the sample geometry. A 10.2 nm voxel size was used because features smaller
than 10x10x10 nm cannot be resolved due to tomographic misalignment and using
smaller voxel sizes would not improve the spatial resolution. Reproduced with
permission from [1].

could be minimised to determine the closest fit was defined according to the expression

C= Z (Spi,meas - Qpi,Sim(M))z

+ A Y (VM- VM) + Aovar(| M) | (45)

J
where C' is the cost to minimise, M, are the magnetisation vector field components, ¢;
are the phase image pixels, A are the regulariser weights, V is the gradient operator and
"var" is the variance operator. As there are multiple equivalent solutions, regularising
terms were added to favour solutions that exhibit a low gradient and a low variance in

the magnitude of M. The low gradient was chosen to favour ferromagnetic solutions,



EH-VFT Magnetisation Reconstruction 79

while the low variance was chosen to favour solutions comprising similar materials. The
cost function was minimised by using a CG method [191] and initialised with M = 0.
The regulariser weights (A in Eq. 4.5) could be varied over 3 orders of magnitude
and the reconstruction retained the same features, confirming that the solution was
measurement-based. The reconstructed 3D distribution of M,... was obtained for A\; = 1,
which is the minimum value needed to lift the degeneracy between ferromagnetic and
ferrimagnetic order, while Ay = 0.1 reduces surface artefacts without affecting the rest

of the reconstruction.

Figure 4.7a shows that the sample cotains multiple magnetic domains and that
the magnitude of M,.. is greatest at the lower part of the intersection (denoted by
the length of the arrows), in agreement with the radial cobalt distribution shown in
Figure 4.3e. In order to view the positions of magnetic DWs inside the structure, angles
between pairs of neighbouring vectors were computed. The maximum angles are shown
in Figure 4.7b. An angle of ~ 90° identifies the core of the vortex DW, while the dashed
blue line shows the direction of the core, which corresponds to the curl(M,..) direction
in sub-volumes around the vortex core. The magnetic vortex state occupies the full
~ 200 nm x 200 nm x 100 nm volume of the NW intersection. The U-shaped vortex
core has a length of 350 nm. Figure 4.7c-d shows z slices extracted from M,... at the full

resolution of the reconstruction, containing intersections with the vortex magnetic DW.

4.2.5. Diagnostics of the reconstruction

The influence of noise on the resolution of the reconstruction was assessed by using a
Fourier shell correlation. This approach involved halving the 3D M,... dataset through
random sampling and interpolating the missing values. Figure 4.8 displays an estimate of
the SNR per spatial frequency band in the 3D reconstruction volume. The correlation is
plotted relative to the 3 bit SNR threshold commonly used in X-ray tomography [192]. It
reveals that any feature larger than 14.8 nm has sufficient SNR to be interpreted directly.
The resolution limit of ~ 1.5 pixels due to noise is regarded as conservative, since noise
is suppressed in regularised reconstructions. Hence, systematic uncertainties are also
considered. If the angle between neighbouring atomic spins is larger than 30°, then the
micromagnetic energy expressions are no longer valid [22]. The maximum spin angle in
Figure 4.7b corresponds to the positions of DWs and suggests that the calculations are

valid in most of the sample, although voxels at the core of the vortex are not resolved.
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Figure 4.7. Reconstructed 3D magnetisation distribution M,... in the cobalt nanos-
tructure. The reconstruction is a 3D vector field, which maps the directions
and magnitudes of the magnetic moments inside the sample. (a) 3D M. vector
field. (b) Maximum angle between neighbouring spins, projected along the z
and y axes. The dashed lines follow the core of the vortex-type magnetic DW.
(¢, d) Single-plane slices of the M. vector field shown with full spatial resolution.
The insets mark the locations of the slices. The vortex core is marked as in
(b). Blue arrows mark where the slices intersect the vortex core, which intersects
the top slice (¢) once and the bottom slice (d) twice. The star in (d) denotes a
voxel selected for diagnostics of the reconstruction. Reproduced with permission
from [1].

Other uncertainties can be identified by using optimal estimation diagnostics [193|, by
assuming that all M vectors and phase image pixels have probability density functions
that can be described by a normal distribution. The reconstructed magnetisation M,...

can be expressed as the true distribution of M transformed by an averaging kernel matrix
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Figure 4.8. Fourier shell correlation. Evaluation shows that reconstructed features larger
than 14.8 nm can be interpreted directly. Reproduced with permission from [1].

A, which is further affected by measurement errors €, according to the error gain matrix

G:
M,..= AM + Ge . (4.6)

A and G were determined for the M,.. vector denoted by a star in Figure 4.7d, which
has poMs; = 0.78 T and is well resolved with a maximum spin angle of 13°. G is
used for linear error propagation because it expresses the error on a single M,... vector
as a function of error on every pixel in experimental phase measurements. The phase
measurement noise of 0.016 rad per pixel was determined by calculating the standard
deviation of the vacuum measurements and is mapped by G to a ugM, error of 0.001 T.
The experimental and simulated phase images used in the cost function in Eq. 4.5 cannot
match perfectly due to experimental misalignments, resulting in a residual distribution
Figure 4.9 corresponding to a RMS error of 0.38 rad. Forcing the reconstruction to match
any one image perfectly would, on average, introduce a perturbation that maps to a
oMy error of 0.009 T. A is a measure of spatial averaging during the reconstruction
and shows that, in order to calculate a single M,... vector, information is taken from
a volume around the central position, as illustrated in Figure 4.10. For this voxel, the
point spread function has an average FWHM of 43 nm. The evaluation of A is equivalent
to changing the value of one voxel of M,... and repeating the reconstruction to quantify
systematic errors. As error propagation and perturbation mapping for other voxels yields
similar results, the poM; measurement precision is determined to be 0.01 T per pixel

and the spatial resolution to be better than 50 nm.
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Figure 4.9. Magnetic phase shift reconstruction for a sample tilt angle of -3.7°.
(a) Experimental magnetic phase image. (b) Magnetic phase image calculated
from the reconstructed magnetisation distribution. (c) Difference between (a)
and (b). The inset shows the distribution of residual differences for magnetic
phase images at all tilt angles. The residuals are used to estimate the M,..
reconstruction uncertainty. Reproduced with permission from [1].

For the present dataset, it would have been possible to perform the reconstruction with
a voxel size of 5.1 nm instead of 10.2 nm. However, smaller voxels would have been affected
more strongly by noise and phase image misalignments, resulting in reduced precision per
pixel. During reconstruction, gradient regularisation is needed to obtain ferromagnetic
solutions. However, it also suppresses noise, applies smoothing to sharp features, and can
be adjusted to vary the trade-off between precision and spatial resolution. If the precision
for smaller voxels were to be increased to 0.01 T by adjusting the regulariser weights, it
would result in a similar spatial resolution, which is largely independent of voxel size for
voxels smaller than 10 nm. This behaviour is attributed to remaining uncorrected phase
image misalignments, which result in the smoothing of features in the reconstruction. By
using a 10.2 nm voxel size, the MBIR algorithm computes a reconstruction in 3 hours
using one core of an Intel i7 CPU. The algorithm optimisations are discussed in the
Chapter 5.2. Achieving a higher resolution would require more advanced image drift and
distortion correction, optimised reconstruction software that computes faster, and the

cumulative acquisition of larger datasets.
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Figure 4.10. 3D point spread function, showing the spatial distribution of informa-
tion content for the voxel denoted by a star in Figure 4.7d. For the
present dataset and reconstruction procedure, the information contained at this
point in space is spread over a volume with an average FWHM of 43 nm, in part
due to computational limitations. Reproduced with permission from [1].

4.3. Numerical accuracy of three-dimensional

magnetisation reconstruction

4.3.1. Uniform region reconstruction

As described in the preceding section, EH-VFT and MBIR were used to record and
reconstruct the 3D distribution of M. in a sample comprising two intersecting NWs.
Figure 4.3e shows that the NWs contain a mixture of cobalt and organic compounds, which
transitions from a 60% cobalt content in the core to a pure carbon shell at the surface.
Since the cobalt is dispersed within the carbon matrix in nanocrystalline form [140]
and bulk cobalt has poM, = 1.75 T [140], the NWs should exhibit poM, < 1.1 T, as
observed for the NW distribution in Figure 4.11. The few outliers with poM; > 1.1 T
are likely to be artefacts at the interface between the magnetic material and the vacuum
region, where magnetic voxels that are designated as non-magnetic force the reconstruction
to increase the value of M, locally. In other parts of the sample, surface voxels contain
non-magnetic material where M is close to zero. Surface reconstruction artefacts are
present in part because missing wedge correction for the geometrical model is not perfect,
as discussed in the Chapter 5.4. The threshold for creating the 3D geometrical model
shown in Figure 4.6d was refined after the first reconstruction, so that similar amounts of
over- and underestimating surface artefacts were present. A discussion of the threshold

for the geometrical model and a line trace showing surface artefacts are included in
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Figure 4.12. Such surface artefacts are also identifiable for the full sample, as voxels
with puoM, > 1.75 T, as shown in the histogram in Figure 4.11. Such errors could be
reduced in the future by using smaller voxels and improved tomographic alignment and
distortion removal algorithms. Both NWs have single magnetic domain configurations
at a distance of 200 nm from the intersection, with pugM; = 0.7+£0.2 T in the left
NW and poM; = 0.54+0.2 T in the right NW. M, has previously been measured for
varying cobalt contents of FEBID NWs [140,194], but the measurements were corrected to
exclude the non-magnetic shell. The latter correction can be replicated by assuming that
in Figure 4.3e the compositional line profile corresponds to a circular-cross-section NW
with a 100-nm-diameter magnetic core, resulting in an estimated average cobalt content
of 61% with 4% standard deviation, which would correspond to pgM, = 0.5£0.1 T.
The reconstructed value of M, is consistent with the predicted values, but shows a

higher standard deviation due to surface artefacts.
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Figure 4.11. Distribution of magnitudes of the reconstructed magnetisation distri-
bution M,... Shown for all of the voxels in the sample in blue and for the
voxels in the NW on the left side of Figure 4.7a in red. The bin size is 0.02 T.
The distributions result from material composition variations and reconstruction
artefacts. Reproduced with permission from [1].

