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Abstract

This thesis presents a comprehensive characterisation of static and dynamic mag-
netisation in epitaxial CooMnSi/Cr/CoyMnSi exchange coupled trilayers, with a
focus on understanding the role that biquadratic coupling plays in determining
the magnetic properties of this system.

Chapter 1 outlines the motivation for studying exchange coupled trilayers within
the context of Spintronic and Magnonic applications, highlighting the unique
properties of Heusler compounds that make them the ideal candidate for such
technologies. Chapter 2 provides the framework for interpreting both static and
dynamic magnetisation and outlines the theoretical background of the three tech-
niques used to characterise the magnetic properties of the CooMnSi/Cr/Co,MnSi
exchange coupled trilayers.

Chapter 3 describes the fabrication of the epitaxial CooMnSi/Cr/CosMnSi samples,
using molecular beam epitaxy, and presents the results of the structural analysis
carried out using transmission electron microscopy and X-ray reflectivity.

Chapter 4 investigates the static magnetisation using magnetometry, confirming
the presence of dominant biquadratic coupling, which varies as a function of the Cr
interlayer thickness. The biquadratic coupling is found to influence the magnetisation
behaviour, leading to highly rounded magnetisation curves and increased saturation
fields. Chapter 5 presents the magnetoresistance measurements, which provide
further confirmation that biquadratic coupling is the dominant coupling mechanism
over a wide range of Cr interlayer thicknesses.

Chapter 6 presents the ferromagnetic resonance measurements used to probe the
dynamic magnetisation. Acoustic and optic resonance modes are identified, and
their coupling amplitudes are shown to depend on the biquadratic coupling strength
and the applied field direction.

Finally, in Chapter 7 concluding marks are given on the role that biquadratic
coupling plays in the static and dynamic magnetisation properties of epitaxial
CooMnSi/Cr/CoyMnSi exchange coupled trilayers. The results demonstrate the
potential for engineering interlayer coupling, enabling tunable magnonic devices.
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Introduction to Exchange Coupled
Trilayers

Advances in thin-film growth techniques during the 1980s revolutionised materials
science by enabling atomic-scale control over film composition and structure.
Methods such as molecular beam epitaxy (MBE) and sputtering under ultra-
high vacuum conditions allowed researchers to fabricate metallic superlattices with
precise layer thickness and smooth interfaces. MBE uses directed atomic beams
and slow growth rates (sub-monolayer per second) to achieve epitaxial films with
layer-by-layer control. Sputtering, on the other hand, offers higher deposition rates,
making it practical for multilayer growth while still maintaining good interface
quality [1]. The development of high-precision growth techniques enabled the new
possibility of engineering structures and the ability to investigate novel physics

that emerges on the atomic scale.

1.1 Giant Magnetoresistance

The most notable example is the discovery of Giant Magnetoresistance (GMR). In a
multilayer structure, consisting of two ferromagnetic (FM) layers separated by a non-
magnetic (NM) spacer layer, the electrical resistance of the multilayer depends on the

orientation of the magnetic moments in the two FM layers. The effect is characterised
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Q)

Resistance (

Applied Field uoH (T)

Figure 1.1: Schematic illustration of the Giant Magnetoresistance (GMR) effect in a
ferromagnetic (FM)/non-magnetic (NM)/FM multilayer structure. The resistance of
the structure is higher when the magnetisations of the FM layers are antiparallel (top
left) and lower when they are aligned parallel (bottom right). The graph shows the
corresponding decrease in resistance as the applied magnetic field ugH increases and
aligns the magnetisations in the same direction.

