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Abstract

Transmission electron microscopy (TEM) has enabled investigation of materials at atomic
resolution and magnetic contrast in the nanometre regime. Progress in spherical aberration
correction continues to push the limits of spatial resolution for this instrument and provides
researchers unique methods of investigation in the area of materials physics. The drive
towards realising nano devices requires both the spatial resolution to observe the system and
the temporal resolution to understand how the system evolves in response to stimuli. The
time resolution of TEM has classically been limited by both the number of electrons used
to image and the noise generated by the imaging devices. In this thesis we explore methods
of accessing time-resolved information from a JEOL ARM200cF - "MagTEM" through use
of the active pixel sensor (APS) detector Medipix3 capable of single electron counting and
noise-free readout. Investigations into both single-shot imaging and stroboscopic imaging
are performed to assess the potential of time resolved imaging of dynamics processes in
TEM.

Chapter 1 introduces the magnetic theory used to support the understanding of the
magnetic dynamics imaged as part of this thesis. Starting with the individual magnetic
energy terms contributing to the formation of magnetic ordering such as ferromagnetism
we introduce how the competition between these terms results in the formation of mag-
netic structure. Magnetic domain walls are discussed with reference to both field-driven
and current-driven dynamics. Finally, the anti-symmetric exchange term known as the
Dzyaloshinskii-Moriya interaction (DMI) is introduced in order to discuss the magnetic
skyrmion, which is a prominent feature of both chapters 3 and 4.

In chapter 2 we introduce the instrumentation used to both image and fabricate
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samples used in the thesis with focus on TEM. The TEM is discussed section by section
from the column components and lenses through imaging modes both structural and
magnetic finishing with a broad overview of detector technology and the role of the APS
Medipix3 within that field. Three primary methods of sample fabrication were used in this
thesis; electron beam lithography (EBL), thin film metal deposition and focused ion beam
(FIB) lithography which are discussed in turn, specifically their role in producing electron
transparent specimens.

Chapter 3 presents the results of a detailed study into the magnetic dynamics of
Cu,05e04 during a field induced phase transition between the helical and skyrmion phase
using the Medipix3 camera. This experiment provided a system with dynamics in the low
millisecond time-regime that would be difficult to resolve with a charge-coupled device
(CCD) camera due to noise, therefore providing an ideal experiment to demonstrate the
advantages of the Medipix3 detector and the limits of single-shot imaging. The chapter
opens with a presentation of the quality of individual images captured during 10ms exposure
imaging and presents a method of displaying the evolution of the magnetic state of the
sample in time in a single figure termed a ’'time-evolution profile’. Next, the specific
dynamics present in the image stack are then investigated chronologically. First, evidence
is presented of the appearance of isolated skyrmion-like meta-stable objects ahead of the
skyrmion lattice during the phase transition. Second, the resolution of individual skyrmion
positions on a frame-by-frame basis is processed into vector maps providing insight into the
collective motion of skyrmions within the lattice. Finally, during rotation of the skyrmion
lattice we observe formation of multi-domain skyrmion states in which 5-7 defects are
present along the domain boundary. Analysis is performed on sequentially recorded frames
containing 5-7 defects to investigate the mechanism of domain boundary motion during
lattice rotation.

Continuing the investigation of single shot imaging of skyrmion lattice dynamics in
chapter 4, we investigate high angle skyrmion lattice domain boundaries in the near room
temperature helical material FeGe. The chapter starts with an investigation into the

nucleation of the lattice boundaries and the effect of magnetic disorder in the helical state
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prior to a field induced transition to the skyrmion phase. Imaging of the high angle domain
boundary reveals the presence of a bi-stable defect moving between two positions. The
defect appears to contain a paired skyrmion system changing position within a set of four
neighbouring skyrmions along a single lattice vector. 2D Gaussian fitting is performed using
the program Atomap to aid in the identification of the defect position and is processed
using an Arrhenius law method to give an estimate of the energy barrier between the defect
positions. The capability of the Medipix3 to correctly identify between defect positions
enables construction of composite images with total exposure durations longer than the
mean lifetime of the dynamic process. Finally, the frame-by-frame motion of the skyrmions
during transition between defect sites is analysed to determine the effect of reorientation
on the surrounding skyrmions.

In chapter 5 we investigate the potential of the Medipix3 detector to access sub-
microsecond resolution stroboscopic imaging through evaluation of the time contribution of
physical processes involved in the registering of a single electron count. The hardware of the
Medipix3 is discussed with predictions of the temporal responses of key components such
as the charge sensitive amplifier (CSA) and comparator followed by an investigation into
the effect of charge sharing between pixels on this time response. In order to demonstrate
the time resolution we characterise a simulated reproducible dynamic process by oscillating
a 60keV electron beam using electrostatic deflection plates. Using this benchmark, the
ultimate time resolution of the Medipix3 is determined for both single pixel mode (SPM)
and charge summing mode (CSM).

The methodology for time resolved stroboscopic imaging developed in chapter 5 is
applied to the real magnetic system FeRh during a temperature induced phase transition
from anti-ferromagnetic to ferromagnetic in chapter 6. In this experiment the magnetic
moment of a FeRh sample is investigated through small angle electron scattering in response
to being heated using a DENSsolutions MEMS-based Wildfire heating chip. Initially static
temperature images were taken using a Gatan Orius CCD camera before moving onto
imaging the dynamic magnetic transition in response to a pulsed voltage source. Imaging

is performed both in single-shot (1ms minimum) and stroboscopically (10pm minimum)
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to demonstrate the applied limits of these methods. This experiment provides a method
of investigating the thermal timescales at which in-situ thermal transitions can be driven
using resistive heating.

Finally, chapter 7 contains a summary of the findings from results chapters 3 to 6 with
a focus on the implication for time revolved TEM and the possible future work accessible

using the developed methods.
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Chapter 1

Ferromagnetism and magnetic

topology In thin ferromagnetic Ims

1.1 Introduction

Properties such as paramagnetism, ferromagnetism (FM), anti-ferromagnetism (AFM) and
ferrimagnetism are all caused by electron wave-function interaction. In studies of magnetic
materials it is important to consider that in the periodic table only three elements, iron,
nickel and cobalt, exhibit ferromagnetic properties at room temperature. Therefore, the
mechanism that causes ferromagnetism is an important starting point for any investigation
into magnetism.

In a quantum mechanical model of an atom, each atomic shell state can be lled by up
to two electrons with opposite spins according to the Pauli exclusion principle. When both
states are lled the opposing magnetic moments of up and down spin states cancel so that
there is no net magnetic moment. Exchange splitting in the spin up and down bands allows
an imbalance of spin up and spin down electrons as the lowest energy states must be lled
regardless of orientation. In the cases of iron, nickel and cobalt, unpaired electrons in the
3d sub-shell cause a net magnetic moment per ato].[ The magnetic moment of an atom
can be thought of as a tiny dipole with its own magnetic eld. In ferromagnetic materials

the magnetic moments align in an energetically preferable state. The net moment of the



1.2. Magnetic energy terms

sum of the magnetic moments from the atoms gives rise to the material's magnetic eld.
However, this picture of the local moment is not adequate to describe metals which have
de-localised electrons. The band theory of ferromagnetism attempts to explain this and is
an extension of the band theory of paramagnetism with the addition of exchange coupling
between electrons. This theory was rst proposed by Stoner in 1939][ The energy band

structure is a consequence of the overlap of atoms' atomic orbitals in crystal structures.
An individual energy band refers to the energy an electron may have when in that solid,
with band gaps covering a range of energies that are forbidden. In the speci c case of the
three ferromagnetic metals, a combination of narrow band widths and a large density of
states leads to spontaneous splitting where it is energetically preferable for the population

of the spin up and spin down bands to spontaneously split.

1.2 Magnetic energy terms

The energy contributing to a magnetic system is the sum of a number of separate energy
terms which are a ected by separate stimuli, however collectively give rise to the formation
of magnetic structure within the specimen. This magnetic structure includes domain walls,
topological structures such as skyrmions and magnetic transitions such as transformation
between magnetic states. The total energy in the system is the sum of: the exchange
energyE gx which attempts to align neighbouring spins parallel and is primarily responsible
for ferromagnetism; the magnetostatic energfp which is the increase of magnetic charge
on specimen surface and partially responsible for the splitting of large uniform magnetic
regions into domains; the Zeeman enerdyy which causes the magnetic moments to tend
to align with a magnetic eld; the anisotropy energyE ¢ which causes the magnetic moment
to align preferentially with the easy axis of a the material; and nally the magnetostriction
energyE which is in uenced by the modi cation of the inter-atomic distance due to strain.
The sum of these terms is given in equation 1.1. The magnetic system will naturally tend
to minimise this number often giving rise the the aforementioned magnetic structure or

magnetic dynamics. In the following sections each of these energy terms will be discussed
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in detail.
E:EEx+ED+EH+EK+E (11)

1.2.1 Exchange energy

The rst term, exchange energyEgyx is caused by the electron-electron correlation inter-
action and is primarily responsible for magnetic order in a material. In ferromagnetic
materials the exchange interaction leads to parallel alignment of electron spin moments on
adjacent atoms causing uniform magnetisation at a mesoscopic level. The exchange energy
between two adjacent electrons with spina and b is given by the dot product of the two

vectors given in equation 1.2
Eex = 2Ja (Sa Sv) (1.2)

whereJ is the Heisenberg exchange integral, which includes the magnitude and sign of the
bonding interaction. J > 0 gives a preference to parallel alignment of spins which is the
determining factor in ferromagnetism. SimilarlyJ < 0 gives an anti-parallel preference and
which gives rise to anti-ferromagnetism. The range of the exchange interaction is small and
generally only extends as far as adjacent atoms, therefore in atomic systems the exchange
energy contribution for an individual atom is given as the sum of the individual exchange
interactions of nearest neighbours. The Heisenberg exchange described only explains the
existence of ferromagnetism where the electrons are con ned to their host atom, hence
constituting a local moment. In metals, the valence electrons are delocalised and form
bands. For some elements the 3d band (Co,Fe,Ni) can become non-degenerate in energy
depending on the electron spin orientation and hence a permanent ferromagnetic moment
is supported. This is also relatively common for the rare earth metals where 4f electrons

are involved.