4.3.2. Multi-domain reconstruction

The primary advantage of reconstructing M,.. is to allow the visualisation of local
variations in magnetic domains and the twisting of magnetic DWs. Figure 4.7a and
Figure 4.3c are projected along the z axis. The close-to-anti-parallel M,... vectors in
Figure 4.7a explain the phase shift variations at the NW intersection in Figure 4.3c. The
curl(M,..) direction in Figure 4.7b shows that in Figure 4.3c only part of the vortex has

its curl oriented close to the z axis, while the other part is more in-plane and requires
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imaging about a second tilt axis for a sufficient signal to be detected. The magnetic vortex
core is curved to favour its positioning at the protrusion at the bottom of the intersection,
which is considered to be a DW pinning site. The limited spatial resolution is evident in
Figure 4.7c, where the vortex core has a lower value of M, than the surrounding material
due to spatial averaging of vector components of opposite sign. This averaging is a
result of the regularisation in Eq. 4.5, in which the preferential selection of solutions with
low gradients introduces smoothing. Although this smoothing is necessary to constrain
solutions for M,.. to retain ferromagnetic ordering, the averaging of anti-parallel vectors
offsets M, values at the vortex core. In the present experiment, the M, offset due to
spatial averaging is negligible when compared to variations in material composition. The
elemental map shown in Figure 4.3d indicates that the cobalt content at the intersection
is elevated to 70 £+ 15%, with a predicted poM; = 0.8+£0.5 T [31,140,194], in close
agreement with the value of oM, = 0.940.3 T measured from the reconstruction.
The correlation between M, and atomic Co content agrees with previous work, and the
distributions are shown in the supplementary Figure 4.12. The magnetic DW occupies
the full box ~ 200 nm width of the intersection, which is comparable to the ~ 100 nm
magnetic DW width of transverse head-to-head DWs that previously observed using
magnetic X-ray laminography in 80% purity FEBID cobalt NW double helixes [31].
In summary, MBIR has provided accurate measurements of M for a U-shaped vortex
magnetic DW of width 200 nm, but is less sensitive to sub-50 nm M, variations in the
present study due to limitations in spatial resolution and sensitivity that can be overcome

in future experiments.

4.4. Applicability of EH-VFT reconstruction to other

datasets

4.4.1. Algorithm improvements

The 3D spatial resolution of the reconstruction could be improved significantly by reducing
the voxel size, as this would reduce the extent of spatial averaging. Since imposing
ferromagnetic ordering requires a comparison of neighbouring voxels, the resolution is
limited to approximately three times the voxel size. Therefore, a 3D resolution of 3 nm
would be possible if a 1 nm voxel size were used. Such a resolution improvement would

increase the computation time by a factor of one thousand. However, the MBIR algorithm
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Figure 4.12. Correlation between M reconstruction and EELS mapping. (a) Average

M magnitude projected at 0° tilt. (b) EELS scan showing projected Co atomic
content at 0° tilt. The image was interpolated and rotated to match the scale and
number of pixels in image (a). (c¢) Linetrace showing M magnitude for one line
of voxels in the reconstruction. The z-coordinate of the line trace is in the centre
of the reconstructed volume, and the x-coordinate position and y-coordinate
extent correspond to the dashed line in image (a). (d) correlation between
overlapping pixels in images (a) and (b). The data points are semi-transparent
to show overlap, and a calibration between the atomic Co content and B in
high-aspect-ratio FEBID NWs [140] is shown in black. (c¢) shows an artefact on
the left side, which is attributed to surface digitisation and is believed to be the
result of general tomographic misalignment. If the geometrical model were too
small, artefacts on both sides would be expected. The majority of data points in
(d) are close to predictions from previous work, and there are similar amounts of
under- and over-estimates attributed to artefacts in reconstruction or alignment
of images (a) and (b). The points showing non-zero My when Co content is less
than 40% do not follow the expected trend and are believed to correspond to
areas where ferromagnetic and paramagnetic materials overlap in projection, or
regions where inaccurate values are assigned to vacuum due to limited spatial
resolution. Overall, most reconstructed data points agree with previous works,
even though some artefacts are present. Reproduced with permission from [1].
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can be parallelised to benefit from computing on dedicated servers and CG minimisation
could be optimised by a linear least squares solver to reduce the number of minimisation
steps if the variance regularisation in Equation 4.5 was removed [189]. The current
symmetry-based tomographic alignment shows up to 10 nm image alignment errors
when applied to samples comprising more than a single cylindrical NW. More general
algorithms would be suitable for other samples [188,195|. Off-axis electron holography
can provide measurements of phase shift with sub-nm spatial resolution by reducing
the interference fringe spacing on a dedicated electron microscope [37], ultimately with

atomic spatial resolution in magnetic-field-free conditions [39].

4.4.2. Outlook

The present study provides a quantitative reconstruction of the 3D distribution of M
for a cobalt nanostructure using EH-VFT. Similar datasets have previously been used
to reconstruct 3D distributions of B [48,49,105|. 3D reconstructions of M were tested
for a range of NWs of varying purity. A NW intersection was chosen for this paper,
as it combines the complexity arising from the non-uniformity of the material with
the possibility of projection-based null spaces from a 3D vortex magnetic DW. The
reconstruction is shown to be accurate based on 16 projections with a 10° angular spacing
over two tilt axes with sub-50-nm spatial resolution. For other nanostructures, the

reconstruction of M is likely to be possible if the following conditions are met:

e The sample geometry must be defined. Errors arising from an inaccurate geometrical

model are discussed in Chapter 5.4.

e The phase shift arising from all components of M must be measured. In general,
two complete tilt series are necessary. In the case of uniform NWs and vortex
states, lower tilt ranges are viable, but the reconstruction error is then increased, as

discussed in Chapter 5.3.

e There should ideally not be external magnetic fields, or conduction or displacement

currents, in the sample, in order to ensure that the measured phase shift is solely

due to M.
e The sample must be ferromagnetic. This is a requirement for the MBIR algorithm.

If null spaces are present, then they only affect the corresponding sub-volume, as discussed

in Chapter 5.5. The ferromagnetic nanostructure shown in this paper satisfies the above
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conditions because the sample dimensions were measured during fabrication and were used
to correct for missing wedge artefacts in the geometrical model, while the configurations
of M that are present in the sample do not create null spaces and can, in principle, be
reconstructed with an error of less than 1% when imaged over 4 60° tilt arcs. I addition,

the sample is isolated from other material that may accumulate charge or be magnetised.

Previous works have shown 2D reconstructions of M [196,197|, while an alternative
MBIR implementation [180] has provided only a qualitative 3D reconstruction. Mi-
cromagnetic simulations [69, 107] are a common approach to 3D quantification, but
require a knowledge of the magnetic properties of the material, whereas MBIR can, in
special cases, reconstruct M without such prior knowledge. Quantitative measurements
have been reported using both X-ray and neutron tomography [30,31,168-170|, with
a spatial resolution of 50 nm for X-ray laminography. MBIR results agree with X-ray
tomography and micromagnetic simulations of similar FEBID nanostructures [31]. When
computational limitations are resolved to improve spatial resolution, MBIR would be
uniquely suited to characterise 3D magnetic nanostructures, such as NW junctions,
interfaces in nanoparticles, Bloch-type skyrmions on curved surfaces, and hopfions. In
total, this method reconstructs projections of B, projections of electrostatic potential,

3D distributions of M, and 3D geometry of nanostructures.

4.5. Conclusions

MBIR has been applied and further developed to measure the 3D distribution of mag-
netisation M in a FEBID ferromagnetic nanostructure from multiple projections of the
magnetic induction field recorded using off-axis electron holography. The effect of null
space limitations on the uniqueness and accuracy of the reconstruction has been assessed.
The results agree with X-ray tomography of similar structures. Optimal estimation diag-
nostics show that the reconstruction has a precision of 0.01 T at each voxel. The present
spatial resolution of several tens of nanometres is restricted primarily by computational
limitations and can be improved greatly in future experiments (towards the atomic scale)
by using a smaller voxel size, more specialised electron microscopes, and improved image

processing.



Chapter 5.

The Feasibility and Interpretability of
Model-Based Iterative Reconstruction

of Magnetisation in Three Dimensions

“After a little algebra.”
— Edmundas Kuokstis, 2015

5.1. Introduction

The mathematical derivation of 3D magnetisation reconstruction assumes that projections
are acquired over two orthogonal 360° arcs, and that M is mostly non-divergent [178]. In
practice, these assumptions may not be met, which can introduce statistical uncertainty
into the reconstruction or create artefacts. Therefore, simulations are used to evaluate
the types of errors that arise when performing MBIR with imperfect datasets. In this
chapter, models of common nanostructures are generated, the corresponding EH-VF'T
datasets are simulated with a limited number of projections, MBIR is performed, and
the reconstructions are compared with ground truth. Hence, it is shown how numerical
accuracy is affected by limited sample tilt ranges, 3D geometric model precision, and

null spaces.

89
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5.2. MBIR simulation framework

Fundamentally, MBIR is a least-squares fitting algorithm that was optimised for the
simultaneous fitting of millions of discrete magnetic moments, equivalent to a M distri-
bution in 3D space. During MBIR, a forward model F' is used to calculate a tilt series
of simulated magnetic phase images that correspond to a magnetisation distribution
M [190].