by a state of high resistance when the magnetisations of the two layers are aligned
antiparallel and a lower resistance when the magnetisations are aligned parallel, as
illustrated in Figure 1.1. For multilayers where the magnetisations in the two layers
are initially antiparallel, this results in a characteristic negative magnetoresistance,
since, as the applied magnetic field is increased, the magnetisations in the two layers
rotate to align with the field direction. The reduction in the resistance between

zero applied field and saturation, normalised by the resistance at saturation, Rg,

is defined as the GMR ratio,

GMR Ratio = AR—S % 100%. (1.1)
The effect was first observed in 1988 by Binsach et. al [2] in a Fe/Cr/Fe multilayer
grown by MBE. At the same time, and independently of this result, Baibich et.
al. [3] observed GMR in a Fe/Cr multilayer stack and showed that the resistance

of the multilayers decreased by 50% when cooled to 4 K. This phenomenon arises
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from spin-dependent scattering of conduction electrons at the interface between the
FM and NM spacer layers. Since the effect is highly sensitive to the quality of the
interface, GMR was only observed once it was possible to control the growth of
thin films on the atomic scale. Later, Parkin et. al. [4] showed that the GMR effect
could also be measured in Fe/Cr multilayers grown by sputtering and that, in fact,
the amplitude of the GMR effect was enhanced in these sputtered multilayers.

Since its discovery, GMR has been observed in multilayers comprising FM layers
such as Fe, Co, or Ni, separated by NM spacer layers composed of transition or noble
metals [5—12]. Of particular interest are Co/Cu multilayers where a GMR ratio
of 65% has been observed at room temperature [13]. At cryogenic temperatures,
even greater GMR ratios have been recorded, with the GMR ratio exceeding 220%
in Fe/Cr multilayers measured at 1.5K [14].

Oscillatory GMR

In 1990, Parkin et. al. [4] showed that the strength of the GMR effect oscillates as
a function of NM spacer layer thickness. This observation was linked to an observed
oscillation in the interlayer exchange coupling (IEC) as a function of the NM spacer
layer thickness, where the IEC is governed by the the relative alignment of the
magnetisations in the two FM layers. The oscillation of the IEC as a function of the
NM spacer layer thicknesses has been observed in numerous multilayers with various
different NM spacer layer materials [15]. For most NM spacer layer materials, the
period of oscillation of the IEC is of the order of 10A. However, in the case of Cr
this period is even greater, of the order 15 - 18A [5].

Initially, it was thought that the oscillation in the interlayer exchange coupling
could be described by the Ruderman—Kittel-Kasuya—Yosida (RKKY) interaction,
which was first proposed to model the exchange coupling between nuclear spins
[16] and then later expanded to model the interaction between magnetic impurities
in a host metal [17, 18]. The RKKY model predicts the oscillatory behaviour of
the interlayer exchange coupling, however, it is not able to reproduce the observed

long period of the oscillations [19]. Furthermore, it is not able to account for
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the higher-order coupling terms, that lead to the noncollinear alignment of the

magnetisations, which was first observed in Fe/Cr/Fe multilayers [20].
Biquadratic coupling term

Slonczewski [21] proposed a model for the interlayer exchange coupling that includes
a higher-order, non-Heisenberg, coupling term, which he denoted the biquadratic
coupling term. Initially, models of the interlayer exchange coupling had only
included bilinear coupling, characterised by the bilinear coupling constant, Ji,
which describes the alignment of magnetic moments as either parallel, J; > 0
or antiparallel, J; < 0. However, the addition of the biquadratic coupling term
enabled two additional magnetisation states to be described [22]. For J, < 0
noncollinear alignment of the layer magnetisations is energetically favourable, which
leads to two possible states: (1) the 90° state where the magnetisations are aligned
at 90° to each other and (2) the canted state, where the magnetisations are at
some arbitrary angle to one another. The four possible states are depicted in
Figure 1.2. Biquadratic coupling has been observed in many multilayer systems

since it was first observed in Fe/Cr/Fe [23-40].
Origin of the Interlayer Exchange Coupling

Slonczewski proposed an extrinsic mechanism for the biquadratic coupling based
on fluctuations in the thickness of the NM spacer layer and hence he claimed
that biquadratic coupling arises due to roughness at the interface [41]. Others
have provided an intrinsic mechanism for the origin of biquadratic coupling using
a spin-current approach [42-44], showing that the biquadratic coupling term
arises from intrinsic properties of the NM spacer layer. Despite substantial work
into understanding the origin of the biquadratic coupling, its exact mechanism
still remains debated, since neither theory is able to fully explain the observed
experimental behaviour [45].