1.2.2 Magnetostatic energy

The second termEp, is magnetostatic energy, this is a result of mesoscopic alignment of

spin in ferromagnetism and is caused by the build-up of magnetic charge on the surface

3



1.2. Magnetic energy terms

areas of a material causing a diverging magnetic eld. The generated eld outside of the
material is called the stray eld and the internal eld is called the demagnetisation eld.
The total magnetostatic eld can be calculated as the sum of the integral of the magnetic

volume charge and the integral of the magnetic surface charge shown in equation 1.3

z r

1
Hpb= — r M—dVv 1.3
D 4 Vv r3 ( )
whereH7p, is the demagnetising eld. The magnetostatic energ¥ p, can then be calculated

by integrating this over all space as shown in equation 1.4.

z

Eb= -2 N HpdV (1.4)
2 v

Magnetostatic energy is reduced by a material splitting its magnetisation into regions
(domains) of opposite magnetisation orientation causing alternating build-up of positive
and negative charge at the surfaces of the material. This causes the total stray eld to
be decreased for a small increase in exchange energy as shown in gure 1.1. Figure 1.1A
shows a uniformly magnetised material with large stray elds, gures 1.1B&C show the
reduced stray eld contribution due to the multi-domain states and gure 1.1D shows a
landau ux close state with minimised stray eld.

The magnetostatic energy gives rise to an apparent shape anisotropy which is caused by
the non-uniform separation of magnetostatic charge in a non-symmetrical object. A large
distance between the separated charges under an applied magnetic eld causes a smaller
energy contribution than separating charges that are closer to each other. Therefore in
a rectangular material a magnetic eld applied along its long axis would have a smaller

anisotropy energy than if the same magnetic eld was applied perpendicular.

1.2.3 Zeeman energy

The third term Ey is Zeeman energy caused by the interaction between a material and a
magnetic eld. The individual magnetic moments in a material seek to align parallel to
the eld to minimise energy. The magnetic orientation of the material with respect to the

magnetic eld causes either a positive or negative contribution by the Zeeman energy to
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Figure 1.1: The process of reducing demagnetisation eld by splitting regions of uniform

magnetisation into smaller regions with di erent magnetisation directions.

the total energy. The total contribution of Zeeman energy to the system is given by:
z

Ew= oMs HEx madV (1.5)
where g is the permeability of free spacelM s is the material's saturation magnetisation
(detailed below),Hgx is the external eld, and m is the unit vector in the direction of the
magnetisation which is integrated over the volume of the material.

Saturation magnetisation is the strength of applied eld su cient to cause all magnetic
moments in a material to orientate uniformly. As a magnetic eld is applied to a ferro-
magnetic material individual atoms change their magnetic orientation until the material

reaches the point of saturation.

1.2.4 Magnetocrystalline anisotropy energy

The fourth term Ex is magnetocrystalline anisotropy energy, this contributes a direc-
tionally dependent energy term that is linked to the atomic ordering within a material.

Magnetocrystalline anisotropy is predominantly caused by spin-orbit coupling which is

5
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the interaction between the spin of an atom and the electrostatic eld created by atomic
ordering in a crystal structure. Due to the inter atomic spacing along crystallographic
directions varying with the crystal structure geometry, the spin of an individual atom

will have a lower energy contribution when aligning with speci ¢ directions called the
‘easy axis. Similarly, the directions in which the spin would contribute the largest amount

of energy are referred to as the 'hard axis. The easy and hard axis frequently lie along
directions commonly lie along crystallographic axes of symmetry however intrinsic factors

can contribute to this.

1.2.5 Magnetostriction energy

The nal term E is Magnetostriction which is the expansion/contraction of a material due
to a magnetic eld. The materials investigated in this project do not exhibit signi cant

magnetostrictive properties and therefore this term will largely be ignored.

1.3 Magnetic Domains

A magnetic domain is a region within a magnetic material which has uniform magnetisation
so that the magnetic moments of each atom are aligned with one another. When cooled
below a temperature called the Curie temperatur@ ., the magnetisation of a piece of ferro-
magnetic material spontaneously divides into many small regions called magnetic domains.
This behaviour of spontaneous division originates from internal energy minimisation. In
the previous section magnetostatic energy was shown to be minimised when regions of
opposite magnetisation were aligned. When a domain wall is split the resulting smaller
parallel domains cause smaller amounts of eld outside the material. This would suggest
that in nitely splitting the domains would minimise energy, however, there is competition
with the Heisenberg exchange energy which in the case of a ferromagnet attempts to align
the material spins. Therefore the stability of a domain is a balancing of these two energy

terms.
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1.4 Magnetic domain walls

The transition region between two adjacent domains is called a domain wall. Two domain
wall structures to discuss are the Bloch wall and Néel wall. The di erence between the two
domain wall structures is the plane in which the magnetisation rotates in the transition

between the two domains as shown in gure 1.2 [8, 10].

Figure 1.2: A diagram showing the magnetisation orientation of both Néel and Bloch walls

The interaction of the Bloch domain walls with the surface causes an area of high
magnetostatic energy because of the high incident surface charge. In bulk magnetic materials
the ratio of surface area to volume causes Bloch type domain walls to be energetically
preferable. Magnetic thin Ims would gain a signi cant magnetostatic component from
Bloch walls, however, the parallel direction in magnetism of the Néel wall type gives a
much smaller magnetostatic contribution, and therefore in thin Ims Néel walls are often
favourable.

Patterning of thin Im material can allow for investigation into the properties of domain
walls in con ned geometries. In particular nanowire structures receive signi cant attention
due to the complex interactions between the wire boundaries, shape and features arti cially
inserted into the wire. In planar nanowires domain walls have distinct classes of structure
each with unique magnetic properties. The domain wall itself has a nite size and shape
which is dependent on the intrinsic properties of the material and its geometry. The
structure of a domain wall forming in a magnetic nanowire can be directly related to the
wire geometry shown by the phase diagram in gure 1.3.

The two key structures at this scale of nanowire are transverse and vortex walls.

Transverse walls are prominent at smaller length scales as the magnetostatic energy present
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Figure 1.3: A diagram showing the e ect of wire geometry on the formation of three
common domain wall types. Image reproduced with permission of the rights holder,

Elsevier [1].

in the smaller material component is not enough to overcome the exchange energy thus
giving transverse walls a high stray eld region. Vortex domains however minimise the
magnetostatic energy by forming a closed loop, however this does cause an out-of-plane
stray eld from a point known as the vortex core. Both cases can additionally be classi ed
by the direction of the domains which the domain wall separates. Where the domains
point towards the domain wall, the term head-to-head is often used and conversely, when
pointing away from the domain wall, tail-to-tail. Examples of head-to-head vortex and

transverse domain walls are shown in gure 1.4.

1.5 Domain wall motion

In the previous section, a domain wall is considered to be a stationary quasi-particle.
In practice this equilibrium state can be disrupted by the application of magnetic elds

causing modi cation to the domain wall shape and motion. The fundamental mechanisms
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Figure 1.4: A gure showing the internal magnetic structure of a head-to-head transverse
domain wall (Top) and a head-to-head vortex domain wall (Bottom). Image reproduced

with permission of the rights holder, Taylor & Francis [2].

that cause eld-induced domain wall motion are important in producing future spintronic
devices.

Domain wall motion induced by magnetic elds is caused by unbalancing the magne-
tostatic and exchange energy terms. If a eld is applied to a domain wall, the magnetic
moments at the side of the domain which have opposite orientation to the eld are rotated
which causes the domain wall as a whole to appear to move with a translational motion.
This process is theoretically reversible and changing the direction of the applied magnetic
eld should cause an opposite domain wall shift. This assumes that there is a uniform
potential energy landscape. An energetically preferable location for a domain wall such
as a notch or patch of edge roughness at a boundary is called a pinning site. A magnetic
eld applied to a domain wall at a pinning site will cause domain wall motion only once
the required depinning eld strength is reached where the pinning site geometry plays an
important role on this value. Below this depinning eld strength there is a deformation of

the domain wall however once the eld is removed the domain wall returns to its minimum
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energy con guration.

The dynamic evolution of a domain wall and the domain wall velocity are proportional
to the applied magnetic eld. In a paper by Walker and Schryder the dynamics of a 180
domain wall is modelled for a one dimensional systerhil]. This describes three regimes
of motion. At low elds there is a linear relationship between applied eld and domain
wall velocity, this continues up to a point known as the Walker limit. The Walker limit
is characterised by an abrupt reduction in the domain wall mobility at a speci ¢ applied
current or eld. The breakdown is predicted to occur due to canting in the plane of the
domain wall causing procession and oscillation between domain wall typ&g][ Speci cally
changing into a domain wall of opposite chirality 13]. Finally, if the magnetic eld is far
above the Walker eld the relationship between velocity and eld once again becomes
linear, however, with a signi cantly reduced mobility. This three regime model can be seen

in gure 1.5.

Figure 1.5: The Walker Breakdown walker limit illustrated under magnetic eld. The
image shows the transition between smooth propagation at low eld values and turbulent
propagation at large eld values highlighting the decease in propagation velocity during

the transition. Image reproduced with permission of the rights holder, EPL Letters [3]

The speed of domain wall propagation of up to hundreds of meters per second limits
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the possibility of directly imaging this post breakdown propagation. However, indirect
evidence from the pinning of a domain wall at a de ned length along a wire has been

shown to produce repeatable results [14].

1.6 Dzyaloshinskii Moriya interaction

The exchange energy included in the energy terms presented in section 1.2 refers to only one
part of the spin-exchange interaction. The spin-exchange interaction actually contains both
a symmetric and anti-symmetric component where the anti-symmetric component is now
known as the Dzyaloshinskii Moriya interaction (DMI) [15, 16]. Whereas the symmetric
exchange term prefers that neighbouring spins align parallel to one another, DMI prefers
there to be some canting, where the spins are non-parallel. DMI originates from the
spin orbit coupling between two neighbouring magnetic atoms and a third non-magnetic
atom. The third atom causes the two neighbouring spins to favour aligning anti-parallel
through the super-exchange mechanism in which the balanced spins of the third atom
pair separately to the magnetic atoms causing indirect exchange. In many systems the
DMI component may cancel to zero where the atomic arrangement is symmetric providing
opposing energy contributions, this arrangement is said to have inversion symmetry. The
impact of atomic geometry in DMI gives rise to two distinct cases - bulk DMI and interfacial
DMI. Interfacial DMI is caused by the di erence in atomic ordering between layers at a
material interface. The discontinuity between materials causes DMI to be asymmetric and
a net energy contribution to be observable especially where very thin layers are usgd.[ In

the majority of bulk materials the net DMI e ect sums to zero due to inversion symmetry.
However, some materials with broken space inversion symmetry have an inherent magnetic
chirality such as those in the B20 crystal group. These chiral materials such BnSi
[18, 19|, Fey5C0oo5Si [20, 21] and FeGe[22] exhibit mesoscopic magnetic ordering due to the
DMI e ect [ 23, 24]. Bulk DMI contributions have been found in other non B20 materials
such asCu,0SeQ, with a P2,3 space groupZ5] and GaV,S; with a R3m space group26).

The DMI energy contribution to the system between a pair of adjacent spins is given
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by equation 1.6:
Eom = 2Da (Sa S (1.6)

where Epy is the DMI energy, Dy, is the DMI vector, S, and S, are the spin vectors
associated with atomsa and b respectively.