P1,caley -+ Pn,cale = F(M) (51)

Conversely, if M is not known and phase shift measurements 1 meas, -, Pnmeas are
available, a corresponding M distribution can be determined by minimising a cost

function of the form

C =Y (Gimeas — o (M)icatr) + M(VOM - VOM) + Ay var(M|).  (5.2)

Where C' is the cost, A are the regulariser weights, V©® is the element-wise gradient
operator and ‘var’ is the variance operator. Since M is represented by many discrete
variables, regularising terms are used to ensure numerical stability as C' converges to its
minimum value. The minimisation converges to a solution more rapidly if the regularising
terms also decrease as the solution is approached. For example, a low M gradient is
favoured in ferromagnetic materials, and a small | M| variance is optimal in samples
containing similar materials. The cost function is minimised by using a preconditioned
CG method [198] to find the optimal M. In the phase object approximation, the forward

model for phase image calculation can be written in the form [190]

R (y—y) Ma(z,y) — (& —2") My(2,y) 4 s 0
90(1', y)z,calc = 2(1)0 // (.I' — .CIZ’/)2 I (y — y/>2 d dy . (53)

Where @ is a magnetic flux quantum and M, & M, are the x and y components of the
M projection in plane i, respectively. The use of a geometrical model to describe the
sample defines the bounds of the integral, thus limiting the number of magnetisation
voxels required for the calculation. Furthermore, the numerical convolution algorithm
for Equation 5.3 can be optimised by implementing it in reciprocal space. Instead of
evaluating the integral for each projected magnetisation pixel, the pixels can be assumed
to be magnetised disks, for which the phase shift can be expressed analytically. All of

the phase image pixels can then be calculated simultaneously by convolving the phase
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contribution from a magnetised disk with all the positions of the magnetic moments.
This approach improves the scaling of the execution time from being proportional to N*
to N2log(NN), where N is the number of magnetisation voxels. Overall, M reconstruction
is a large-scale least-squares fitting problem, which uses iterative algorithms to fit an
equation that projects and convolves a 3D distribution of magnetic moments to calculate
phase shifts in multiple projections. This calculation is non-trivial, therefore care must
be taken when interpreting results, and systematic sources of error are investigated by

performing simulations.

5.3. Reconstruction of simulated uniformly-magnetised
NWs

Simulations have previously been used to assess how the tilt range, tilt increment, and
initial orientation of the sample can affect the accuracy of 3D M reconstruction [178]. It
was found that a magnetic vortex state can be reconstructed with an average error below
1%, regardless of the orientation of the sample, by acquiring two orthogonal tilt series
each spanning =+ 60°. For comparison, the sample described in Chapter 4 contains both
a magnetic vortex state and uniformly-magnetised regions. In this instance, imaging was
performed over two tilt series with 10° tilt increments and tilt ranges of —60° to 30° and

—60° to 0° around the x- and y-axes, respectively.

To assess reconstruction errors in uniformly magnetised regions of the sample, 400
nm-long, 50 nm x 50 nm square-section NWs were simulated with select magnetisation
orientations and voxel size of 2.5 nm. In the simulations presented below, a 0° tilt
orientation corresponds to the electron beam travelling along the z-axis, as shown in
Figure 5.1, and po|Mgim| = 1T without loss of generality. The simulated NW is
considered the ground truth Mg;,,, from which phase images are calculated using the
MBIR forward model. In order to reveal computational errors, the output phase images
are then used to reconstruct a M distribution that is subtracted from the ground truth.
The errors are displayed as Nﬁj}:—l:ﬂM -100%. It is initially assumed that the 3D geometric
model of the sample is known, but the effects of an imperfect geometry reconstruction

will be discussed in Section 5.4.

Figure 5.1a presents a simulation of a NW magnetised along the x-axis, where a phase

measurement acquired at 0° tilt angle yields the phase contour map shown in Figure 5.1b.
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Using the same tilt increments and ranges for the experiment described in Chapter 4,
Figure 5.1c shows that the distribution of M determined by MBIR produces an error
below 3% in the majority of the NW’s volume, except for a small number of voxels at
the corners. The average error in the magnitude of M from the NW cross-section is
below 1%, as shown in Figure 5.1d. If the direction of M is oriented along the y-axis
(Figure 5.2a), then a smaller total phase shift is detected, as evident in Figure 5.2b.
Figure 5.2c shows that the errors in the magnitude of M determined using MBIR are
again largest at the sample corners, whilst Figure 5.2d reveals that the average error
in the cross-section is also below 1%. When the direction of M is oriented along the
z-axis, as shown in Figure 5.3a, no magnetic phase shift is detected at 0° (Figure 5.3b).
Figure 5.3c again confirms that the largest errors are located at the sample corners, whilst

Figure 5.3d demonstrates that the average error in the cross-section is also below 1%.
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Figure 5.1. Reconstruction of a simulated NW magnetised along the x-axis. (a)
Model showing the sample geometry and the M direction. (b) Phase contour
map at 0° tilt, coloured to show the direction of the projected in-plane B field
(inset), displayed as cos(12¢p,,). The sample outline is marked in white. (¢) M
vectors reconstructed with error greater than 3%. (d) Average M magnitude error
in the cross-section. The greatest errors are at the corners of the NW, where the
separation of M and H is most ambiguous. Reproduced with permission from [1].

When using the same tilt range as in Chapter 4, these three simulations demonstrate
that the average error in the magnitude of the reconstructed M is less than 1% for

uniformly magnetised NWs. Reconstruction errors close to the NW surface are attributed
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Figure 5.2. Reconstruction of a simulated NW magnetised along the y-axis. (a)

Model showing sample geometry and M direction. (b) Phase map at 0° tilt,
displayed as cos(12¢,,) and coloured to show the direction of in-plane B. The
sample outline is marked in white. (¢) M reconstruction error. (d) Average M
magnitude error in the cross-section. Reproduced with permission from [1].
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Figure 5.3. Reconstruction of a simulated NW magnetised along the z-axis. (a)

Model showing sample geometry and M direction. (b) Phase map at 0° tilt,
displayed as cos(12¢,,) and coloured to show the direction of in-plane B. The
sample outline is marked in white. (¢) M reconstruction error. (d) Average M
magnitude error in the cross-section. Reproduced with permission from [1].
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to the effects of digitisation (i.e., finite pixel size), and the limited and asymmetrical tilt
range, which affects spatial resolution at the interface between vacuum and sample [178].
Additionally, the reconstruction is less accurate at the sample corners, where the H field
is strong, as seen in Figure 5.2b, and discontinuous (Equation 4.1). This is attributed
to the localised mixing of H and M signals, centred at locations of discontinuous H,
and extending over a distance shorter than the spatial resolution (8 nm). The mixing of
signals is notably increased if there is insufficient projection data to fully constrain the
reconstruction. In summary, MBIR acts to find a distribution of M that minimises the
error between the simulated and input phase images, but the solutions are indeterminate
when using limited tilt ranges. In the simulations presented, the least constrained voxels

located at the corners exhibit the largest errors.

5.4. Uncertainty due to the missing wedge in

tomographic datasets

The geometrical model defines the spatial location of the magnetic sample and hence
affects the reconstruction. If the geometrical model of the square-cross-section NW in
Figure 5.4a was generated from experimental electron holograms with an inaccurate
missing wedge correction, it would typically be larger than the fabricated NW. The edges
of the NW appeared to be diffuse in the experimental images, due to uneven surface
texture and variations in material composition. This blurring often results in a ~5 nm
uncertainty in determining the position of the NW surface and limits the precision
of any missing-wedge correction, as discussed in Chapter 4. For this reason, a 5 nm
error was introduced during the missing wedge correction in the following simulation
(Figure 5.4) using the ground-truth model defined in Section 5.3. Figure 5.4b shows
a cross-section of a partially-corrected model generated for the same orientations as
Section 5.3. Since the model incorrectly treats select regions of vacuum as magnetic
material, the reconstructed distribution of M exhibits errors near the NW surfaces due
to spatial averaging. Figure 5.4c reveals that while the peak of the distribution matches
the correct value for the NW, spatial averaging at the vacuum/NW interface spreads the
range of | M| values. Figure 5.4d displays the average error in the cross-section, which is
influenced by an overestimation of the vacuum values and a reduction of the values in
the nearby material. The reconstructed distribution has a mean value of po| M| =0.92 T

and a standard deviation of 0.14 T. Overall, the results show that if surface errors are



Reconstructability of 3D Magnetisation 95

present, the reconstruction of a uniform magnetic domain produces a distribution of | M|

values, albeit one in which the peak is close to the true value.

Taken together, the simulations show that a uniformly-magnetised NW can be
reconstructed with an average error below 1% for the imaging orientations used in the
sections above. However, errors in the geometrical model of the NW can cause the
vacuum and material M values to combine near the surface. The extent of spatial
averaging is specified by the spatial resolution (8 nm), which is determined using methods
discussed in Section 4.2.5. Quantitative measurements are shown to be statistically
significant when the average value of M is calculated from a volume larger than the

spatial resolution.
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Figure 5.4. Reconstruction of a simulated NW with incomplete missing wedge cor-
rection. (a) Model showing sample geometry and M direction. (b) Reconstructed
geometrical model, showing the effect of the missing wedge in a cross-section. (c)
Reconstructed M magnitude distribution if the missing wedge is not corrected
fully. (d) Average M magnitude error in a cross-section, showing false values
assigned to vacuum and a reduced signal in voxels close to the false region. The
surface voxels are incorrect if there are errors when generating the geometrical
model. Reproduced with permission from [1].
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5.5. Reconstruction of simulated null spaces

Some distributions of M, like Bloch points [199], are invisible to LTEM, and therefore
act as an excellent test example for extreme cases of 3D M reconstruction. As shown
by Equation 4.2, LTEM is fundamentally sensitive to the B field, which is the sum
of M and H, as per Equation 4.1. Non-zero distributions of M can exist where the
associated B = 0. Such distributions often correspond to volumes of material where M is
divergent (V- M # 0), and are accepted to be invisible to LTEM imaging techniques [181].
Consequently, the MBIR algorithm is coded to reconstruct visible signals only, assigning

a value of M = 0 to any volume that does not produce a phase shift.