Unlike the biquadratic coupling term, the origin of the bilinear term is widely
accepted as being caused by the interaction between the s electrons in the FM

layer and the d electrons in the NM spacer layer [46, 47]. The d electrons in the
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Parallel Alignment Anti-Parallel Alignment

90° Alignment Canted Alignment

Figure 1.2: Illustration of the four possible magnetisation alignments in a magnetic
multilayer. The parallel and antiparallel states arise from bilinear interlayer exchange
coupling, characterized by a positive or negative coupling constant J; , respectively. The
90° and canted states emerge when a biquadratic coupling term Jo < 0 is included,
favouring noncollinear alignment between the magnetisations of the two ferromagnetic
layers.

NM spacer layer become polarised, leading to an induced magnetic moment in
the NM spacer layer. For the case of Co/Cu and Fe/Cr multilayers, the direction
of the induced magnetic moment in the NM spacer layer has been studied; for
Cu the magnetic moment was shown to be parallel to the direction of the Co
moment [48], whereas for Cr, the induced moment was found to be antiparallel
to the Fe moment [49]. Ungaris et. al. [50] further showed that in the case of
Cr, the direction of the induced moment, relative to the magnetic moments in the
FM layer, oscillates as a function of Cr thickness, which explains the observed

oscillation in the interlayer exchange coupling.
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Spintronics

The discovery of GMR is largely responsible for the birth of Spintronics. Spintronics,
short for spin electronics, exploits the intrinsic spin property of electrons for infor-
mation storage and processing applications [51]. Prior to Spintronics, conventional
electronic technologies relied solely on the electron charge to encode information.
However, Moore’s Law, which predicts that the number of transistors on a silicon
chip doubles approximately every two years, is now approaching its physical limits
due to issues like overheating and power consumption, limiting the capabilities
of conventional electronics [52]. Spintronics offers a solution to this problem by
harnessing the additional degree of freedom provided by the electron spin, in
addition to the degree of freedom represented by the electron charge. Information
is encoded in the spin state of the electron, with the spin-up and spin-down states
representing binary 1 and 0. Key potential advantages of Spintronic devices, over
conventional electronic devices, are the reduced power consumption, the increased
writing speeds, the non-volatility of devices and the enhanced functionality due
to the additional spin degree of freedom [51].

The development of Spintronic devices requires the ability to manipulate the spin
of an electron. GMR provides a method of controlling the spins using a magnetic
field, since it shows that the spin-dependent scattering of conduction electrons is
highly sensitive to the relative alignment of the layer magnetisations. The first
application of the GMR effect was in magnetic read heads for hard disk drives
(HDDs), which used the measurable resistance change of the multilayer to sense
changes in the magnetic field. However, the use of GMR-based multilayers for
commercial applications was limited as these structures needed to be exposed to
large magnetic fields [53, 54]. To overcome this challenge, spin-valve GMR sensors
were developed. In a spin-valve GMR sensor the magnetisation in one of the FM
layers is fixed (pinned layer), whilst in the other FM layer the magnetisation is
allowed to move freely (free layer). The decoupling of the two FM layers in the
spin-valve allowed for lower-field operation and increased sensitivity, enabling the

first commercial GMR read head to be produced by IBM in 1997 [55].
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While spin-valve GMR sensors dominated early Spintronics, the growing need for
increased data storage density and sensitivity led to the development of tunnelling
magnetoresistance (TMR) devices, comprised of two FM layers separated by an
insulating layer [56]. TMR devices exploit the spin-dependent tunnelling across
magnetic tunnel junction (MTJs), which was first observed in Fe/Ge - O/Co
junctions by Julliére in 1975 [57]. Similarly to GMR, the electrical resistance of
the multilayer depends on the relative alignment of the layer magnetisations [58],
however, the observed resistance change in TMR devices is much larger than that
observed in GMR devices. For example, Ikeda et. al. observed a TMR ratio of
604% in CoFeB/MgO/CoFeB at room temperature [59].