The competition between both the symmetric (exchange) and anti-symmetric (DMI)
energies causes neighbouring spins to favour a canting angle between them with the
magnitude of the angle related to the ratio of the two energies. This is shown in gure 1.6
in which a ferromagnetic system with zero DMI aligns spins parallel to one another and a
system with non-zero DMI is canted to minimise energy, where the cross product of the

two spins givesEpy = Egx in equilibrium.

Figure 1.6: An example of neighbouring spins with both no DMI interaction in which the
spins align parallel and DMI causing canting of neighbouring spins shown as a product of

the two spins

The DMI has also been shown to change the pro le of a domain wall with the application
of an in-plane eld potentially changing the domain wall dynamics47]. There is also
evidence that its e ect can also be seen in domain tilting at the edges of nanowires which
can lead to signi cantly altered domain wall dynamics including the Walker breakdown
velocity [28].

Helical magnets exhibit magnetic ordering below a critical temperature T The helical
phase emerges where the repeated canting of neighbouring spins form a magnetic helical

spin texture aligned to a singlek-vector as shown in gure 1.7A where the helical spacing
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is determined by the magnitude of the canting between neighbouring spins. Figure 1.7B
shows a comparison of a second magnetic texture, the conical phase. The application of an
applied eld along the R-vector of the helix causes the spin ordering to cant into the plane

of the K-vector in order to minimise the Zeeman energy contribution.

Figure 1.7: The magnetic ordering of the helical and conical phases along a sirigheector.
Figure A shows the rotation over one helical spacing, . Figure B shows the conical phase

as a result of applied eld H, along thek-vector.

1.7 Magnetic skyrmions

The origin of the term skyrmion comes from a particle theory paper by Tony Skyrme, a
skyrmion is used to model a hypothetical particle which consists of a quantum superposition
of baryons and resonance states as a topological solit@9][ Due to the description as a
topological soliton the term skyrmion has recently been used to describe a 3D magnetic
state in which magnetic moments orientate out of a singularity referred to as the Bloch

point. Magnetic skyrmions are a type of magnetic quasi-particle in which the magnetic

13



1.7. Magnetic skyrmions

moments form a structure stabilised by its own topology. Skyrmions can be thought of as
2D domain walls with a 360 rotation with the domain wall forming a continuous twist
around the central domain. Similar to magnetic domains, this magnetic twist exhibits two
common structural forms: the Bloch skyrmion and the Néel skyrmion. Figure 1.8 shows
the structure both Néel and Bloch skyrmions in the form of magnetic moment arrows.
Figure 1.8A shows a Néel skyrmion, during rotation the spin lies in plane orthogonal to
the central spin of the skyrmion in a similar manner to a Néel domain wall. This type of
skyrmion is also referred to as a spiral skyrmion. Figure 1.8B shows a Bloch skyrmion,
during rotation the spin lies in plane pointing inwards to the central spin of the skyrmion,

like a Bloch domain wall. This type of skyrmion is also referred to as a hedgehog skyrmion.

Figure 1.8: Skyrmions with the Néel form in gure A and with the Bloch form in gure B
imaged in 2D and as a side pro le. Image reproduced with permission of the rights holder,

Springer Nature [4].

Skyrmions are discussed as being topologically stable. This concept comes about
mathematically from the inability to unwrap the magnetisation without forming a magnetic
discontinuity. Although this topology may cause energetic stability under certain conditions
it does not prevent skyrmions from being both created and annihilated. The topological
number or charge remains a useful metric for understanding the structure of skyrmions
and speci ¢ regions with non-zero topological charge such as the ends of helical lines. The

topological charge of a skyrmion can be calculated by the integral of the magnetic moments

14



1.7. Magnetic skyrmions

of an area. Equation 1.7 shows the topological charge n, calculated for a 2D area where a
topological number of 1 would be expected for both the skyrmions shown in gure 1.8
7 !
1 a

n=4— M @x @y dxdy (1.7)

Skyrmions have been demonstrated to be stable in both isolated states and as part of a
skyrmion lattice where energetically favourable conditions cause the system to undergo a
rst order phase transition and spontaneously Il with skyrmions in a hexagonally close
packed lattice. The skyrmion lattice is shown to be energetically favourable for only a
small region on the eld-temperature phase diagram. A schematic diagram showing the

location of the skyrmion region is shown in gure 1.9

Figure 1.9: This schematic of the eld-temperature phase diagram for a skyrmion supporting
material indicates the locations of ve important magnetic phases; Para-magnetic, Helical,

Conical, Field Saturated and Skyrmion.

Label 1 of gure 1.9 shows the paramagnetic region of t® T graph. This area is

above the critical temperatureT . and therefore the spontaneous uctuation of magnetic
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1.7. Magnetic skyrmions

motion prevents any magnetic ordering to appear. Label 2 shows the Helical region of
the B T graph. In this region where the temperature is below. and there is either a
small applied eld or no eld applied the lowest energy state is helical. Label 3 shows the
conical region of theB T graph in which the applied eld is strong enough to cant the
magnetic ordering into the plane of the helical direction. Label 4 shows the eld polarised
region of theB T graph in which the applied magnetic eld is strong enough that the
magnetic moment align with the direction of the magnetic eld and the structure of the
helical ordering is lost. Label 5 shows the Skyrmion region of ti® T graph in which
the temperature and applied eld are within the correct ranges that skyrmion structure
becomes the lowest energy con guration and spontaneous ordering of the hexagonal lattice
appears. The speci c temperature and elds at which this skyrmion region exists di er
between materials however there is a trend for this this region being extended to lower
temperatures as the host material is thinned from bulk. Bulk materials such as MnS3(Q
exhibit the skyrmion phase at temperatures 26-28K with a maintained magnetic eld of
0.1-0.25T. This prevents real world applications of skyrmions. However, progress is being
made to increase the region of stability. Materials such as FeGe show the potential for
near room temperature skyrmion lattice formation 31] with T, = 278K with some studies
showing magnetic ordering present as high as 300K [32].

Skyrmions have received signi cant attention in recent publications for the following
attributes: topological stability, size modi cation [33], high mobility/current ratios and
low pinning a nity [ 30]. These properties make skyrmions impressive candidates for
future spintronic devices which have been envisioned as both memory storage on racetracks
[34, 35 and binary logic operations performed by interaction of skyrmions in nanostructures
[36, 37].
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Chapter 2

Instrumentation

2.1 Introduction

This chapter gives an introduction to the instrumentation theory and its application to
this project. Investigation into the magnetic dynamics was performed primarily using
transmission electron microscopy (TEM) which is the focus of this chapter. The TEM is
highlighted with reference to both the physical hardware of the column itself in section 2.2
and the principles of structural imaging modes and magnetic imaging modes in sections
2.3 and 2.4. The role and capabilities of speci c electron detector technologies relevant
to TEM is expanded to provide both background understanding and the limits of time
resolved detection of electrons in section 2.5. Equipment providing situ manipulation of
magnetic eld, temperature and electric current to samples inside the TEM are discussed
in section 2.6. Finally, sample preparation techniques including bottom-up methods of
electron beam lithography (EBL) with several types of metal deposition and top-down
methods of lamella lift out using focused ion beam (FIB) lithography are covered in section
2.7.

Optical microscopes are limited in their spatial resolution due to the wave-particle

nature of light [38. The Rayleigh criterion de nes the smallest distance resolved by
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2.1. Introduction

radiation of a speci ¢ wavelength [39]. This is given below in equation 2.1

0:61
sin

2.1)

where is the resolution of the light microscope, is the wavelength of the radiation, is
the refractive index of the medium and is the collection semi-angle of the magnifying
lens.

Optical microscope resolution is limited by the wavelength of light therefore an alterna-
tive particle was needed to increase the resolving power of instruments. Electrons have

wavelengths corresponding to their energy, calculated using equation 2.2.

h

°7 2meV)? (2.2)

where . is the wavelength of the electronh is the Planck constant,m. is the mass of an
electron, eV is the accelerating potential in electron volts. Electrons having a low mass
allow them to reach high energies when accelerated in an electric potential by increasing
there momentum. TEM can accelerate electrons to voltages in the range 60keV - 1MeV,
which cause the electrons to reach a velocity which is a signi cant fraction of the speed
of light. Therefore, to correctly ascertain the wavelength of the accelerated electrons,
relativistic corrections are included into the wavelength calculation as shown in equation

2.3.
h

(2meeV(1+ 5EY5)12

(2.3)

e

wherec is the speed of light.

The rst attempts at using electrons to create images happened directly after it was
acknowledged that electrons could be focused similar to an optical lens by magnetic elds.
The rst dedicated electron lens was created in 1926 by Hans BusdchJ[ enabling the
creation of the rst electron microscope in 19314[1] after which columns with compound
lenses increased in complexity into the modern TEMs we have today. The wavelength
of the electron however is not the limiting factor in modern TEM microscopes. Limits
in resolution arise before 2.74pm (wavelength of a 200keV electron), currently TEM are

limited to a resolution of approximately 0.5A [42, 43].
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2.2. TEM column

TEM is a prominent feature of this project for collecting data on the magnetic ordering
in samples, including but not limited to the structure and dynamics of skyrmions. TEM is
a instrument in which a focused beam of electrons is transmitted through a thin sample
from which information can be determined based on the interaction with the sample such
as scattering events and de ections. The small feature sizes and intrinsically fast nature of
the skyrmion dynamics required the use of di erent kinds of specialised TEMS: the JEOL
ARM200cF - "MagTEM" at Glasgow university and the modi ed JEOL JEM-2100 at Ecole
Polytechnique Fédérale de Lausanne (EPFL).

2.2 TEM column

The internal components of a TEM column are brie y included as reference to explain the
imaging modes and limitations of the experiments performed in this project. A simpli ed
diagram showing only the key components of a TEM is shown in gure 2.1.