The inability to experimentally distinguish between V - M # 0 and M = 0 indicates
that some M information is lost during LTEM measurements. In simulations, phys-
ical processes that cause information loss correspond to non-invertible mathematical
operations in the MBIR forward model. Information can be lost in two stages during
phase image simulations of a given M: first, when projecting M, and second, when
convolving the projected distribution of M with a kernel to obtain the corresponding
©m [181,182]. As described in [182], information loss from projection can be avoided
by using two complete tilt series. However, information loss during phase calculation is
unavoidable, as certain distributions of M correspond to eigenstates of a null space and
can be added to any reconstruction without changing the corresponding phase images.
As null space eigenstates cannot be recovered using the current implementation of MBIR,
null spaces can show M =~ 0 after reconstruction. In practice, null space eigenstates
are only known to exist in some ferromagnetic nanostructures, such as fully divergent
configurations [182] and Néel-type magnetic DWs [58]. Here, several such configurations

are simulated and compared to a simulation of an L-shaped NW structure.

5.5.1. Information loss due to projection

The effect of projection-based information loss is illustrated in Figure 5.5, which shows
simulated magnetic phase images of vortex-type magnetic DWs located in the NW
centres. The NWs have a diameter of 100 nm, an aspect ratio of 10:1 and po | M| = 1
T. The phase images shown in Figures 5.5b3 and c¢3 are indistinguishable when phase
measurement noise exceeds 0.1 %, despite corresponding to different configurations of
M . To facilitate a successful reconstruction, the sample must be tilted, as shown in

Figure 5.5a. In the null space simulations below, complete tilt series (360° tilt range) are
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simulated to prevent information loss from projection; this ensures that any loss during

reconstruction is attributed solely to the phase calculation.
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Figure 5.5. Simulated magnetic phase images of non-unique signals in vector field
projections. (al), (bl), (c1) Projections of M in the electron beam direction.
(a2), (b2), (c2) Isometric projections of M. The red arrows show the direction of
the electron beam. The blue arrows show the direction of curl(M) at the core
of a vortex-type magnetic DW. (a3), (b3), (¢3) Corresponding magnetic phase
contour images, displayed as cos(5¢mag), coloured to show the direction of the
projected in-plane B field (inset). The magnetic vortex states only affect the
electron phase if curl(M) has a component parallel to the electron beam direction.
Therefore, in (a) the magnetic vortex is imaged perfectly, but in (b) the magnetic
DW introduces no phase shift and is indistinguishable from the non-magnetic
material represented in (c). Reproduced with permission from [1].

5.5.2. Information loss due to divergent magnetisation

While an infinitely-long, first-order Halbach cylinder produces no magnetic signal in TEM
in any projection direction [182,200]|, a Halbach cylinder of finite length does. Figure 5.6a
shows a simulation of a 40-nm-long, 40-nm-diameter cylinder with o |Msgim| = 1 T,
in which M;,, is oriented radially outward and has non-zero divergence at all points
(Figure 5.6b). Phase images were simulated for two orthogonal 360° tilt arcs with 10°

increments, including projections parallel (Figure 5.6¢) and perpendicular (Figure 5.6d)
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to the central axis of the cylinder. Although no magnetic phase shift is expected in
Figure 5.6¢, a small residual signal close to the surface of the cylinder is present due to
digitisation effects (i.e., finite pixel size). In Figure 5.6d, no signal would be detected
when the cylinder is infinitely long. However, because the cylinder has a finite length, a
detectable phase shift is present. The simulated phase images were used to reconstruct
M, which is compared to the ground truth of the simulation input. Figures 5.7a and 5.7b
show the reconstructed distributions of M in cross-section at the surface of the cylinder.
The magnitude of M is up to twice that of the input, likely because discontinuities in
H creates more significant artefacts in regions with little-to-no signal from M. Figures
5.7c and 5.7d show the reconstructed cross-section of the null space in the middle of the
cylinder, where the magnitude of M is 90% lower than the input. M is also rotated
towards the direction of H. The simulation shows that such configurations, in which
M is divergent at all points, cannot be reconstructed successfully without the use of

additional constraints.

Similar null spaces have been observed when imaging Néel-type magnetic DWs in
thin films that exhibit the interfacial Dzyaloshinskii-Moriya interaction [58,183,201].
In order to evaluate possible reconstruction errors, a 100 nm x 100 nm x 50 nm film
containing a Néel-type magnetic DW was simulated, as shown in Figures 5.8a and 5.8b.
Phase images were simulated for two orthogonal 360° tilt arcs with 10° increments. A
magnetic phase shift from the uniformly-magnetised parts of the film is detected in all
of the projections, as shown in Figures 5.8¢ and 5.8d. The reconstruction shows < 1%
average error in the uniformly-magnetised parts of the film. However, some signal is
missing in the magnetic DW itself. Figures 5.9a and 5.9b show that the reconstruction
has a 15% error at the surface of the magnetic DW. M is also not separated fully from
H at the corners of the film. Figures 5.9¢ and 5.9d show the null space inside the
film, where up to 75% of the signal is lost in the core of the DW. This loss of signal
depends on the magnetic DW width. The simulations show that, in thin films, only
uniform regions around Néel-type magnetic DWs can be reconstructed quantitatively,
without the use of additional constraints. In addition, qualitative measurement of the
magnetic DW orientation would require a 4 60° tilt range, in accordance with previous

simulations [178].

Néel-type magnetic DWs may also be present in NW structures. The magnetic DW
width in cobalt NWs has been observed to be ~ 100 nm [31] and the rotation of M in the
DW may be smaller than 180°. A Néel-type magnetic DW was simulated in an L-shaped,

600-nm-long, 100-nm-wide, square-cross-section NW, as shown in Figures 5.10a and
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Figure 5.6. Simulated magnetic phase images of a divergent Halbach cylinder. (a)
Model showing the sample geometry and the M direction. (b) M distribution in
a cross-section of the sample. (c¢) Phase map simulated with an electron beam
parallel to the central axis of the cylinder. (d) Phase map simulated with an
electron beam perpendicular to the central axis of the cylinder. The phase maps
are coloured to show the direction of the projected in-plane M field (inset),
displayed as cos(200¢mag). The sample outline is marked in white. Reproduced
with permission from [1].
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Figure 5.7. Reconstruction of a simulated divergent Halbach cylinder. (a) Recon-
structed M cross-section at the surface. (b) M magnitude error at the surface,
showing an overestimate of up to 110%. (c) Reconstructed M cross-section in the
middle of the cylinder. (d) M magnitude error in the middle, showing a 90% loss
of signal. Reproduced with permission from [1].
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Figure 5.8. Simulated magnetic phase images of a Néel-type magnetic DW. (a)
Model showing the sample geometry and M direction (viewed from the side). (b)
M distribution in a slice of the sample close to the edge (viewed from the top).
(c) Top-down phase contour map. (d) Sideways phase contour map. The magnetic
phase contour images are coloured to show the direction of the projected in-plane
M field (inset), displayed as cos(40¢mag). Reproduced with permission from [1].
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5.10b. Phase images were simulated for two orthogonal 360° tilt arcs with 10° increments,
including the projections shown in Figures 5.10c and 5.10d. The reconstruction in
Figure 5.11 shows that the full volume of the reconstruction acquires an average error of
~1%. As displayed in Figure 5.11d, as signal loss in the middle of the magnetic NW is
up to 5%, suggesting that null space effects in such NWs can be less than signal loss in
thin film Néel-type DWs.

5.6. Conclusions

As described in Chapter 4, simulations have previously been used to show that magnetic
vortex states do not result in null spaces if they are imaged close to the direction of the
curl of the magnetic vortex [178]. In the absence of a significant null space contribution,
any errors associated with the separation of M and H are expected to be less than the

~ 2% reconstruction random error observed in Section 4.2.5.

Overall, simulations were used to identify two major types of systematic artefacts
and two corresponding methods for identifying their contributions. First, it was observed
that the reconstructed M signal can mix with vacuum and H signals, but this spatial
(and signal) averaging is limited to volumes smaller than the spatial resolution of
the reconstruction. Therefore, quantitative measurements should be performed by
considering the average M in a magnetic domain no smaller than the spatial resolution
in all dimensions. Secondly, it was identified that divergent M is not detected by
LTEM techniques, and therefore, is reconstructed as an absence of signal corresponding
to M ~ 0. In summary, MBIR can only reconstruct M distributions that create a
detectable phase shift signal, and only features larger than the 3D spatial resolution limit

can be interpreted quantitatively.
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Figure 5.9. Reconstruction of a simulated N

M slice in the middle of the film. (d) M magnitude error in the middle of the
film. There is a null space in the core of the Néel-type magnetic DW. Reproduced

with permission from [1].
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Figure 5.10. Simulated magnetic phase images of a NW with a Néel-type magnetic
DW. (a) Sample geometry. (b) M distribution in a slice of the sample. (c)
Top-down phase map. (d) Phase map from the side. The phase maps are
coloured to show the direction of the projected B (inset), displayed as cos(6¢mmag)-
Reproduced with permission from [1].



Reconstructability of 3D Magnetisation

104

S CACNORCNER S
NN N . . = =]
A4 G O G E CR CRER R s sy

Surface

CoC o or or o 2 22 A A ]
= b b b e K
- b b b b e N N,

NN N S e . —p b b !