The development of high-TMR MTJs enabled the practical realisation of
magnetic random-access memory (MRAM), a non-volatile memory technology
in which binary information is stored via the magnetic orientation of the free layer
in a MTJ. The two resistance states, corresponding to parallel and antiparallel
magnetisation configurations, represent binary 1 and 0 [60]. Initially, magnetic
fields were used to switch between the two states, however, this presented challenges
when trying to commercialise these devices. Therefore, methods to switch the
magnetisation of the MRAM cell using spin-transfer torque (SST) were developed
[56]. The SST method uses spin polarised currents to modify the magnetisation
direction of a material [61].

Today, Spintronic devices are used as sensors in a wide range of applications
outside of information storage. In biomedical science, Spintronic devices have
been developed as diagnostic tools for DNA analysis and biomolecule detection
[62—65]. Furthermore, in the automotive industry, Spintronic sensors are used
for wheel rotation sensing, gear detection, and torque sensing [66]. Additionally,
Spintronic sensors are also being used in neuromorphic computing, a field of research
focused on mimicking the human brain with the goal of producing energy efficient

computing technologies [67].
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Figure 1.3: Schematic illustration of a spin-wave, with wavelength A = 27 /k. The top
view shows the spatial variation of the magnetisation vector along the spin-wave, while
the bottom view shows the precessional motion of individual moments. Figure adapted
from [69].

1.2 Magnonics

More recently, multilayers consisting of two FM layers, separated by a NM spacer
layer, which we will denote exchange coupled trilayers (ECTs) for the remainder
of this thesis, have received growing interest in the field of Magnonics. Magnonics
is the field of research focused on understanding and manipulating magnons,
the quasiparticles of spin-waves, with the aim of developing novel computing
architectures and advancing Spintronic technologies. In a magnetically ordered
material, a time-varying, locally applied magnetic field causes nearby spins to precess
around the applied magnetic field direction. If the excitation satisfies the spin-wave
dispersion relation, this precession can propagate through the material as a wave-like
disturbance in the local magnetisation, as shown in Figure 1.3. Information can be
encoded in both the amplitude and phase of spin-waves, facilitating energy-efficient
information transfer due to the negligible Joule heating associated with spin-wave
propagation [68]. Magnonic devices offer the possibility of faster clock speeds,
lower power dissipation and greatly reduced footprints [70-72]. Furthermore, the
unique properties of magnons, such as the possibility of negative group velocities,
non-reciprocal propagation, easily accessible non-linearity and tunable dispersion
relations [73-75], enable a rich platform for wave-based computing architectures,

reconfigurable logic, and novel signal processing functionalities. To date multiple



1. Introduction to Exchange Coupled Trilayers 9

Magnonic devices have been created, including magnon transistors [76], Magnonic

crystals for time reversal [77] and a variety of different Magnonic logic gates [78-82].

1.2.1 Exchange coupled trilayers for Magnonics

ECTs are of great interest for Magnonic applications as they exhibit two distinct
exchange coupled magnon modes, which provide an additional degree of freedom
for information encoding. The two magnon modes are commonly referred to as the
acoustic and optic modes, with the acoustic mode corresponding to the in-phase
precession of the magnetisations in the two layers and the optic mode corresponding
to the out-of-phase precession of the two magnetisations, in the presence of an
applied field, as depicted in Figure 1.4 [73]. The frequency of the acoustic mode is
typically smaller than that of the optic mode and the frequency separation of the
two modes is governed by the IEC terms of the ECT. Since the IEC parameters can
be easily tuned by adjusting the material properties of the ECT, ECTs offer a highly
tunable platform, making them attractive for Magnonic applications. Furthermore,
unlike conventional antiferromagnets, which also exhibit two magnon modes, the
frequencies of the ECT magnon modes are in the easily accessible gigahertz frequency
range and hence can be studied using conventional microwave techniques [83].