As shown in gure 2.1, the electrons are emitted from the electron gun. These electrons
are accelerated down the optical axis of the TEM column by accelerating anodes creating
an electric eld. The electrons are focused by a series of lenses before reaching the sample
depending on the imaging mode being performed and then projected by a series of post-
specimen lenses to show either the real-space image or di raction image with adjustable
magni cation. The transmitted beam contains two sets of data that are intrinsically
linked, the di raction image and the real-space image. The real-space image is what we
associate more easily with the images produced by optical microscopes, where the x and y
coordinates of the image directly correspond to directions in space. The di raction pattern
is an image taken in reciprocal space, where the axis represent momentum space rather
than the physical space of real images. These di raction patterns are Fourier transforms of

the physical space image.
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2.2. TEM column

Figure 2.1: A schematic diagram of the main lenses and apertures in a TEM column. The
position of the back focal plane and image plane are included with inserts showing the

beam imaged in those planes.
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2.2. TEM column

2.2.1 Electron gun

The device that produces electrons and initially focuses them into a beam is called the
electron gun. Within this electron gun the emission of electrons comes from a component
called the electron source. Various electron source types exist, where the di erence between
them is the method in which the potential energy barrier, the work function of the material
physically emitting the electrons is overcome. Three electron gun types are discussed here;
electrons emitted by thermionic emission, by eld emission and by photo-emission. The
key components of these electron guns are shown in gure 2.2

Thermal emission of electrons has been a common form of electron production for
decades. Thermal emission of electrons is caused when the thermal energy is higher than
the work function of the material. The current density emitted by an electron source is
proportional to the temperature as given in equation 2.4.

w
Jeo= AgT?e— 2.4
e G ekT ( )

wherelJ. is the emission current densityAg is the Richardson constant[T is the temperature
of the source,W is the work function of the material andk is the Boltzmann constant.
Materials with low work functions and/or high operating temperatures such as tungsten and
lanthanum hexaboride (LaB) are commonly chosen for the source tip. The characteristics

of these sources are listed in table 2.1.
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2.2. TEM column

Directly after the thermionic source is the Wehnelt cap. This cylinder contains an
aperture at one end which shapes an electrostatic eld causing lensing of the newly emitted
electrons forming the rst gun crossover point. The biasing voltage applied to the Wehnelt
cap a ects the focusing and brightness of the beam. Where no biasing voltage is applied
there is no crossover formed causing electrons emitted at high angles to be lost. Where the
biasing voltage is high, electrons are de ected back by the strong electrostatic eld at the
aperture. The highest gun brightness is achieved when the Wehnelt is at an intermediate
bias. Figure 2.2A shows the trajectories of four electrons focused by the Wehnelt cap. The
equipotential lines are overlaid to better represent this lensing action. The bias of the
Wehnelt is often automatically biased in response to the condition and parameters of the
source, however in some microscopes it is favourable to alter the bias manually if there
is a speci c reason to allow electrons with more eccentric trajectories to pass through,
typically in photo-emission sources where brightness is low. Thermionic emission guns such
as those with LaBs or tungsten tips are characterised by having high total current emission.
However, the emission area of the tip is relatively large compared to other emission methods
which gives thermionic tips a lower temporal coherency and focusing spot size as shown in
table 2.1, resulting in a lower overall brightness. Thermionic emission sources are therefore
a useful tool for imaging large scale structural/magnetic features and experiments needing
high source emission stability in instruments without the need for ultra high vacuum. A
LaBg tip is tted to the FEI Tecnai T20 TEM used in this thesis.

A modern technique for the production of electrons is through eld emission. Using a
strong magnetic eld the electrons are stripped from the material through a process called
Fowler Nordheim tunnelling [44]. A eld emission gun (FEG) uses a pair of anodes to
create an extremely high electric potential at the tip of the emission source from which
electron are extracted. This anode pair is shown in gure 2.2B. This method enables the
emitting element to operate at a signi cantly lower temperature than other source tips.
As shown in table 2.1 cold eld emission guns (CFEG) operate around room temperature
compared to the >1200K operating temperatures for the thermionic sources. The sharp

tip used to create the high electric elds 18 Vm™ causes the electrons to be emitted from
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2.2. TEM column

a very small point. This enables the CFEG to produce very bright beams with a high
coherency which, as discussed later in 2.4, is an important factor in the quality of magnetic
imaging. At the bottom of gure 2.2B the tip of the emission source is highlighted. This
shows that the area that electrons are emitted from is of the order of 10nm. The emission
area can be back projected to a point of diameter approximately 1-2nm. The primary
disadvantage of eld emission guns is the requirement to be installed in an high vacuum
10%Pa in the case of Schottky sources and ultra high vacuum $Ba in the case of cold eld
emission needed to prevent electrical discharge. This requirement for ultra high vacuum
can cause and impact on emission current stability over the course of a day long TEM
session. A cold eld emission gun is tted to the JEOL ARM200cF used in this thesis.
Finally, production of photo-electrons as a source for a TEM is an emerging technology
[45], previously photo emitted electrons had been primarily used for photo-emission electron
microscopy (PEEM) which is limited to surface-sensitive microscopy§]. In photo-emission
TEM the tip of the source is illuminated by a laser pulse, causing electrons to be emitted
via the photoelectric e ect. The illuminating laser is injected into the column and re ected
by a mirror towards the photo-emission tip. This is shown in gure 2.2C where an annular
mirror is shown to de ect the laser up while allowing electrons travelling along the optical
axis to pass through. Dedicated photo cathodes are often produced from materials such as
tantalum or copper. However, illumination of thermionic source tips such as LaBand
tungsten or eld emission tips has been demonstratedT]. The laser spot size which is
usually on the order of 100m causes the emission of electrons to occur in a large radius
reducing the coherency of the beard§]. The comparatively large area of source tip material
over which photo-emission occurs and the presence of the laser mirror have motivated the
inclusion of a condenser lens before their standard position after the accelerating anode.
Figure 2.2C shows the CO lens between the photo-emission source and the annular mirror
used to capture electrons emitted with eccentric trajectories and for focusing though the
annular mirror. The C1 & C2 lens have been included only in the photo-emission diagram
to demonstrate their position compared to the CO lens. Photo-emission sources have

enabled time-resolved TEM imaging with the time resolution determined by the pulse
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2.2. TEM column

width of the injected laser. The pulse width of lasers can be in the order of ns to fs which
allows the duration over which the specimen is exposed to the electron beam to occur
periodically at durations the same order as the pulse width. However, the limitation on
the number of electrons per pulse without causing signi cant space charge e ects, and the
ratio of emission and duty cycle determines the total counts produced via laser excited
photo emission. It has been theoretically determined that electrons per pulse counts of
50,000 are possible without signi cant space charge for picosecond lasers [48].

Although not necessarily part of the electron optics, the accelerating anode stack is a
major component in the TEM electron emission. This component increases the momentum
and therefore energy of the electron from its emission momentum by acceleration in
an electrostatic potential. The accelerating voltages used in this thesis for the JEOL
ARMZ200cF are 200kV & 60kV. Both larger and smaller voltages are accessible in other

instruments and have advantages for speci ¢ applications such as increased beam de ection.

2.2.2 Electron optics

Once the electron beam has been emitted into the column a series of magnetic lenses are
used to both focus and position the beam. Unlike an optical microscope the series of lenses
remain in a xed position with respect to one other and the focal length of the lenses is
altered by changing the applied current. The physics of magnetic lensing is an extension of
Fleming's left hand rule and comes from the interaction of electrons with electromagnetic

elds as described by the equation 2.5.
F=¢E+v B) (2.5)

whereF is the force on the electrong is the charge of an electronE is the electric eld, v
Is the velocity of the electron andB is the magnetic eld.

The optics in the TEM column can broadly be split into two sections, pre-specimen
and post-specimen optics. In a standard TEM the lenses directly after the electron source
are the condenser lenses. These lenses are used to form the electron beam probe and they

help de ne many of its characteristics. Condenser lens one (C1) controls the spot size of
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2.2. TEM column

the beam, by forming a de-magni ed image of the gun crossover. Adjusting the positioning

of the gun crossover allows the user to balance between beam current and convergence
angle when used in sequence with the condenser aperture. As the strength of the C1 lens is
increased the distance to the gun crossover decreases causing more electrons to be removed
by the condenser aperture resulting in a smaller probe size with a smaller convergence angle.
Condenser lens two (C2) controls the focusing of the beam controlling the illuminated area
and thus the intensity of the beam on the sample. When the magni cation of the system

is increased this requires the C2 lens to be strengthened to reduce the illuminated area to
the size of the area of interest.

The objective lens which is located at the sample in the TEM has two purposes, to
shape the probe or to provide magnetic stimulus to the sample. These two functions are
typically not used together as the 1T or higher magnetic eld caused by the objective
lens while active can magnetize some magnetic samples. When active, the objective lens
is used with the C2 lens to produce near parallel illumination of the sample which is
useful for many of the imaging modes discussed later. The C2 lens is excited so that the
crossover point is at the front focal plane of the objective lens, these lenses then work
in tandem to spread the beam parallel across the sample. The weakly-excited objective
lens uses the objective lens at only a fraction of the power for beam focusing, to provide
an out-of-plane magnetic eld to the sample and can be activated on the order of a few
hundred milliseconds in the range of only a few tens of Oersted.

The intermediate and post-specimen projector lenses allow the user to specify both
the magni cation of a real-space image and the camera length of the di raction pattern
when projecting the back focal plane. Each lens in the series can be turned on/o and
increased in strength to alter the focal point modifying the nal magni cation. To increase
magni cation more lenses must be turned on, however, each lens turned on causes a new

crossover of the image causing the nal image to reverse during known magni cations.
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2.2. TEM column

2.2.3 Specimen interaction

Scattering of electrons from atoms within the specimen sample is a complicated process
with many possibilities some of which are shown in gure 2.3. Without modi cation or
additional detectors, TEM is sensitive to transmitted electrons only with electrons re ected
and X-rays produced at the sample often going undetected. The electrons that undergo
scattering can generally be categorised into elastic and inelastic events. The scattering
caused by an individual atom can be calculated as the sum of the cross sections of both
elastic and inelastic scattering events as shown in equation 2.6 where the term "cross
section" can be more literally thought of as a collision probability function.

*+  inelastic (2 . 6)

T = elastic

The two key interaction locations at an atom are the nucleus and the electron cloud.
The nucleus exists as a small cluster of subatomic particles that is both heavy compared
to an electron and has a signi cantly larger total charge. Interactions between charged
particles and an atomic nucleus was rst explained by Ernest Rutherford in 1911 with the
well known gold Im experiment in which alpha particles incident to gold Im were shown
to scatter at all angles with decreasing probability as a function of the scattering angle.
This e ect was named "Rutherford Scattering” which is a form of Coulomb repulsiod9.
The electron cloud however exists as a probability distribution of electron charge due to
the wavelike nature of electrons with properties such as the valence shell structure based
on the atomic number of the atom.

Elastic scattering occurs where the incoming electron is de ected without a loss of
energy. Multiple de ections causes the mean path of the electron to have some lateral
component. The probability of elastic scattering has two key factors: the atomic number
of the specimen material and the incoming electron energy. The scattering cross section
increases as the square of the atomic number as the total positive charge of the atoms
nucleus increases.

Inelastic scattering occurs where the energy of the incoming electron is not equal to

the energy after de ection. The kinetic energy can be transferred to the atom through
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2.2. TEM column

Figure 2.3: Interaction between the incident electron beam in a TEM and the sample
can result in multiple resulting trajectories for the incident electron and electrons/x-rays

generated from the sample itself.

multiple means however the creation of electron hole pairs is of particular importance when
dealing with interaction with a semiconductor type material for the generation of electron
hole pairs.