= > > >

b b e

Middle

SN SACAERCRCS S OSeses

]
if
f
i
t
1
1
i
I
’
’

= e > A

N — =

f
f
1]
t
t
U
U
f
i
1
4
’

B S S S S S e A A A A ]
=== >
s b s > > > > A
= N

NNy . —p b = = =]

SV CNENE N SC SO SO S S0 S0 S0 S0 S

(b)

(d)

50 nm

o
o ‘10413

-10
10

o
o ‘10113

-10

Figure 5.11. Reconstruction of a simulated NW with a Néel-type magnetic DW.
(a),(c) Reconstructed M slices, respectively, at the surface and in the middle.
(b),(d) M magnitude error, respectively, at the surface and in the middle. There
is < 5% signal loss in the core of the DW. Reproduced with permission from [1].



Chapter 6.

Summary and Outlook

The main theme of this work is the development of methods that extend the fabrica-
tion and characterisation of ferromagnetic nanostructures from 2D to 3D. Chapter 1
summarises the recent history of spintronics development. Specifically, how planar
ferromagnetic nanostructures have been applied to develop non-volatile high-density
data storage technologies [8,9], and how spin transfer torque has been used to translate
magnetic DWs to perform stochastic computations [11] or store data in a magnetic
RM-based shift-register [10]. Investigations of 3D nanomagnetism have found that if the
planar nanocircuits underpinning these technologies are fabricated on curved surfaces
or as free-standing 3D structures, the micromagnetic interactions that affect spintronics
applications can be tuned by adjusting the geometry of the 3D nanostructure [14, 15].
The development of fabrication and characterisation methods that can extend to the third
spatial dimension is a necessary part of 3D nanomagnetism research. This novel area of
research is increasingly significant because, in this decade, the quantum-mechanical limit
has been reached for the size of transistors in conventional computer chips [3,5|. Hence,
novel technologies with applications in nanoscale computer hardware, like 3D spintronics,

are being developed.

Accurate theoretical descriptions and the computational tools to apply them are
key to the development of 3D nanomagnetism. The description of atoms as individual
magnets coupled by interatomic interactions between their magnetic moments, and the
generalisation of this to the M field, is a successful theory for describing properties of
ferromagnetic nanostructures [17,23]. Applying theories defined on the atomic scale
to nanoscale samples requires the use of computational methods, which frequently rely
on cost minimisation algorithms. Since standard techniques, like least-squares fitting

and determining minimum energy states in micromagnetic simulations, are implemented
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by finding function parameters that minimise a scalar value, the principles of industry-
standard CG algorithms are presented [191,202].

Chapter 2 introduces conventional electron microscopy nano-characterisation tech-
niques, which detect interactions between the electron beam and the sample with spatial
resolution down to a few pm. As the first step in all experiments, an SEM is used to
scan large areas of the sample surface and characterise the topography [74]|. Addition-
ally, the space around the sample is used to mount additional instruments and allows
a large range of movement, such as using a sample stage that can tilt up to 55° for
tomographic imaging. For sample preparation, an ion beam is used to mill material, and
a GIS allows the use of FEBID for the fabrication of Co and Fe nanostructures [120].
A STEM is used to analyse electron scattering, either by using an ADF detector to
image materials or using a spectrometer to map elemental distributions. By modelling
the inelastic scattering, the number of atoms of each chemical element in a material
can be determined [92]. To complement these characterisations, the LTEM method of
off-axis electron holography is applied to reconstruct the electron phase shift, which
is sensitive to the B field. In combination, these techniques are used for large-scale
mapping of sample geometry, both additive & subtractive manufacturing, quantitative
measurement of elemental composition, and reconstruction of magnetic fields. Even
though this is a small subset of the capabilities of each instrument, it is sufficient to
comprehensively characterise ferromagnetic nanostructures and correlate measurements

to uncover underlying physical phenomena.

Chapter 3 presents optimisations to the FEBID method used to fabricate 3D ferro-
magnetic nanostructures. It is found that FEBID NWs fabricated at an angle relative
to the beam-axis by translating the beam exhibit a different material composition than
vertical NWs. For NWs grown at angles from 0° to 90° relative to the beam-axis, the
decrease in metal content in the NW core was measured to be up to 0.4% per degree of
growth angle, but was improved to 0.1%/° by optimising the deposition parameters. This
was achieved by tuning the SEM beam accelerating voltage to limit beam transmission
through the sample, such that the interaction volume would be no larger than the NW
diameter. This optimisation also improved the uniformity in NW cross-section shape
and B fields created by Co and Fe NWs angled up to 60°. As a nanoscale additive
manufacturing technique, FEBID is uniquely suited for prototyping of 3D ferromagnetic
nano circuits, and the performance consistency of such spintronic prototypes is improved

by ensuring uniformity in the deposited material.
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Chapter 4 demonstrates that the 3D M field can be reconstructed using LTEM
techniques [1]. The M inside a free-standing L-shaped FEBID Co NW sample is
reconstructed and compared to expected values based on previous X-ray tomography
experiments [31] and characterisation of elemental composition [42]. By using sample-edge
matching to correct image distortions, common-lines-based alignment of tomographic
projections, and an MBIR algorithm, the M is reconstructed with a 50 nm spatial
resolution in 3D. The measurement precision for uniform magnetic domains larger than
50 nm is le* A/m. The main limitations in spatial resolution were computational and
may be solved by optimising the software to use a smaller voxel size and more advanced
tomographic alignment algorithms. Since the resolution is systematically limited to 3x
the pixel size, given a suitable LTEM tomographic dataset, atomic resolution 3D M
reconstruction is possible using MBIR. This work shows that the MBIR algorithms that
underlie the development of powerful X-ray tomography techniques [169,203| can be
applied with electron microscopy to characterise vector fields in 3D. EH-VFT can be
applied, as described, to reconstruct 3D M in nanoparticles, spintronic NW circuits, and
prototypes of 3D data storage devices [13]. Furthermore, the MBIR framework can be
extended to simultaneously reconstruct all signals present in electron holograms, such
that a single tomographic dataset could be used to characterise the locations of scattering
defects, the charge distribution, M, and all electromagnetic fields & potentials obtained
by applying Maxwell’s equations to the reconstructed distributions. With continued
development, tomographic LTEM can become a technique for comprehensive, multi-signal

3D nanoscale characterisation.

Chapter 5 discusses simulations used to evaluate systematic sources of error and
computational artefacts in EH-VFT reconstructions. Simulations confirm that the
spatial averaging observed in Section 4.2.5 results from the use of the MBIR regularising
term that ensures reconstruction convergence to ferromagnetic M distributions. The
spatial averaging is observed as a "blurring" of neighbouring M vector components
and a mixing of M & H signals, but the errors are localised in volumes smaller
than the systematic spatial resolution limit (3x voxel size) and the average simulated
reconstruction error is < 1%, when compared to the ground truth. Additionally, divergent
M distributions that are invisible to LTEM techniques [181] are simulated. It is observed
that MBIR reconstructs only those 3D M distributions that produce a detectable
phase-shift signal. Hence, errors are observed at points where M is divergent. Due to
spatial averaging, the systematic reconstruction error is below 1% only for magnetic
domains larger than the spatial resolution in all dimensions. This shows that MBIR

implementation exhibits no unconventional computational artefacts, and the uncertainties
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in EH-VFT 3D reconstructions can be described using conventional parameters, such as

signal strength and spatial resolution.

In conclusion, methods for both the optimised fabrication of 3D ferromagnetic NW
structures and characterisation of their 3D M configurations have been developed. By
optimising FEBID such that the SEM beam acts like a point source of SEs, uniform cross-
section geometries and material compositions are achieved in NWs angled from 0° to 60°
relative to the beam axis. To characterise 3D M configurations in spintronic prototypes
fabricated using FEBID, an EH-VFT reconstruction algorithm was developed that showed
a 50 nm spatial resolution. Simulations do not show unexpected computational artefacts
in the MBIR algorithm, thus atomic resolution 3D M reconstructions should be possible
for high-resolution EH-VFT datasets. As the significance of novel 3D nanotechnologies
grows, this work develops dedicated techniques for 3D prototyping of spintronic devices

and for the characterisation of 3D electromagnetic fields up to atomic resolution.



Appendix A.

Software packages

The primary scientific software packages used in this work. Their repositories and relevant

accompanying publications (if available) are listed here.

e MBIR-TEM. MBIR-based magnetisation reconstruction package guiding the work-
flow [1]. Repository: https://github.com/AurysSilinga/MBIR-TEM

e F3ast. FEBID modelling package used for sample fabrication with CAD [79].
Repository: https://github.com/skoricius/f3ast

e Gatan DigitalMicrograph with Holoview and HoloWorks plugins. Hologram-to-phase
reconstruction [159,160|. Repository: http://www.dmscripting.com

e Hyperspy. Interface between DigitalMicrograph and Python, with interactive image
manipulation in Python [186]. Repository: https://hyperspy.org/

e Scikit-image. Canny edge detection and image manipulation for phase shift separa-

tion [185]. Repository: https://scikit-image.org/

e fpd. Image feature matching for phase shift separation and RANSAC-algorithm-
based background removal for tomographic alignment [187]. Repository: https:
//gitlab.com/fpdpy/fpd

e Scipy. Error function minimisation for tomographic alignment [189]. Repository:

https://scipy.org/

e Jutil. CG minimisation for MBIR. Repository: https://jugit.fz-juelich.de/j.

ungermann/jutil
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e Pyramid. MBIR simulations [172]. Repository: https://iffgit.fz-juelich.de/

empyre/empyre/-/tree/pyramid-master

e Mumax. Micromagnetic simulations [23]. Repository: https://mumax.github.io/


https://iffgit.fz-juelich.de/empyre/empyre/-/tree/pyramid-master
https://iffgit.fz-juelich.de/empyre/empyre/-/tree/pyramid-master
https://mumax.github.io/

Appendix B.