To harness the full potential of ECTs in Magnonic devices, it is necessary
to characterise their spin-wave dynamics. A variety of experimental techniques
have been employed to study the two magnon modes in ECTs, such as Brillouin
Light Scattering (BLS), ferromagnetic resonance (FMR), and spin-transfer torque
ferromagnetic resonance (STT-FMR). In particular, STT-FMR has been applied
to ECTs capped with metallic layers, where spin currents generated via the spin
Hall effect induce precession in the ferromagnetic layers [84-86]. These studies
confirm the existence of two distinct, non-degenerate spin-wave modes: a low-
frequency acoustic mode that increases with magnetic field, and a high-frequency
optic mode that decreases with field.

Further investigations using FMR have explored the coupling between the

acoustic and optic modes in ECTs [87, 88]. These studies revealed anticrossings
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Figure 1.4: Schematic diagram of the collective precession modes in an exchange coupled
trilayer with unequal magnetic layer thlcknesses The left panel shows the acoustic
mode, where the * magnetisation vectors M, and My precess in-phase around the external
magnetic field Hy. The right panel shows the optic mode, where My and My precess

out-of-phase.

between the two magnon modes for certain orientations of the applied field direction,
relative to the stripline, indicating strong magnon-magnon coupling [87]. BLS
measurements have also been used to investigate the spin-wave dispersion in ECTs
and have demonstrated how the thickness of the NM spacer layer and the orientation

of the applied field direction can be used to tune the magnon modes [89-92].

Nonreciprocity

A particularly important feature of ECTs is their ability to support non-reciprocal
spin-wave propagation, where the frequency depends on the direction of travel. This
nonreciprocity is essential for applications such as isolators and circulators [93].
Studies have shown that antiparallel alignment of the magnetisations in the two
ferromagnetic layers can significantly enhance this effect [94]. This behaviour has
been observed in a variety of systems, including trilayers of Permalloy/Ir/CoFeB

[95], Co/Cu/Co, and Co/Cu/Permalloy [96], as well as in patterned nanostructures
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such as ferromagnetic nanostripes with nanocuboid arrays [94].

Moreover, magnetoelastic coupling between piezoelectric materials and ECTs
has been shown to enhance the nonreciprocity of surface acoustic waves [93, 97].
Theoretical work has also proposed that spatial engineering of nonreciprocity,
achieved by adjusting the relative thicknesses of ferromagnetic layers, can lead to
the formation of spin-wave caustics, where spin-wave beams are focused due to
anisotropic propagation effects [98]. Interestingly, the focusing behaviour differs
between the acoustic and optic modes, offering an additional mechanism for mode

selection and control.
Spin-wave propagation in Exchange Coupled Trilayers

While the static properties of magnon modes in ECTs have been well characterised,
relatively few studies have investigated spin-wave propagation. A key example is
the study of a Ta/Ru/FeCoB/Ru/FeCoB/Ru heterostructure, where gigahertz spin-
waves were excited using a coplanar waveguide and analysed with a Vector Network
Analyser (VNA) [99]. By measuring the scattering parameters (S-parameters),
the spin-wave transmission was characterised via changes in the S5; coefficient.
Measurements in both forward and reverse directions revealed non-reciprocal
propagation: the acoustic mode exhibited changes in transmitted amplitude, while
the optic mode showed direction-dependent frequency shifts.

Spin-wave propagation was also examined in antiferromagnetically coupled
nanostripe domains within a film of Lanthanum strontium manganite (LSMO)
[100]. The study revealed that the transmission of spin-waves is strongly influenced
by the orientation of domain walls, demonstrating the importance of magnetic

texture in determining propagation characteristics.

Magnonic logic with ECTs

Although experimental demonstrations of spin-wave logic gates based on ECTs
have not yet been realised, several theoretical frameworks have been proposed that
exploit the polarisation degree of freedom of the two magnon modes [101-103].