The probability of both elastic and inelastic scattering depend on the atoms per unit
volume of the material. The probability of an electron scattering whilst passing through a
material is shown in equation 2.7

N t
e = 7 /:( ) 2.7)
where pe is the probability of an electron scattering,N, is Avogadro's number, 1 is the

cross section of the atom, is the density, t is the thickness of the material and A is the
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2.3. Structural imaging

atomic weight of the atoms.

If the probability of interaction is known then the mean free path of the electron inside
the material can be calculated. The mean free path of the electron in the material is
important for the thickness-mass contrast produced in bright eld imaging and for the
implantation depth in detectors discussed in the following section. The mean free path is
given in equation 2.8

A

fp — Ny - (2.8)

where ¢, is the mean free path of the electron.

2.3 Structural imaging

The multitude of lenses and beam conditions in the TEM allows the user signi cant control
over the information recorded. The rst key imaging type is structural imaging where
the geometric, crystalline and atomic structure of the material can be investigated. Key
information about the sample is accessed by projecting either the image plane or the back
focal plane onto the detector by the intermediate and projector lenses. Figure 2.4 shows

how altering the strength of the intermediate lenses can change the plane imaged.

2.3.1 Bright- eld imaging mode

Bright- eld imaging is the most basic operational mode in the TEM. In bright- eld imaging
the beam is spread out at the objective lens to give broad beam illumination of a large
area of the sample with electrons travelling near perpendicular to the sample plane. This
illumination type is called "parallel beam illumination". An aperture is inserted directly
after the objective lens into the back focal plane to ensure only electrons passing parallel
though the objective lens pass through to form the rst image in the intermediate lenses
before projection. Figure 2.5A shows this in the form of a ray diagram. The rays forming
the bright- eld image are shown in orange and the rays blocked by the objective lens are

shown in blue.
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2.3. Structural imaging

Figure 2.4: Projection of both the back focal plane showing the resulting di raction pattern
and the image plane showing the bright- eld image as facilitated by the intermediate and

projection lenses

Bright- eld imaging is useful in accessing structural information and thickness mea-
surements. However, it is not sensitive to any magnetic component of the sample. In
bright- eld imaging mode there are three principle contrast sources: amplitude contrast,
di raction contrast and phase contrast (important in high resolution TEM and discussed
in section 2.4.2 with focus on magnetic imaging). Amplitude contrast is caused by the
material of the specimen scattering the electrons which in turn produces contrast due
to removal of electrons. The thickness of the sample directly in uences the amount of

elastic scattering. Thicker regions of the material will appear to have a lower intensity
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2.3. Structural imaging

than thinner sections. Similarly the density of the material will also impact the contrast
by reducing the mean free path of the electrons as discussed previously in equation 2.8.
Di raction contrast is caused by electrons being lost from the transmitted beam due to
Bragg scattering. This e ect can be signi cant in highly crystalline material causing dark
regions to appear at localised features such as dislocation or due to bending contouring in
which a Bragg condition is reached by curvature in the sample. Although this causes dark
regions due to loss of electrons, these electrons can be imaged by imaging speci c regions
in the back focal plane as discussed later in dark- eld imaging.

Bright- eld imaging as a technique is important in supporting results where bulk
specimens have been prepared for the TEM using thinning techniques. Most thinning
techniques provide some variation in the uniformity of the sample and therefore thickness

measurements are important in interpreting results.

2.3.2 Diraction imaging mode

Di raction imaging is a parallel beam illumination technique for investigating the structural
and crystalline properties of a material. In single crystal and polycrystalline materials,
electrons are Bragg scattered according to the crystallographic planes present. The electrons
are focused by the objective lens causing a di raction pattern in the back focal plane. The
series of intermediate lenses and projector lens then project the back focal plane onto the
detector to view the di raction pattern. Figure 2.5B shows the ray diagram indicating the
crossover point of the back focal plane.

The theory of how di raction patterns are created is linked to the wave-particle duality
of electrons. The interference patterns produced by electrons which can be thought of as
waves for the purpose of di raction are accessed by projecting the back focal plane onto
the viewing screen or detector. Bragg's law de nes the possibility for a condition where the
waves propagating through a material may constructively interfere based on the relative
inter-atomic distance between the atoms in a crystal structure, the crystallographic planes
present in the crystal and the wavelength of the incoming photon or, in this case, electron

wavelength.
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2.4. Lorentz magnetic imaging

2.3.3 Dark- eld imaging mode

In dark eld imaging, rather than using the transmitted beam only electrons that have
been scattered are imaged. This is done by using an aperture to block all but select group
of electrons by centring the aperture over a single di raction spot. Where the electron
beam is incident to the specimen the diraction spots are located o -axis meaning the
position of the objective aperture must be moved to highlight a particular spot, this is
called O -axis dark eld imaging shown in gure 2.5A. Alternatively tilting the beam
causes the di racted beam to appear o centre to the optic axis and the di raction spot
of interest to centre on the optic axis this method is called On-axis dark eld imaging
shown in gure 2.5B. The on-axis method is preferred as the o -axis method causes the
di racted beam to pass though the objective lens at a greater distance from the optical
axis which will be susceptible to aberrations. Selecting only one di raction spot results
in an image where intensity is dependent on crystallographic orientation. This technique
is often employed where the crystal grain size in polycrystalline materials is of interest.
Alternatively it is used when identifying regions of damage to single crystal materials
caused by the sample preparation method ion beam thinning. This technique was used in

this project and will be discussed later.

2.4 Lorentz magnetic imaging

Lorentz imaging techniques use contrast produced by de ection of the electrons passing
through the sample due to the classical Lorentz force. Electrons incident to the sample

experience a force relative to the direction of magnetisation given by equation 2.9
F=ev B) (2.9

whereF is the force on the electrong is electron chargey is electron velocity andB is
the magnetic induction. The force on the electron causes a de ection from the beam path
where the angle of de ection relative to the beam path is given by equation 2.10

_et(B n)

L= - (2.10)
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2.4. Lorentz magnetic imaging

where | is the angle of de ection,t is the material thicknessn is the unit vector of the
incident beam, is the electron wavelength and is Planck's constant. The result of this
Lorentz force on electrons passing through material with adjacent domains of anti-parallel
magnetisation is shown in gure 2.6. Where the electron de ection in both domains is in an
opposite direction from the domain boundary, there is a decrease in the electrons directly
below the boundary, called a dark fringe. Alternatively, where the electron de ection of
both domains is towards the domain boundary, there is an increase in the electrons creating
a bright fringe. The particle-wave nature of electrons cause the electrons creating the

bright fringe to form an interference pattern in the intensity.

Figure 2.6: A diagram indicating the origins of contrast in Fresnel imaging mode

This classical approach to understanding electron interaction with a magnetic eld is
capable of revealing the basic principle of Fresnel mode. However, to properly understand
guantitative Lorentz microscopy the electrons must be considered a quantum particle and
therefore needs a particle-wave approach to fully understand the quantitative magnetic
information available in Lorentz imaging. The quantum mechanical interpretation of
gure 2.6 requires the theory created by Yakir Aharonov and David Bohm called the
Aharonov-Bohm e ect [50] .The Aharonov-Bohm e ect is a phenomenon where a charged
particle, which in this case is the electron, experiences a phase shift while passing through

an electromagnetic potential. The phase shift between two electrons passing through
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di erent regions of magnetisation is given by equation 2.11.

_ 2eN

- (2.11)

where is the phase shift andN is the magnetic ux enclosed by the trajectories of the
electrons. The phase shift in gure 2.6 between the point of entry and exit of a material is

given by equation 2.12 .
_2et Txa
B h X1

wherex; & X, are the points de ning the integrated path.

By (x)dx (2.12)

2.4.1 Fresnel imaging

Fresnel mode imaging is an important tool in investigations into magnetic materials and
the primary method of imaging used in this project. The technique uses a defocused beam
to create an image of the plane above or below the specimen plane. The technique is
sensitive to the in-plane component of magnetisation only as the contrast is generated by
de ection of the electron which does not occur where the local magnetisation is parallel. An
example of the contrast produced by two 180domain walls was shown previously in gure
2.6. This causes two regions of interest, the divergent (Dark) region and the convergent
(Bright) region which highlight the domain wall boundaries in an image. Fresnel imaging
with high beam coherency sources such as C-FEG enable imaging of the interference fringes
created in the bright fringe where electrons with di erent phase shifts meet.

Fresnel imaging is an easy to perform technique, ideal for highlighting domain wall
edges and skyrmion topology due to the symmetrical structure producing either white
(under-focus) or black contrast (over-focus). The high contrast produced using Fresnel
iImaging makes it a good candidate for time resolved magnetic imaging where signal to noise
ratio is limited. Fresnel imaging being an out-of-focus technique is limited in the spatial

resolution available. Resolutions of approximately 10nm are available to this technique.
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2.4.2 Dierential phase-contrast imaging

Di erential phase-contrast (DPC) imaging is a technique used in conjunction with scanning
transmission electron microscopy (STEM). The technique was rst proposed in 1974 by
Dekkers and de Lang for high resolution TEMYH1, 52] and subsequently adapted for
magnetic imaging by Chapmani3, 54]. Modern DPC imaging has enabled the highest
resolution imaging to date of any TEM technique, with structural imaging at sub Angstrom
resolution and magnetic imaging with resolutions up to 0.3nnbp. DPC uses a convergent
probe focused onto the surface of the material. This probe is continuously rastered across
the material using a pair of scan coils working in tandem to de ect the beam (First coil)
and then realign the beam parallel to the optical axis (Second coil). The basic principle
behind DPC can be understood by using a classic eld induced de ection as the beam
passes through the sample as previously shown in equation 2.10 or via the Aharonov-Bohm
e ect for quantitative magnetic information. For the purposes of this project we will use
the classical approach, as no DPC simulations are being performed. The principle of DPC
uses the de ection caused by the Lorentz force as in equation 2.10 to de ect the beam
onto a multi-segment detector where the de ection is interpreted by the di erence signals
between segments. Figure 2.7 shows a diagrammatic approach of how the incoming probe
is scanned across the surface of the material to create a DPC image. The incoming beam is
shifted using a pair of scan coils to raster the probe across the sample. The probe is formed
by using the objective lens in high resolution TEM and without when performing magnetic
imaging to avoid saturation. The probe semi-angle is increased as the magni cation

is increased. The probe is then de ected by the internal eld and exits the sample with
an angle of | . The pair of de-scan coils are then used to reform the beam out of the
transmitted probe shifted back to its original position on the optical axis. The de ection

of the beam | is then detected by the detector giving direct imaging of the direction of
the internal eld. The beam will experience no shift in two conditions; free space where a
sample has not been inserted or a non magnetic sample will provide no de ection to the
beam.