EELS maps

The following tables and figures uniquely identify each FEBID NW and display the
underlying compositional maps related to the data in Chapter 3. To facilitate comparison,
the figures are annotated. In SEM images, solid blue lines indicate areas where STEM
EELS maps are acquired for analysis. Dashed black lines represent STEM EELS maps
obtained for calibration, which are not shown here but are available in the data repository.
In the maps of atomic composition, blue shading corresponds to the central band, where
the mean value is taken to represent average projected Co (or Fe) content. Since this
thesis and previous works [42| do not detect ferromagnetism in NWs with less than 40%
Co content, red shading indicates the presumed non-magnetic outer shell of NWs. In
summary, angled FEBID NWs are asymmetric and exhibit non-trivial spatial distributions
of material composition. Therefore, it is shown detail how the data points in Chapter 3

were acquired.

111



EELS maps

112

T
B.1. Dataset Coy, v

1) 100
R -
§ 751
= =4
2 501 f”\\H_,_,af“fJ §
ErdbiE
o o
Y 251 ©
g g
o T T T
-50 0 50
Radius, nm
(a3) 100 (b)
2
5§ 751
'ﬁ \ ~J
2 501
£
[}
R I e
<
0 . . h
-50 (] 50
Radius, nm

(a2) 100 1

751

50 1

251

-50

0 50

Radius, nm

C

Co

0

Threshold
Shell

Centre band

Figure B.1. Characterisation of sample Cog0 wv- (a) SEM image labelling the NWs and
showing areas mapped with STEM EELS. (al-a3) Compositional maps of the

corresponding NWs. (b) Legend.

T
Table B.1. Cogg \v-

NW position marker (1)*

(2)

SEM beam current, pA | 690

2800

*Deposited with an out-of-focus beam.
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Figure B.2. Characterisation of sample Coznneal, 30 kv- (&) SEM image labelling the

NWs and showing areas mapped with STEM EELS. (al-a3) Compositional maps
of the corresponding NWs. (b1l-b3) Compositional maps of the corresponding
NWs after annealing for 30 min at 350 °C (b) Legend.

Table B.2. Co],.ca1 30 1v-

NW position marker (D)1 (2] 3) | (4)] (5)](6)

SEM accelerating voltage, KV | 30 | 30 | 30 | 15 | 5 5

SEM beam current, pA 86 | 21 | 340 | 86 | 86 | 21
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Figure B.3. Characterisation of sample Cog - (a) SEM image labelling the NWs and
showing areas mapped with STEM EELS. (al-a4) Compositional maps of the

corresponding NWs. (b) Legend.

T
Table B.3. Co5 KV*

NW position marker (1) | (2)

SEM beam current, pA | 2800 | 690

170

340
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B.4. Datasets Feg v and Fego KV

(b)

Figure B.4. Characterisation of samples Feg0 wwand Feg wv- (a-b) SEM images labelling
the NWs and showing areas mapped with STEM EELS. The dataset is only
required to qualitatively observe autocatalytic growth and variations of NW

diameter.

Table B.4. Feg;0 wvand Feg KV*

NW position marker Ol olelal 6o Te ol o

SEM accelerating voltage, kV | 30 30 30 | 30 30 ) ) > >

SEM beam current, pA 690 | 2800 | 170 | 170 | 11000 | 2800 | 690 | 170 | 11000
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Figure B.5. Characterisation of samples 003/0 v+ (a) SEM image labelling the NWs and

showing areas mapped with STEM EELS. (al-a7) Compositional maps of the
corresponding NWs. Uses the same legend as Figures B.1-B.3.
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B.7. Dataset Fe3/(; KV

(3). 1um (b) c
— Fe
— 0
Shell
Centre band
(1 (2 ) (4) (3)
(@1) 140 ; (@2) 10 4 (@3) 100
X R X
e 80 -+ e 80 1 = 80 4
R=] i) i)
G 601 G 601 G 601
o (=] Q
g. o o
5 40 4 g 40 1 g 40 1
o (¥ (¥
£ 204 £ 201 2 20
M \/‘\/"\J"\_/\
0 T T T 0 T 3 T T 0 T T T
=50 0 50 =50 0 50 =50 0 50
Radius, nm Radius, nm Radius, nm
(@4) 500 - (@5) 100 (@6) 100
* B 3
c 80 1 e 80 A c 801
S ) 8
G 60 G 601 G 601
o =] =]
3 £ £
S 401 g 40 - S 40
(%) (W] o
£ 201 £ 201 £ 201
0 T T T 0 T m T 0 T T T
=50 0 50 =50 0 50 =50 0 50
Radius, nm Radius, nm Radius, nm

Figure B.7. Characterisation of samples Fe£ wv- (a) SEM image labelling the NWs and
showing areas mapped with STEM EELS. (al-a6) Compositional maps of the
corresponding NWs. (b) Legend.)
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B.8. Dataset Fe5/(kV
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showing areas mapped with STEM EELS. (al-a5) Compositional maps of the
corresponding NWs. Uses the same legend as Figure B.7.
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and experimental measurements of IMFP are in good agreement for elec-
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object and recording holograms around two tilt axes, x and y, provides a
360° tilt series of ¢ maps for each tilt axis. 5),6) Computed tomography
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1.8. Magnetic states in a 3D NW junction. (a) TEM image of a free-
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FEBID of 3D nanostructures. (a) Model of FEBID fabrication of
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which can be precisely controlled. (b) SEM image of 3D, helical Co
nanostructures. In the presence of an injected precursor gas, the electron

beam can be translated to deposit bespoke NW geometries. . . . . . . . .

(S)TEM ray diagram. (a) Parallel beam in TEM mode. (b) Convergent
beam in STEM mode. The directly transmitted beam is shown in green,
and the diffracted beams are shown in blue. Electrons that interact with

the sample are focused to either form images or diffraction patterns on
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TEM lens design and aberrations. (a) Schematic diagram of a TEM
lens cross-section. Electrical current flowing through the Cu coils generates
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cooled to improve stability. Adapted from [72]. (b) If the lens were ideal, it
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dimg- Reproduced with permission from [84]. . . . . . .. ... ... ...
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STEM ADF image of Au crystallites on a carbon membrane.
Crystal planes are visible, indicating that atomic resolution is achieved.
ADF imaging of crystals is commonly used to evaluate aberration-corrected
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Ray diagram of an EELS spectrometer. Green and blue arrows
indicate directly transmitted and scattered electron beams, respectively.
Transmitted electrons are collected into one beam, deflected by a magnetic
prism at different angles dependent on their energy, and the number of
electrons in each energy channel is counted by a digital detector. EELS

enables the characterisation of inelastic scattering. . . . . . . . .. .. ..

Example EELS spectrum quantification. (a) STEM ADF image of
an NW, showing beam position during spectrum acquisition. (b) Low-loss
energy region of the spectrum, with the inset showing the plasmon peak.
(c) High-loss energy region of the spectrum, showing the characteristic
energy loss spectra for C, O, and Co atoms. Both the background and the
EELS peaks match theoretical functions shown by shaded areas. . . . . .

Hologram formation. (a) Schematic diagram showing the beam path
and ¢, created by a potential V. (b) Schematic diagram showing the
primary beam and beam in vacuum required to describe the ¢, created
by a B field. The beams are shown as arrows parallel to wave vectors
k;, and the corresponding phase shifts are represented in the graphs
below. (¢) TEM ray diagram corresponding to off-axis electron holography.
The object and reference beams are, respectively, shown in red and blue.
Electromagnetic fields shift the phase of the object beam, and the phase
shift can be reconstructed from holograms that are formed by overlapping

two coherent beams. . . . . . .. L
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2.10. Hologram-to-phase reconstruction workflow. (a) Holograms of

3.1.

3.2.

the sample (top) and reference holograms of free space (bottom). Five
holograms are acquired with 2 s exposure time each. The interference
fringe spacing is less than 3 nm, which is not visible in this document.
(b) A FFT is applied to all holograms. The magnitude of the complex
number array is shown. The peak signal at the sidebands is located at
a 0.35 rad/nm distance from the centre. (c) The centre line is masked
to reduce Fresnel fringes, and a virtual aperture is applied to isolate one
sideband. (d) An inverse FFT is applied to the masked image, which
results in a complex real-space image. The phase shift of the complex
images is shown, and it corresponds to the phase difference between the
object and reference waves. (e) The phase images are ‘unwrapped’ by
applying a 27 offset at the discontinuous lines. Then they are averaged to
reduce measurement noise, and the vacuum reference phase is subtracted.
The total phase shift image is shown. (f) To ensure consistency, the image
is rotated such that the electron beam direction is out of the page. The
rotation is performed by assuming that the image defines a 2D plane in 3D
space. Then the sign of the image is changed, such that the electrostatic

mean inner potential is positive (following convention). . . . . . . . . ..

FEBID 3D printing process. (a) Schematic diagram of FEBID process,
where NW structures are fabricated by injecting precursor gas through the
GIS needle and translating the SEM beam along a path defined by stream
files. The figure was rendered by Keir Edgar. (b) Streams that define SEM
beam position as a function of time, during deposition. (¢) SEM image of
FEBID Co NWs fabricated by executing the streams in (b), viewed at a

55° sample tilt angle. To fabricate angled structures (c), the beam must

be stationary at each position for an amount of time corresponding to (b). 46

SEM images of FEBID NWs that are characterised and compared. (a-
e) Respectively, samples Cog0 WV Colnneal, 30 KV Cog KV C05/ W, and
Co%y - (f-2) Respectively, samples Fel, v, Fel v, Fegg 1o, and Feg .
All images were acquired with the sample tilted 55° and are shown at the

same scale. High-resolution images are available in appendix B. . . . . .
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3.5.