One proposed approach involves capping a portion of the trilayer with a third
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Figure 1.5: Illustration of spin-wave polarisation rotation via magnetic gating. A
capping ferromagnetic layer (blue or pink) modifies the local RKKY interaction in an
exchange coupled trilayer, depending on its magnetisation orientation. This changes
the spin-wave dispersion in the gated region, introducing a relative phase shift between
circularly polarised modes. As a result, the linear polarisation of the spin-wave rotates
during propagation, functioning analogously to an optical wave retarder. Adapted from
Ref. [102].

ferromagnetic layer. The relative alignment of this capping layer, either parallel
or antiparallel, modifies the RKKY interaction, locally changing the spin-wave
dispersion and introducing a phase shift between the modes. This effect can be
harnessed to rotate the polarisation of spin-waves, functioning analogously to a
wave retarder [102], which is illustrated in Figure 1.5.

A complementary proposal involves removing part of the upper ferromagnetic
layer. In the resulting single-layer region, only one polarisation mode can prop-
agate, acting as a circular polariser [103]. By controlling the magnetisation in
this region, selective transmission of spin-wave modes can be achieved. When

combined, these two device concepts provide a toolkit for constructing polarisation-
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based logic gates, leveraging the unique properties of ECTs for future Magnonic

computing architectures.

Materials choice

The choice of magnetic material is crucial in the design and performance of Magnonic
devices, as it directly impacts spin-wave propagation characteristics. Yttrium iron
garnet (YIG) has long been the material of choice in Magnonics research due to
its exceptionally low magnetic damping, which enables long spin-wave propagation
distances [104]. However, despite its favourable properties, epitaxial YIG is not
compatible with standard Complementary Metal-Oxide-Semiconductor (CMOS)
fabrication processes, limiting its potential for large-scale integration [105]. This has
motivated the search for alternative, CMOS-compatible materials, that can support
efficient spin-wave transport. To date, research on ECTs has primarily focused on
metallic ferromagnets such as FeCoB, Fe, Co, and permalloy. However, Heusler
alloys are a promising candidate for Magnonic applications due to their inherently
high spin polarisation and low Gilbert damping parameters, offering a potential
pathway toward high-performance, CMOS-compatible Magnonic devices [106]. The
next section will provide an overview of Heusler alloys, including a discussion of their

material properties as well as their applications in both Spintronics and Magnonics.

1.3 Heusler Alloys

Heusler alloys are a diverse class of materials comprising over 1000 compounds,
which exhibit interesting magnetic properties [107]. Heusler compounds are typically
classified as either Half-Heusler, XY Z, or Full-Heusler, X,Y Z, compounds, where
Z is a main group element. In Full-Heuslers, both X and Y are transition metals,
while in Half-Heuslers, X and Y can also be main group or rare earth elements.
The crystal structures of the two Heusler classes are different, with Half-Heuslers
crystallising in a non-centrosymmetric cubic structure (Cly,, space group no. 216,
F43m) and Full-Heuslers crystallising in a cubic structure (L2;, space group no.

225, Fm2m) [107]. In the case of Half-Heuslers the X, Y, Z atoms occupy the 4a
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Half-Heusler Compound Full-Heusler Compound

Figure 1.6: Crystal structures of Half-Heusler (XY Z) and Full-Heusler (XY Z)

compounds. In Half-Heuslers (left), the atoms occupy the 4a (0,0,0), 4c (}1, }17711)7

and 4b (%, %, %) Wyckoff positions, with one site remaining vacant, resulting in a non-

centrosymmetric cubic structure (Cly, space group no. 216, F43m). In Full-Heuslers
(right), all sites are occupied: X atoms sit at the 8c (i, 711, i), Y at 4a (0,0,0), and Z at 4b

(%, %, %), forming a centrosymmetric cubic structure (L2;, space group no. 225, Fm3m).

The coloured spheres represent the atomic species: X (pink), Y (green), and Z (blue).

(0, 0, 0), 4c (1/4, 1/4, 1/4), 4b (1/2, 1/2, 1/2), Wyckoff positions with the d
sites remaining vacant, whereas in the case of Full-Heuslers, the occupied Wyckoft
positions are 8c (1/4, 1/4, 1/4), 4a (0, 0, 0) and 4b (1/2,1/2, 1/2), for the X,Y, Z

atoms, respectively, as depicted in Figure 1.6.