TEM column alignment in DPC unlike other high resolution imaging modes requires
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Figure 2.7: The detection of di erential phase-contrast on a quadrant detector is illustrated.
The convergent probe is rastered across the sample by the pairs of scanning coils allowing

the convergent beam technique to image a large area.

the objective aperture to be removed which allows both the transmitted beam and electrons
that have undergone di raction to pass through. This ensures that not only the transmitted

beam, but also the di racted one are allowed to contribute to the image. DPC has been
traditionally performed using a quadrant segmented detector. This means that two images

relating to the di erence between the opposing quadrants can be related and a contrast
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image formed though summation of the four quadrants can produce a DPC image where
the colour is proportional to the direction of de ection and colour intensity is proportional
to electron intensity. This quadrant detector design has been shown to be improved by the

8 segment design discussed later in the detector chapter.

Figure 2.8: The displacement of the beam from the central position land radius of the

beam k determine the ratio of beam intensity distributed between the four quadrants of

the detector (A-D)

Vertical=(A+B) (C+D) (2.13)
Horizontal =(A+ D) (B + C) (2.14)
Intensity =(A+ B+ C+ D) (2.15)

Recent developments in direct electron detector technology have provided improvements
in DPC imaging. Pixelated detectors have some improvements compared to the segmented
detectors. The primary assumption of DPC imaging is that the disk projected from the

sample onto the detector is a disk of uniform intensity. In reality because of di raction
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contrast in crystalline samples, there is contrast within the projected disk. This introduces
a bias when using segmented detectors in which equations 2.13 & 2.14 do not accurately
determine the geometric centre of the disk, k Pixelated detectors allow more control of the
interpretation of the de ection of the disk. Methods of computation using cross correlation
and edge nding methods rather than simple centre of mass have been investigated and

exhibit improvements compared to non-pixelated methods [56].

2.5 Electron detection technology

The signi cance of detector technology on the implementation of time-resolved magnetic
imaging makes a brief understanding of both historical and currently competing technologies
important. Starting with non-digital technologies such as photographic emulsion Im and
the electron- uorescent viewing screen, followed by digital non-pixelated systems such
as semiconductor detectors and scintillator photo-multiplier detectors. Finishing with a
discussion on pixelated detectors, such as charge coupled devices (CCD) and active pixel
sensor (APS) detectorsg7, 58 which feature prominently in the research carried out within

this thesis.

2.5.1 Non-digital electron detection

One of the most common methods of electron detection is via the retractable viewing
screen which is standard on most TEM with the exception of some modern or specialised
versions. The viewing screen uses a electron- uorescent material such as Zinc sulphide
(ZnS) to convert the electrons into photons which the user is able to interpret directly.
ZnS is primarily chosen as a source of electron uorescence as it has a comparatively long
lifetime of 10ms compared to other compounds which can have as short as ns lifetimes. ZnS
is commonly doped with a very small component of copper to give the electron- uorescence
a green hue. Although electron- uorescent viewing screens do not provide a method of
storing data about the sample it does provide an easy method of receiving visual feedback

while calibrating the instrument.
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Photographic emulsion has been used in TEM from the beginning and many TEM still
have the faculty to use photographic emulsion. The photographic emulsion contains grains
of silver halide of 4-5m, which is an electron sensitive material. The grains are converted
to silver granules when hit by an electron. The silver halide grains are suspended on a Im
until used. The small grain size gives the Im a signi cantly higher resolution than many

detectors before modern CCD cameras.

2.5.2 Scintillator-photomultiplier detectors

A scintillator-photomultiplier tube (PMT) detector counts electrons through a process
where electrons are converted into photons through a short lifetime scintillation crystal
such as doped yttrium-aluminium garnet (YAG). The photons emitted are then channelled
into a photomultiplier tube which ampli es the intensity of the light signal by causing

an avalanche e ect through a sequence of dynodes responsible for multiplying incoming
photons. These photons are then converted back into electrons and read out at a detector
at the end of the photomultiplier tube. PMT detectors are very sensitive to low dose
exposure due to the high gain in the system ®, which means that single electrons
are easy to count and the detective quantum e ciency (DQE) of such a device is often
greater than 0.9 for a modern instrument39]. Due to the size of the photo-multiplier
tube behind the scintillator, creating an array of these structures would be impractical
and therefore they are generally not available as pixelated sensors for TEM applications.
The time-resolution attainable in a PMT detector is fast compared to other methods of
detection with scintillation crystals having mean lifetimes on the order of nanoseconds.
Therefore, exposure times of 100ns are achievable making PMT detectors an attractive

option for fast scanning transmission electron microscopy (STEM) detection.

2.5.3 Semiconductor detectors

Semiconductor technology involves the conversion of primary beam electrons into electron-
hole pairs and the subsequent reading of these electron hole pairs as an electric signal to

detect electrons. This section introduces non-pixelated semiconductor detectors as the
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primary technology however semiconductor materials are also a major component of both
charge coupled devices (CCD) and direct electron detectors discussed later in this section.
Semiconductor detectors commonly use silicon as the material of choice. However, in
principle they can be constructed using any material capable of forming a positive-negative
(p-n) junction. A p-n junction is the nite region between positive p-doped) and negative
(n-doped) material, wherep-doped material contains excess holes in the conduction band
and the n-doped material contains excess electrons. The nite region between the two
doped materials contains no majority carriers which is referred to as the depletion region.
As electrons from the incident beam interact with valence band electrons in the depletion
region they are promoted to the conduction band across the band gap at a cost of 3.6eV for
silicon. The promoted electron and hole left behind in the valence band collectively called
the electron hole pair are separated by applying a bias across then junction moving the
oppositely charged pair in opposing directions. This charge is then measured and converted
through a transimpedance ampli er to a more useful, proportional voltage signal.
Semiconductor detectors have some major advantages over other technologies. Advances
in silicon processing has signi cantly reduced the cost of silicon based semiconductor
detectors whilst increasing the complexity of the shapes to which the material can be cut,
allowing for segmented detectors and detectors with central spot holes, both of which have

important applications in TEM.

2.5.4 Charged coupled device

CCD cameras were a technological breakthrough in electron microscopy with widespread
installation in TEMs during the late 90s. A diagram showing the principle components of
a CCD chip is shown in gure 2.9. The rst step of electron detection is to convert the
incoming electron into a photon signal, the CCD is capped with a scintillation crystal,
shown in blue in gure 2.9. The scintillation crystal is mounted onto bre optic wires to
collect and channel the emitted photons, shown in yellow in gure 2.9. The CCD chip
shown in green, contains an array of cells isolated by an energy barrier. Incident photons

are converted in these cells to electron-hole pairs and subsequently separated by a biasing
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voltage. The charge of an individual cell increases near proportionally to the number
of electron impacts electron. Figure 2.9 shows a 5x5 array of cells containing blue dots
representing the charge generated by an electron impact. During the read-out step the
charge is transferred to an analogue to digital conversion chip to be read out. The method
of charge readout is dependent on the speci ¢ architecture of the CCD chip. In the case
presented in gure 2.9, the readout is performed on a line by line basis by applying a
potential across the cells to move the charge from one cell to the next. The charge is then
transferred to a readout cell as shown by the dashed red line. The transfer of charge from
cell to cell can cause noise to be added to the system where the perfect transfer of charge

in not guaranteed.

Figure 2.9: A schematic of a CCD camera highlighting the conversion of electrons into
photons and the subsequent detection by the CCD chip. An example of the path between
the potential well in which the charge of three electrons has been collected and the readout
device is shown in red. An applied potential shifts the collected charge rst down to a

readout line and then across to the readout collector.

The clear advantage of this technology is the ability to reliably record images in a
digital format. The substrate material of the CCD chip is often integrated with a Peltier

cooling device which combats the thermal noise and can give DQE values of >(66,[60].
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The resolvable frequencies of the detector are also an important consideration. As shown
in equation 2.26 the size of the CCD cell ultimately determines the Nyquist frequency
that can be resolved. Modern CCD chips have typical pixel sizes ranging from 1B to

20 m [61, 62]. A disadvantage of CCD over other technologies is that the detectors are
comparatively expensive, although since the technology was rst commercialised the cost
has decreased. A second disadvantage is that the charge in the pixels must be shifted
along the array during the read-out step individually introducing a time delay caused
by the time taken to shift the charge which prevents fast acquisition from one frame to
another. The time required to perform the readout is an important factor in the maximum
frames-per-second (FPS) for CCD cameras. The bre-optic wire required to channel the
photons into the CCD chip cause additional noise in the system. Cross-talk in the optical
bres, where transfer of photons from one bre to another cause an e ective blurring of
the electrons being counted in each CCD cell. The physical material of the bre-optic wire
features impurities and potentially absorbs photons therefore reducing the overall gain of
the system.

The focus on time-resolved imaging in this project is important when discussing CCD
cameras as this technology is a common TEM feature and therefore the most likely candidate
to compare when assessing future technologies for temporal resolution in digital imaging.
In addition to the disadvantages discussed above that a ect time-resolution the three major
barriers to low time-resolution are the sources of noise a ecting the signal-to-noise ratio
(SNR) as discussed in equation 2.19; shot noise, thermal noise and readout noise. Readout
noise is the most important factor here as there is no time component to the noise added.
During the readout of the CCD chip imperfect transfer of the charge from cell to cell and
during digital to analogue conversion prevents many CCD cameras from accessing single

shot images below milliseconds.

2.5.5 Direct electron detection

The nal detector discussed is the Direct Electron Detector which is a modern detector

type with advantages over those previously discussed. This detector type is of major
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importance in this project and is discussed at length later in the thesis as several calibrations
and benchmarks were performed to reach some of the results that are presented. The
section on direct electron detectors is split into technology called monolithic active pixel
sensors (MAPS), which is currently of great scienti ¢ interest in improving TEM, and

the detector which is used in this project, the Medipix3. The MAPS architecture is
currently manufactured by three companies; Gatan, FEI and Direct Electron. Each
company's product shows advantages and disadvantages against each other and previous
CCD technology summarised concisely in the papes{]. This section will brie y compare

the di erence in architecture between the MAPS technology and that of the Medipix3.

MAPS use an on-chip architecture where doped epitaxial layers are grown onto a
substrate to provide a global depletion region which is then patterned with metal-oxide-
semiconductor (MOS) devices to apply a bias in a local region forming a pixel. The
thickness of the depletion layer is often thinner than the penetration depth of the primary
beam electrons meaning that only a portion of the electron energy is converted into electron
hole pairs before the incident beam electron is either stopped in the substrate or transmitted
in the case of back-thinned MAPS. The electron hole pairs however do not spread over a
large area due to the correlation between electron energy and scattering angle therefore
the pixel size is not limited by electron stopping distance. The cost per pixel of MAPS
technology is dropping quickly compared to other direct electron detectors meaning that
much larger cameras are commercially available.