Atomic composition map and model. (a) STEM EELS compositional
map for a vertical NW in dataset Cog w- (b) Projection of a compositional
map, assuming the NW cross-section (c). (¢) Model of an elliptical cross-
section with a pure Co core, intermediate layers, and outer layers rich in
C and O. (d) Colour map for (a), (b), and (c). (e¢) STEM ADF image
identifying the location where (a) was acquired. FEBID NWs are modelled
as multi-layered structures with elliptical cross-sections. Black arrows

indicate the semi-axes of the ellipse, the insets show the coordinate system,

and the dashed lines identify the volume where composition was measured. 49

Comparison between model and measurement of atomic compo-
sition for the NW in Figure 3.3. (a)-(c) A radially symmetric model,
qualitatively replicating experimental data in (d)-(f). (d),(e) y-averaged
EELS maps of atomic density and composition, respectively. (g) Estimates
of the composition of the outer shell of the NW using experimental data.
(c),(f) Composition estimates after subtracting the contribution of the
shell, using modelled and experimental data, respectively. (h) Legend.

The non-magnetic shell offsets EELS measurements taken in projection

Comparison of vertical Co FEBID NWs deposited at 30 kV. (a-c)
Vertical, 30 kV NWs from samples Cog0 WV CoZnneal, 30 kv and Co£ KV
respectively. The scale is identical in all three images, annotations show the
beam current during deposition, and the ¢ superscript identifies when the
SEM beam was defocused. (d) EELS atomic composition map of the NW
section corresponding to the blue box in (a). (e) Atomic cobalt content in
the NWs before annealing. The error bars represent the range of Co content
values measured in the central band. The systematic uncertainty is 3%. (f)
Comparison between NWs that are annealed, not annealed, or deposited
with a defocused beam. The violin plots represent the distributions of

measured values in each central band. The abscissa is log, scale.

25
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3.8.

3.9.

Measurement of cross-section shape and Co content for the
Cof \wsample. (a) 0° tilt SEM image of NWs. (b) 55° tilt SEM image
of NWs. The lines indicate the locations of high-resolution STEM EELS
scans. (¢) STEM EELS map displayed over a STEM ADF map of the
5th NW. The boxes indicate the locations of high-resolution STEM EELS
scans, 6 is the NW growth angle, and black lines correspond to width
measurements relating to equation 3.2. (d) Atomic Co content in NW
regions corresponding to the horizontal blue lines in (b), used to verify
consistency. (e) Co content in NW regions corresponding to the angled
green lines in (b). The NW composition and cross-section shape are

characterised to determine the correlation with 6. . . . . . . . . . . . ..

Variation in NW composition and shape as a function of growth
angle. (a) SEM images of the Cog .y, Co%g 1oy, Feg wy» and Feg ., NWs.
(b) Mean atomic content of metal (Co or Fe) in the NW central bands as a
function of 6. Error bars in (b) are not drawn to improve graph readability,
but would represent 3% systematic uncertainty and less than 2% random
error for each point. (c¢) The length of the major axis of the elliptical NW
cross-section, as a function of 6. Error bars correspond to STEM image
pixel size. (d) Ratio of the major and minor axes of the cross-section, as a
function of #. Error bars correspond to one standard deviation of random
error. For all tested precursor gases, accelerating voltages, and beam
currents, the NW purity and cross-sectional area decrease with increasing

beam translation speed. . . . . . . . ... oL

Micromagnetic simulations of FEBID Co cylinders. (a), (b), (c)
correspond, respectively, to 80 nm, 120 nm, and 160 nm diameter cylinders.
In the energetically stable configuration, cylinders with diameters below
150 nm are predominantly magnetised parallel to the long axis. The

simulations were performed by Keir Edgar. . . . . . . ... .. ... ...

Magnetic characterisation of the (305/r wsample. (a) Magnetic in-
duction map with contour spacings of 1.3 rad. The underlying hologram
was acquired by Trevor Almeida. (b) Line traces of ¢, are from areas
corresponding to the white boxes in (a). The measured ¢, is consistently
smaller for higher 6. The central band is denoted by dashed lines. (c)

Correlation between ¢ and B, in the central band. . . . . . . . .. .. ..
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3.10.

3.11.

3.12.

4.1.

Magnetic characterisation of the Fe3/0 wsample. (a) Magnetic in-
duction map with contour spacings of 1.3 rad. The underlying hologram
was acquired by Trevor Almeida. (b) Line traces of ¢, are from areas
corresponding to the white boxes in (a). The measured ¢,, is consistently
smaller for higher . The central band is denoted by dashed lines. (c)

Correlation between ¢ and B, in the central band. . . . . . . . .. .. ..

Correlations between NW metal composition and associated
magnetic properties. (a) Correlation between mean B, and atomic
Co content for FEBID NWs. Black dots and dashed lines indicate the
data and range of uncertainties in previous works [42,140], respectively.
(b) Correlation between mean B, and Fe content for angled FEBID NWs.
There is a correlation between metal content and the strength of magnetic

fields created by the NWs. . . . . . . . . ... .o

Magnetic induction maps of Co NWs annealed at 350 °C for
30 min. (a) and (b) were deposited using 21 pA and 86 pA beam
currents, respectively. Contour spacing is 1.3 rad and the inset indicated
the direction of projected B. Line traces of magnetic phase shift are
acquired from the areas corresponding to the white boxes and indicate B,

consistent with previous works [42]. . . . . .. ..o

Workflow for 3D magnetisation reconstruction. The red boxes
indicate the primary processing steps: alignment, reconstruction using
MBIR, and diagnostics. The steps are shaded to indicate the data type
that is being processed: 2D phase images (green), 3D magnetic vector fields
(blue) and a 3D electrostatic scalar field (yellow). Datasets are processed
to generate both a geometrical mask that defines where the magnetic
material is located and a series of magnetic phase shift measurements
corresponding to B field projections. At each iteration, a distribution of M
is generated, and then its magnetic phase shift is simulated and compared
to the measurements. The iterations are repeated until an optimal M is
found. Optimal estimation diagnostics are performed to assess random and
systematic errors in the reconstruction. The reconstruction is improved by
accurate alignment of the experimental data. Reproduced with permission
from [1]. . . . . .
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4.2.

4.3.

4.4.

FEBID in a SEM. Cobalt is deposited locally where the electron beam

interacts with solid material. The electron beam is translated to control

the location of the deposited material. Reproduced with permission from [1]. 73

Dimensions, morphology and chemical analysis of an L-shaped
cobalt nanostructure fabricated using FEBID.(a) Bright-field TEM
side-view image. The marked regions correspond to the elemental map
(green) and cross-sectional line profile (red) shown in (d) and (e), respec-
tively. (b) SEM top-down image of the tip of the sample. (¢) Magnetic
phase contour image recorded using off-axis electron holography, displayed
as coS(6@mag). The colours show the direction of the projected in-plane
B field. The sample outline is marked. (d) EELS elemental map of the
tip, showing the distributions of Co, O and C. (e) Cross-sectional EELS
elemental line profile, showing that the central 90 nm of the NW has a
cobalt content of between 45% and 60%. Reproduced with permission
from [1]. . . . . .

Off-axis electron holograms and alignment of phase images.
(a) Off-axis electron hologram formed by the interference of two elec-
tron waves, one of which has passed through the region of interest on
the sample. The insets show a magnified version of the region inside the
red box (lower left) and an FFT of the electron hologram (lower right).
The green circle in the FF'T marks the sideband that was used to used to
calculate (b). (b) Total phase image obtained from an inverse FFT of the
sideband. The inset shows a line profile of the electrostatic and magnetic
contributions to the total phase shift along the blue line. (c) Steps in the
alignment of phase images recorded before and after flipping the sample
by 180° to separate the electrostatic and magnetic contributions to the
phase. Image distortions resulting in misalignment (top) are corrected by
applying an affine transformation (bottom). Reproduced with permission
from [1]. . . . . .
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4.5.

4.6.

Separation of electrostatic and magnetic electron phase shift. (a)
Total phase shift images at -3.7° tilt (top) and 176° tilt (bottom). Both
images were rotated such that the electron beam is out-of-plane, and have
been aligned with sub-pixel precision using the edge detection method. (b)
The images in (a) are added & divided by two to calculate ¢, (top), and
subtracted & divided by two to calculate ¢,,q, (bottom). (c) Both images
are further processed before reconstruction with MBIR. A threshold is
applied to the ¢, to define the sample outline (top). @mqg is rebinned
from 0.65 nm pixel size to 10.2 nm pixel size to reduce reconstruction
computation time, and the overlap region of images in (a) is set as the

confidence mask. Reproduced with permission from [1]. . . . . . .. ...

Alignment of tilt series of phase images and generation of a 3D
geometrical model of the sample. (a) Schematic diagram showing
the angular position and sample outline of each magnetic phase image
used in the reconstruction. The direction of the electron beam is shown in
red. The arcs of rotation of the sample are shown in black. (b) Rotations
that define the projections for a conically-symmetrical element, showing
the sample tilt Af;, the projection direction «; and the rotation between
the detector and the tilt axis ¢. (c¢) The centre of an axially-symmetrical
part of the sample can be identified in each projection and used to align
the projections. (d) 3D tomographic reconstruction of the masks in
the aligned projections performed to generate a model representing the
sample geometry. A 10.2 nm voxel size was used because features smaller
than 10x10x10 nm cannot be resolved due to tomographic misalignment
and using smaller voxel sizes would not improve the spatial resolution.

Reproduced with permission from [1]. . . . . . ... ... .. 0L
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4.7.

4.8.