Half-metallicity

A large subset of the Heusler compounds exhibit half-metallicity, a phenomenon that
was first predicted by Groot et. al. in 1983 [108]. Half-metallicity is characterised by
the presence of a metallic density of states for one spin channel and a semiconducting
or insulating gap for the other spin channel at the Fermi level, meaning that for
electrons in one spin channel the material acts as a metal, whereas for electrons in
the other spin channel the material acts as an insulator. This leads to electrons being
100% spin-polarised at the Fermi level, as only the electrons from one spin-channel
contribute to conduction [109]. The half-metallic nature has been theoretically

predicted for a number of Half-Heusler and Full-Heusler compounds [110, 111],
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however, 100% spin polarisation has only been experimentally demonstrated in thin

films of certain Heusler compounds, such as CooMnSi and CooMnGe [106, 112, 113].

Magnetic Properties

Due to the different chemical structures of the Half and Full-Heusler compounds,
the resulting magnetic properties of the two classes differ. In the case of Half-
Heusler compounds, there is only one magnetic sublattice, since only the X atoms
can carry a magnetic moment. Typically, Half-Heuslers exhibit antiferromagnetic
behaviour. In contrast, Full-Heuslers contain two distinct magnetic sublattices due
to interactions between the X atoms, which form a delocalized magnetic sublattice.
This gives rise to a wide range of magnetic behaviours [107].

The magnetic moment of the Heusler compounds can be calculated using the
Slater-Pauling rule, which defines the relationship between the total magnetic

moment, m;, and the number of valence electrons per atom, N, [114, 115],
my = NU - O, (12)

where C' is 18 for the case of Half-Heusler compounds and 24 for Full-Heusler
compounds. The calculated value of m, is given in units of the Bohr magneton,

pp, per formula unit [107].

Chemical Disorder

As we have seen above, the properties of the Heusler compounds are dependent
on their crystal structure. So far in the discussion of Half and Full-Heusler
compounds, perfectly ordered crystal structures have been assumed. However,
in reality, Heusler compounds exhibit chemical disorder, which can significantly
change their material properties.

For Half-Heuslers the main types of chemical disorder are characterised by X, Z
mixing (C1 disorder, space group Fm3m, no. 225), partial occupation of the vacant
d sites, accompanied by voids in the Y lattice sites (L2; disorder, space group Fm3m,

no. 225), which leads to B2 disorder when there is additional mixing of the X, Z
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atoms (Pm3m, no. 221). Finally, full chemical disorder is characterised by a random
distribution of the X, Y, Z atoms at all four lattice sites (W disorder, Im3m, no. 229).
In the case of Full-Heusler compounds, the main types of chemical disorder
are characterised by either an even distribution of Y, Z atoms (B2 disorder, space
group Pm3m, no. 225), a random distribution of the X, Y atoms across the whole
lattice (DOj disorder, space group Fm3m, no. 221), or mixing of the X, Y atoms
in one sublattice and mixing of X, Z in the second sublattice (B32a disorder, space
group Fd3m, no. 227). Finally, random distribution of the XY, Z atoms leads to
all lattice sites becoming equivalent (A2 disorder, Im3m). The different types of
chemical disorder that can occur in a Full-Hesuler are depicted in Figure 1.7.
Chemical disorder in full-Heusler compounds, particularly Co,MnSi, has been
widely reported to degrade their magnetic and electronic properties. Experimental
studies have shown that B2 and A2 disorder reduce the saturation magnetisation
and Curie temperature, due to the disruption of long-range magnetic order and
the introduction of antiferromagnetic exchange interactions between Mn atoms on
incorrect lattice sites [116-118]. In parallel, ab initio calculations indicate that such
disorder can also lead to the collapse of the minority spin gap, destroying the half-
metallic nature [119-121]. Therefore, it is important that the growth process of these

compounds is carefully controlled to eliminate chemical disorder from the materials.