In comparison to the MAPS architecture, Medipix3 disconnects the CMOS pixel detector
readout chip from the semiconductor sensor so that the full electron energy is deposited in
the silicon material, then the electrons are channelled through the bump bonds into the
pixel circuitry below. The thickness of the silicon material therefore must be thicker than
used in MAPS. The advantages of this architecture is that there is reduced damage to the
CMOS due to protection from high energy electrons by the silicon; increased gain by the
detector as the majority of the energy is converted to electron hole pairs; reduced dead
pixel space due to surface mounted circuitry which in turn helps determine DQE. The

disadvantage of this architecture is that the increased complexity of the design increases
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the cost per pixel and increased pixel size of the detector; the lateral spread of electrons in
the Medipix3 architecture limits the minimum pixel size of the detector which is higher
than can be achieved by MAPS.

The hardware of APS detectors promises improvement to the time-resolution of pixelated
detectors such as CCD. The negligible read noise in the Medipix3 detector - discussed later
in this chapter - enables the minimum exposure time of a single shot image to be reliably
reduced to single millisecond timescales which is an improvement over CCD devices. A
resolution of 1ms does not allow us to probe the ne dynamics of domain wall motion
which are typically at the nanosecond time scale however opens up new elds of research
such as con ned systems of lattice skyrmion dynamics. APS technology has seen increased
interest in the eld of time-resolved imaging with dedicated time-resolved detectors such

as Timepix3 capable of nanosecond resolution.

2.5.6 Electron detection and characterisation

In this project a Medipix3 direct electron detector has been used as the primary method of
accessing time-resolved information. The key gures of merit in detector characterisation
are brie y discussed highlighting those important to the research performed in this thesis.
The sources of noise in the system are described in relation to the signal-to-noise ratio
available for imaging which is an important aspect in chapters&4 where time-resolved
single-shot imaging is performed and chapter 5 where nanosecond stroboscopic imaging is
performed. Chapter 5 directly investigates the response of the detector and the impact of
changing hardware variables. These changes are shown to alter the DQE and modulation
transfer function (MTF) of the detector therefore these gures of merit are also discussed
here for reference.

Noise is an important consideration in the detection of the image. The source and cause
of the noise dictate how the conditions to provide the optimal imaging are found. Three
main sources of noise in an image are; shot noise, dark noise and read noise. Shot noise is
a consequence of the quantised charge of electrons. The fundamental physical processes

that cause the emission of the electrons in the beam are random. Therefore, although the
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average ux of electrons incident to the detector may be quanti able, the distribution of
the quantised charge of single electron counts in adjacent pixels will vary with a Poisson

distribution shown in equation 2.16

e"n™m

P(m) = -y

(2.16)

where the probability of a single pixel receiving m electrons per unit time is related
to the average number of electrons arriving at all pixels per unit time. The shot noise
increases as the square root of the average number of electrons thus although a high ux
signal will have a greater magnitude of variation in the Poisson distribution, the ratio to
the intensity of the signal will be greater where there is higher ux. The signal to noise
ratio is shown in equation 2.17
S P

n
== p=-= 2.17
N =="n (2.17)

The shot noise being a property of the beam itself is sometimes referred to as signal
noise as it is not generated in the detector itself, because of this it is also the only source
of noise that cannot directly be modi ed by detector hardware engineering.

Dark noise, otherwise known as thermal noise is caused by electrons thermally generated
in the detector material. Thermal electron generation is a statistically random event
driven by the spontaneous creation of electron hole pairs within the depletion region
of a semiconductor device causing a dark current. The dark noise is dependent on the
temperature of the detector material with the number of thermally generated electrons
varying as a Poisson distribution similar to shot noise.

Read noise is the noise added to the image during the conversion from the transfer of
charge in the detector, conversion between charge and voltage and interpretation of that
voltage as a discrete number of electron hits. Two of the primary contributions to read
noise are the digital to analogue conversion of total charge in a single pixel to an electron
hit count where the ampli er adds noise to pixels during conversion process. Secondly in
a CCD detector because the pixels are shifted from one pixel to the next until reaching

the ampli er there is a noise associated with the ow of charge between one potential well
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and the next. These contributions are signi cantly impacted by the design choice of the
detector hardware.

The total signal to noise of these primary sources of noise determines what ranges of
exposures a signal with a speci ¢ signal to noise ratio can be obtained, where each source
of noise is dominant in a di erent exposure range. The sum of the noises are expressed in

equation

r

q _ q
Total noise= PO + " DI2+ N(r)2=  PQ(e)t+ Dt + N(r)2 (2.18)

P Q(e)t
PQ(e)t + Dt + N(r)?

The form of this signal to noise ratio has implication on the time-resolution available for

SNR = ¢ (2.19)

given signal to noise ratio where the read noise is commonly large but not time dependent
giving a read noise limited exposure at short timescales and electron limited exposure at
longer timescales. The Medipix3 detector having an MAPS architecture is resistant to
read noise which provides the means to access low exposure images by removing the time
independent noise.

The next gure of merit which is also important is understanding the signal-to-noise of
the whole system is the DQE. This is a measure of the ratio of SNR in and SNR out of the

detector as a function of the spatial frequency of a signal as shown in equation 2.20.

SNR?2
DQE = out (2.20)
SNR?,

where SNR,: is the SNR of the detected electrons and SNRis the SNR of the incident
Poisson distribution of electrons. The DQE is clearly an important property of the detector
especially in interest on time-resolved imaging. The upper limit on the intensity of the
beam in a TEM means that for a single image DQE has a signi cant implication on the
necessary image exposure for a given SNR.

The next gure of merit is the modulation transfer function, which is the ability of the

detector to measure the contrast or modulation of speci ¢ frequencies contained within the
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electron beam. The MTF for a given frequency is the ratio of detected intensity to initial

intensity from a perfectly sinusoidal signal of that frequency. A sinusoidal signal shown
in equation 2.21 is imaged by the detector. The modulation of the signal is the ratio of
the AC component and the DC component as described in equation 2.22 with an example
of the sinusoidal image signal shown in gure 2.10A. This is the same form as Michelson

contrast often discussed in optical systems.

F(X)= ag+ a;sin(2fx ) (2.21)

M. = Fmax I:min — ﬂ ﬁ
" I:max + l:min dp DC

The output signal of the detector can then be represented by a modulated version of

(2.22)

the input signal where the form is the same, shown in equation 2.23. However because the
intensity of high special frequencies are not detected with perfect e ciency the amplitude

output signal AC component is suppressed as shown in equation 2.24

G(x) = by+ bysin(2fx ) (2.23)
Moy = X1y, (2.24)
ou kb n

where b(f), approaches zero at the Nyquist frequency. Therefore the MTF is the ratio of
the input signal modulation to the output signal modulations for all range of frequencies
as shown in equation 2.25. An example MTF curve is shown in gure 2.10B. The impact
on the image intensity for the same frequency varying signal given previously is given in
gure 2.10C. It can be seen that high frequency information is lost as the image intensity

decreases.

M (f)out
M (f )In
For pixelated detectors the highest spatial frequency that can be detected before aliasing

MTF (f) = (2.25)

occurs is dependent on the pitch of the detector pixels as shown in equation 2.26

1
2 PixelSize(mm)

fNyquist = (2.26)
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Figure 2.10: The e ect of modulation transfer function on the transfer of information from
object to image. The top gure shows an intensity spectrum with increasing frequency.
The central graph shows the MTF as a function of spatial frequency. The bottom graph

shows the reduced intensity for higher spatial frequencies.

2.6 TEM rods and in situ sample excitation

The materials used in this project exhibit many temperature dependent phenomena. To
reach temperatures below room temperature a liquid nitrogen rod is used. The liquid
nitrogen rod has a dewar connected at the externally accessible section which is then
thermally contacted via copper cabling through the interior of the rod to the sample within
the vacuum. The sample can be cooled to near the boiling point of liquid nitrogen, 77K.
The sample temperature can be adjusted between the limits of base temperature and

room temperature by using a proportional integral derivative controller (PID) connected

50



2.6. TEM rods and in situ sample excitation

directly to a heating element at the tip of the rod. This device attempts to match the
applied thermal energy with the energy lost through radiation/conduction primarily thus
reaching thermal equilibrium. This can be stabilised to 0.1K.

To access temperatures lower than 77K, a liquid helium rod can be used. Liquid helium
has a boiling point of 4.2K which allows for a much larger range of temperatures to be
accessed however the liquid helium rod comes with more technological challenges. Liquid
helium is a super- uid, this means containing the helium requires both a sealed storage
container and rod dewar to control the movement of the helium and a pressure valve to
release helium in the gas state. The di erence in temperatures also mean that the time
during which experimental temperatures can be maintained in the rod is signi cantly lower
than liquid nitrogen only having about a 2 hour duration before re lling is necessary. It
is possible to use the rod while connected to the main storage tank allowing vaporizing
helium to be vented, however the physical connection causes vibrations to reach the sample
and reduces contrast in the imaging.

To investigate material properties at high temperatures a Lightning D9+ rod produced
by DENSsolutions is used. This rod provides eight electrical connections onto specially
designed chips which provide in-situ TEM Biasing and Heating. In this thesis, the
Lightning D9+ rod is used in combination with Wild re nano-chips also produced by
DENSsolutions. Wild re chips feature electron-transparent windows adjacent to patterned
nanowire structures designed to increase the temperature of the windows by Ohmic heating.
The patterned nanowires enabled 4 point probe resistive measurements to enable heating
at a rate of 200Kms! when monitored by the PID controller up to a temperature of 1773K.

An alternative method of sample heating to access the faster thermal timescales uses
laser pulses injected into the TEM column. Laser pulses are focused onto the sample to
cause rapid local heating. The timescale of this heating is determined by the pulse duration
of the laser. Due to the interaction between photons and the sample material, heating from
laser pulses on the timescale of picoseconds and below are not considered as pure thermal
heating. At these short pulse durations the three temperature model is more accurate in

describing the conversion of photon energy to thermal energy. Rather than considering the
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energy in the sample as a single quantity the three temperature model considers energy
of thermal electrons, spin response and lattice temperature as independent systems with
transfer of energy between these systems occurring over separate timescales. Although
laser induced heating is not featured in this thesis, it is discussed with regard to time
resolved TEM imaging and a comparison to conventional heating.

The objective lens of the TEM microscope is usually turned o during most magnetic
imaging modes due to the high magnetic eld that is produced whilst active of approximately
1T as this would cause most magnetic materials to eld polarize. A small amount of
current can be applied to weakly excite the objective lens producing only a fraction of the
magnetic eld. The objective lens is best suited for static studies of applied magnetic eld
however the eld can be increased with a timescale of 500ms accessing the ordered and

lattice magnetic dynamics.