4.9.

4.10.

4.11.

Reconstructed 3D magnetisation distribution M,... in the cobalt
nanostructure. The reconstruction is a 3D vector field, which maps the
directions and magnitudes of the magnetic moments inside the sample.
(a) 3D M, vector field. (b) Maximum angle between neighbouring spins,
projected along the z and y axes. The dashed lines follow the core of the
vortex-type magnetic DW. (¢, d) Single-plane slices of the M,... vector
field shown with full spatial resolution. The insets mark the locations of
the slices. The vortex core is marked as in (b). Blue arrows mark where
the slices intersect the vortex core, which intersects the top slice (¢) once

and the bottom slice (d) twice. The star in (d) denotes a voxel selected

for diagnostics of the reconstruction. Reproduced with permission from [1]. 80

Fourier shell correlation. Evaluation shows that reconstructed fea-
tures larger than 14.8 nm can be interpreted directly. Reproduced with

permission from [1]. . . . . . ... o Lo

Magnetic phase shift reconstruction for a sample tilt angle of
-3.7°. (a) Experimental magnetic phase image. (b) Magnetic phase image
calculated from the reconstructed magnetisation distribution. (c¢) Differ-
ence between (a) and (b). The inset shows the distribution of residual
differences for magnetic phase images at all tilt angles. The residuals are
used to estimate the M,... reconstruction uncertainty. Reproduced with

permission from [1]. . . . . . . ...

3D point spread function, showing the spatial distribution of
information content for the voxel denoted by a star in Figure 4.7d.
For the present dataset and reconstruction procedure, the information
contained at this point in space is spread over a volume with an average
FWHM of 43 nm, in part due to computational limitations. Reproduced

with permission from [1]. . . . . . . ... o Lo

Distribution of magnitudes of the reconstructed magnetisation
distribution M,.... Shown for all of the voxels in the sample in blue and
for the voxels in the NW on the left side of Figure 4.7a in red. The bin size
is 0.02 T. The distributions result from material composition variations

and reconstruction artefacts. Reproduced with permission from [1].
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4.12. Correlation between M reconstruction and EELS mapping. (a)

5.1.

Average M magnitude projected at 0° tilt. (b) EELS scan showing
projected Co atomic content at 0° tilt. The image was interpolated and
rotated to match the scale and number of pixels in image (a). (c¢) Linetrace
showing M magnitude for one line of voxels in the reconstruction. The
z-coordinate of the line trace is in the centre of the reconstructed volume,
and the x-coordinate position and y-coordinate extent correspond to the
dashed line in image (a). (d) correlation between overlapping pixels in
images (a) and (b). The data points are semi-transparent to show overlap,
and a calibration between the atomic Co content and B in high-aspect-
ratio FEBID NWs [140] is shown in black. (c) shows an artefact on the
left side, which is attributed to surface digitisation and is believed to be
the result of general tomographic misalignment. If the geometrical model
were too small, artefacts on both sides would be expected. The majority
of data points in (d) are close to predictions from previous work, and there
are similar amounts of under- and over-estimates attributed to artefacts
in reconstruction or alignment of images (a) and (b). The points showing
non-zero M, when Co content is less than 40% do not follow the expected
trend and are believed to correspond to areas where ferromagnetic and
paramagnetic materials overlap in projection, or regions where inaccurate
values are assigned to vacuum due to limited spatial resolution. Overall,
most reconstructed data points agree with previous works, even though

some artefacts are present. Reproduced with permission from [1].

Reconstruction of a simulated NW magnetised along the x-axis.
(a) Model showing the sample geometry and the M direction. (b) Phase
contour map at 0° tilt, coloured to show the direction of the projected
in-plane B field (inset), displayed as cos(12¢,,). The sample outline is
marked in white. (¢) M vectors reconstructed with error greater than 3%.
(d) Average M magnitude error in the cross-section. The greatest errors
are at the corners of the NW, where the separation of M and H is most

ambiguous. Reproduced with permission from [1]. . . . . . .. ... ...
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5.2,

5.3.

5.4.

9.5.

Reconstruction of a simulated NW magnetised along the y-axis.
(a) Model showing sample geometry and M direction. (b) Phase map
at 0° tilt, displayed as cos(12¢,,) and coloured to show the direction of
in-plane B. The sample outline is marked in white. (¢) M reconstruction
error. (d) Average M magnitude error in the cross-section. Reproduced

with permission from [1]. . . . .. . ... o oo

Reconstruction of a simulated NW magnetised along the z-axis.
(a) Model showing sample geometry and M direction. (b) Phase map
at 0° tilt, displayed as cos(12¢,,) and coloured to show the direction of
in-plane B. The sample outline is marked in white. (¢) M reconstruction
error. (d) Average M magnitude error in the cross-section. Reproduced

with permission from [1]. . . . . . . ... ...

Reconstruction of a simulated NW with incomplete missing
wedge correction. (a) Model showing sample geometry and M direction.
(b) Reconstructed geometrical model, showing the effect of the missing
wedge in a cross-section. (c¢) Reconstructed M magnitude distribution if
the missing wedge is not corrected fully. (d) Average M magnitude error
in a cross-section, showing false values assigned to vacuum and a reduced
signal in voxels close to the false region. The surface voxels are incorrect
if there are errors when generating the geometrical model. Reproduced

with permission from [1]. . . . . . . .. ... Lo

Simulated magnetic phase images of non-unique signals in vector
field projections. (al), (bl), (c1) Projections of M in the electron beam
direction. (a2), (b2), (c2) Isometric projections of M. The red arrows show
the direction of the electron beam. The blue arrows show the direction
of curl(M) at the core of a vortex-type magnetic DW. (a3), (b3), (¢3)
Corresponding magnetic phase contour images, displayed as cos(5¢mag ),
coloured to show the direction of the projected in-plane B field (inset).
The magnetic vortex states only affect the electron phase if curl(M) has
a component parallel to the electron beam direction. Therefore, in (a)
the magnetic vortex is imaged perfectly, but in (b) the magnetic DW
introduces no phase shift and is indistinguishable from the non-magnetic

material represented in (c¢). Reproduced with permission from [1]. . . . .
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5.6.

5.7.

5.8.

5.9.

5.10.

Simulated magnetic phase images of a divergent Halbach cylinder.
(a) Model showing the sample geometry and the M direction. (b) M
distribution in a cross-section of the sample. (c¢) Phase map simulated
with an electron beam parallel to the central axis of the cylinder. (d)
Phase map simulated with an electron beam perpendicular to the central
axis of the cylinder. The phase maps are coloured to show the direction
of the projected in-plane M field (inset), displayed as cos(200¢;,4g). The

sample outline is marked in white. Reproduced with permission from [1].

Reconstruction of a simulated divergent Halbach cylinder. (a)
Reconstructed M cross-section at the surface. (b) M magnitude error at
the surface, showing an overestimate of up to 110%. (c) Reconstructed M

cross-section in the middle of the cylinder. (d) M magnitude error in the

99

middle, showing a 90% loss of signal. Reproduced with permission from [1].100

Simulated magnetic phase images of a Néel-type magnetic DW.
(a) Model showing the sample geometry and M direction (viewed from
the side). (b) M distribution in a slice of the sample close to the edge
(viewed from the top). (c) Top-down phase contour map. (d) Sideways
phase contour map. The magnetic phase contour images are coloured to
show the direction of the projected in-plane M field (inset), displayed as

c08(40¢@ma9). Reproduced with permission from [1]. . . . . ... ... ..

Reconstruction of a simulated Néel-type magnetic DW. (a) Recon-
structed M slice at the surface. (b) M magnitude error at the top surface
(¢) Reconstructed M slice in the middle of the film. (d) M magnitude
error in the middle of the film. There is a null space in the core of the

Néel-type magnetic DW. Reproduced with permission from [1]. . . . . . .

Simulated magnetic phase images of a NW with a Néel-type
magnetic DW. (a) Sample geometry. (b) M distribution in a slice of
the sample. (c¢) Top-down phase map. (d) Phase map from the side. The
phase maps are coloured to show the direction of the projected B (inset),

displayed as cos(6¢mq,). Reproduced with permission from [1]. . . . . . .
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5.11. Reconstruction of a simulated NW with a Néel-type magnetic

B.1.

B.2.

B.3.

B.4.

B.5.

B.6.

B.7.

B.8.

DW. (a),(c) Reconstructed M slices, respectively, at the surface and in
the middle. (b),(d) M magnitude error, respectively, at the surface and in
the middle. There is < 5% signal loss in the core of the DW. Reproduced

with permission from [1]. . . . . . .. ... o L Lo 104

Characterisation of sample Co}, . (a) SEM image labelling the
NWs and showing areas mapped with STEM EELS. (al-a3) Compositional
maps of the corresponding NWs. (b) Legend. . . . . .. ... ... ... 112

Characterisation of sample CoZnneal’ 30 kv- (&) SEM image labelling
the NWs and showing areas mapped with STEM EELS. (al-a3) Composi-
tional maps of the corresponding NWs. (b1-b3) Compositional maps of
the corresponding NWs after annealing for 30 min at 350 °C (b) Legend. 113

Characterisation of sample Cog e (a) SEM image labelling the NWs
and showing areas mapped with STEM EELS. (al-a4) Compositional
maps of the corresponding NWs. (b) Legend. . . . . .. ... ... ... 114

Characterisation of samples Feg0 wand Feg - (a-b) SEM images
labelling the NWs and showing areas mapped with STEM EELS. The
dataset is only required to qualitatively observe autocatalytic growth and
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maps of the corresponding NWs. (b) Legend.) . . . . .. ... ... ... 117

Characterisation of samples Fe§) w- (a) SEM image labelling the
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Characterisation of samples Fef . (a) SEM image labelling the NWs
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