2.7 Sample fabrication

In sample fabrication there are two methods, these are known as the top-down or bottom-
up approach. The top-down approach uses the modi cation of a bulk piece of material,
processes such as etching and milling remove unwanted material to expose the pattern
desired. The process is limited by the resolution of the tools you can use. The bottom-up
approach is often described as nature's approach as it uses smaller components to build
up to bigger ones. This method allows the smallest patterns to be created however the
mass production of the bottom up approach is di cult. In this project both methods

are used for creating the samples. Although there are many processes required such as
sample cleaning and resist spinning, only major equipment will be discussed and how they
impact the production of the project samples. The bottom-up method of Electron beam
lithography with metal deposition and the top-down method of Focused ion beam (FIB)

lithography.
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2.7.1 Electron beam lithography

Electron Beam Lithography (EBL) is a technique where a focused electron beam weakens
selected areas of an electron sensitive resist exposing a pattern created using computer
software which allows these sections to be removed. This allows material to be deposited
across the entire sample with only select areas having metal deposited on the nitride surface.
Once the resist is removed only the areas etched before being metallised will remain. This

process is shown in gure 2.11

Figure 2.11: A step-by-step diagram demonstrating a bi-layer electron beam lithography

technique used to create nanostructures

53



2.7. Sample fabrication

The key parameters when using an EBL tool include spot size, spot spacing and dose.
These parameters must be individually tailored to suit the needs of the device being
fabricated. Spot size and spacing de ne the theoretical resolution of the device however
these must be weighed up against the beam writing time required. The dose of electrons
used when writing the pattern is critical in correctly exposing the type and thickness of
resist used, if the electron count is too small resist will remain post-processing and no
metal will contact the membrane, too high dose will over expose the resist and an in ated
image of the pattern will be removed. Although many standard recipes exist, additional
factors, such as the material the resist is mounted on, can signi cantly alter the exposure.
This is due to electron interactions di ering in standard silicon wafer (for which many
standards relate) and silicone nitride. Dose tests are a common rst step when fabricating
a new sample. Software created by Stephen Thoms, Beamwriter Exposure Layout for
Lithographic Engineers (BELLE), allows the same pattern to be written in an array with
each iteration using a di erent dose. This allows comparison and improvement to the
dosage used. In this project EBL is performed on a Vistec VB6 UHR EWF electron beam

lithography tool capable of spot size resolutions approximately 4nm.

2.7.2 Thin Im metal deposition

The deposition of thin Im metals during this project was performed using a combination
of thermal evaporation and electron beam evaporation. These are both classi ed into the
category of physical vapour deposition (PVD) techniques where the material is converted
into a gas directed at the sample coating it upon impact.

Thermal evaporation uses a crucible in a vacuum chamber lled with pellets of the
material to be deposited which is heated up till the material melts and subsequently
evaporates onto the membrane which is secured at a known distance from the boat.

Electron beam evaporation has some advantages to standard thermal evaporation. The
technique uses a solid ingot of the material which is bombarded by electrons where the
kinetic energy of the electrons is converted into thermal energy causing the material to

evaporate. The electrons are created by an electron gun commonly a thermal source which
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is then focused into a beam. The beam is then de ected by static elds which position the
beam onto the metal ingot. The evaporation by electrons can be nely controlled allowing
the rate of deposition to be as low as 1nm per minute when used in conjunction with a
thin Im thickness monitor which is often a quartz crystal micro balance.

Both thermal and E-beam evaporation are considered to have good directionality, a
guality that denotes the angle at which evaporated atoms reach the substrate which is
important in EBL in preventing the side walls of the undercut being coated with metal

causing unwanted agging and problematic lifto .

2.7.3 Focused ion beam lithography

The focused ion beam (FIB) in this project - FEI DualBeam FIB System - uses a 30kV
gallium ion beam to accurately remove material via kinetic bombardmen6f]. Ga" ions
impacting the surface of a material impart kinetic energy causing sputtering of the material.
This is show in gure 2.12. The construction of the FIB column is analogous to the TEM
column. Although Ga" ions are positively charged and signi cantly heavier than electrons,
the Lorentz force experienced allows them to be lensed similarly. The spot size that the
beam is converged to controls the feature size created by removed material. The spot
size of a modern FIB can be ~5nm which can create feature sizes of approximately 10nm.
The rate which material is sputtered from the sample is controlled by an aperture in the
column limiting the total intensity of Ga™* ions reaching the sample. Therefore both small
features and relatively large surfaces can be milled at a controllable rate. When the kinetic
energy is given to the surface material there is a side e ect of implantation of Gdons in
the material causing changes to the near surface layers of the material. This side e ect
is predominantly considered to be a negative trait of FIB milling however it can be used
to purposely alter the magnetic and structural properties of the material creating local
alloying or defect sites.

The FIB has a few distinct roles in this project; preparation of electron transparent
lamella for TEM and patterning thin Im layers deposited through thermal evaporation

for plasmonic experiments in collaboration with EPFL.
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Figure 2.12: A diagram showing the removal of atoms from a material by accelerated Ga+

ions. The red Ga atoms in the material are implanted ions

The preparation of electron transparent samples from bulk material was performed by
the following steps. The bulk crystal is glued onto a metal stub for use in the FIB. The
bulk crystal is polished through conventional mechanical milling to reduce the size of the
material and to remove any glue revealing the surface of the crystal. The FEI DualBeam
FIB features a level of automation in sample preparation through the lift-out technique.
Alignment markers in the form of crosses are milled into the material which are then
identi ed through pattern recognition and used to align the area selected for milling. These
alignment markers are shown in gure 2.13A at both sides of the lamella spaced 20 apart.
Next, due to the destructive nature of ion irradiation, electron beam deposited platinum is

deposited onto the surface of the bulk material to provide a protective layer. This electron
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beam deposited material is both soft to high dose irradiation and slow to deposit, however
it allows ion beam platinum deposition over the top. The ion beam deposited material
provides a hard protective layer that can be deposited at a much faster rate than the
electron deposited material. This layer is increased to about 1-2um thick which is shown
in shown gure 2.13A between the two alignment markers. Trenches are milled using a
decreasing range of currents to isolate a lamella approximately rh thick. The milling is
performed by rst removing material in wide shallow cuts and then progressing towards the
area that will form the lamella with increasingly deeper cuts forming a trapezoid shape on
both sides of the lamella. As the material being removed approaches the lamella the beam
current is reduced with the nal beam current used typically being 1nA in this thesis. The
beam current is reduced to prevent deep ion implantation into the lamella. This lamella is
revealed after trench milling in gure 2.13A. The lamella is then undercut in an L shape
incision so that only a single side of the lamella is still in contact with the bulk sample.
Evidence of this can be seen in gure 2.13B where the lower trench has milling marks from
the ion beam passing through the bottom of the material. The FIB at Glasgow is tted
with an Omniprobe device capable of manipulating small lamella of material allowing the
sample to be removed from the surface of the material. Platinum is deposited connecting
the lamella to the Omniprobe before the nal side of the lamella is milled to disconnect
it from the bulk crystal. The sample stage is lowered to isolate the lamella from the
bulk material as shown in gure 2.13C. This lamella is then attached to a sample holder
substrate, typically a copper sample holder featuring copper ngers or a Wild re chip
were used in this thesis. Figure 2.13D shows a copper nger with the previously removed
lamella attached using platinum. At this point the lamella must be milled, ideally on both
sides, using increasingly small beam currents to reduce the thickness of the material to
below 100nm while reducing the damage caused by ion milling. A common procedure is to
use a 300pA current down to 500nm, followed by a 100pA current down to approximately
100nm followed by a low keV polish in which the 30keV ion beam is reduced to 5keV and
the surface is milled at a high angle of 7to the surface to remove 10-20nm of material

with minimal ion beam damage.
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Figure 2.13: A typical example of the FIB lift-out process. Figure A shows the lamella
revealed after trenches on both sides have been milled. Figure B shows the preparation to
lift-out the lamella by creating an undercut in the material. Figure C shows the lamella cut

free from the bulk material. Figure D shows the lamella after being joined to a substrate.

The FIB has been used in the production of nano-cavities for plasmonic work in
collaboration with the LUMES group, EPFL, Switzerland. The FIB was used to accurately
remove silver from the surface of a TEM membrane providing a clean and de ned cavity
while keeping the silicon nitride layer beneath the silver intact. This material removal is

conducted in a series of linear cuts to create structures promoting plasmonic dynamics.
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2.7.4 Plasmonic nano-structure fabrication

This section details the fabrication of plasmonic nanostructures as part of a collaboration
with the Lumes group, Ecole Polytechnique Fédérale de Lausanne (EPFL) as part of this
thesis. The samples were designed with the purpose of demonstrating ultra-fast time
resolved plasmonic excitation within the modi ed JEOL JEM-2100 TEM at EPFL. The
planned fabrication included two separate types of plasmonic nano-structures.

In the rst set of experiments, 40nm of gold was deposited ont8i;N, by means of
electron beam deposition as discussed in section 2.7.2 using bi-layer PMMA and electron
beam lithography to de ne the structure geometry as discussed in section 2.7.1. These
structures are shown in gure 2.14 which displays a sample containing three separate
plasmonic designs referred to as; antennas, chains and bow-ties as part of this project.
EBL enabled the gold nanostructures to have a resolution of approximately 10nm.

The second set of experiments used 40nm of silver deposited directly onto 8igN,
and then patterned using the FIB, where material was removed using the Gaons in
lines with a width of 50nm. Figure 2.15 shows some patterns written with the FIB for
the purposes of plasmon interferometry. Figures 2.15A&B show how milling depth can
be attained without damaging theSi;N, layer and removing structural integrity from the
sample. 2.15A shows a row of lines cut with di erent mill depths from left (Deeper) to
right (Shallower) and imaged with electrons. The lines towards the left are slightly wider
and have no remaining material. The lines towards the left are thinner however have some
stray silver. All of the lines appear dark because the electron image was not sensitive to
the Si;N, layer. Figure 2.15B shows an image taken with the Gabeam which is sensitive
to the Si;N, layer and proves that the layer remains intact for all depths shown in this
image. Figures 2.15C&D show the designs similar to those found in L&t al. [64], in
which the cavity geometry promotes emission of plasmons in speci ¢ directions. Figure
2.15E shows extended cavities milled by overlapping lines to remove and area of material.
The purpose of these cavities was to change the direction of incoming plasmons through
re ection. Finally 2.15F shows some geometries designed for the purposes of investigating

plasmon interferometry.
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The work in collaboration with the Lumes group at EPFL resulted in papers published
regarding the ultra-fast imaging of plasmonic samples in dynamic transmission electron

microscopy [65, 66]
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