Applications of Heusler Compounds

In Spintronic devices, the high spin polarisation of Heusler compounds, arising from
their half-metallic nature, is particularly valuable, as it enhances spin asymmetry and
enables efficient spin injection into non-magnetic materials. This high degree of spin
polarisation is essential for achieving large GMR ratios and reliable spin-transfer
torque in devices such as MTJs and spin valves.

In the case of TMR devices, the highest TMR ratio reported for Heusler
compounds with B2 disorder was achieved in an MTJ with CosFeAl electrodes and
an MgO tunnel barrier: 342% at room temperature and 616% at 4K [122]. For fully

ordered L2; Heusler compounds, using Co,MnSi electrodes with an MgO barrier,
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Figure 1.7: Ilustration of the main types of chemical disorder that can occur in Full-
Heusler compounds. Top left: B2 disorder (space group Pm3m, no. 221), where the Y’
and Z atoms are evenly distributed across their sublattices. Top right: D03 disorder
(space group Fm3m, no. 216), where the X and Y atoms are randomly distributed
throughout the lattice. Bottom left: B32a disorder (space group Fd3m, no. 227), where
one sublattice contains a mixture of X and Y atoms, and another sublattice contains a
mixture of X and Z. Bottom right: A2 disorder (space group Im3m), in which X, Y,
and Z atoms are randomly distributed across all lattice sites, rendering them equivalent.

even higher TMR ratios have been measured with a TMR ratio of 354% reported at
room temperature and up to 1910% at 4K [123]. Across all Heusler-based MTJs, the
TMR ratio tends to decrease with increasing temperature more rapidly than expected
from simple thermal broadening effects. This anomalous temperature dependence is
commonly attributed to spin fluctuations at the Heusler alloy/MgO interface, which
are believed to create regions of chemical disorder around the interface [124]. The
use of Heusler compounds in spin-valves has also been widely investigated, with

research efforts primarily focused on investigating the GMR effect for the case of
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current applied perpendicular to the plane (CPP). Notable room temperature results
include a 36.4% GMR ratio recorded for a CooMnSi/Cr/Co,MnSi multilayer [125]
and a 34% ratio reported in the CooFeAlSi/Ag/CosFeAlSi quaternary Heusler
compound multilayer [126].

As mentioned, Heusler compounds are also of interest for Magnonic applica-
tions due to their intrinsically low Gilbert damping. The high spin polarisation
characteristic of half-metallic Heuslers means that conduction electrons occupy
only one spin channel, effectively suppressing spin-flip scattering processes. As a
result, key mechanisms of energy dissipation are reduced, leading to lower Gilbert
damping parameters, which is advantageous in Magnonics, where long spin-wave
propagation lengths are essential for the efficient transport of spin information
[127, 128]. Ultralow Gilbert damping parameters, «, have been reported in thin
films of the Heusler compounds Co,MnSi (a = 4.1 x 10™) and Co,MnGe (a =
5.3 x 10™) [129], values that are comparable to the damping observed in YIG
thin films (o = 2.2x 10™) [130].

Despite the initial research that has been done into characterising Heusler
compounds for their use in Magnonic applications, the potential role of ECTs
composed of Heusler compounds in the field of Magnonics remains largely unexplored.
While several studies have investigated the magnetic properties of ECTs, focusing on
exploring the IEC coupling and static magnetisation as a function of the interlayer
thickness [131-138], much less research has been dedicated to understanding how

IEC affects the dynamic magnetisation in these systems.

1.4 Overview

This thesis will focus on exploring the static and dynamic magnetisation properties
of a CoyMnSi/Cr/Co,MnSi exchange coupled trilayer. CosMnSi is a full Heusler
compound with a high Curie temperature of ~ 1000K [139] and a magnetic moment
of 5up per formula unit [140]. It was selected for this study due to its exceptionally
low magnetic damping and high spin polarisation, making it ideal for Spintronic

and Magnonic devices [106]. Chromium (Cr) was chosen as the spacer layer due to
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Figure 1.8: Schematic diagram of the sample structure studied in this thesis. The
exchange coupled trilayer consists of two CosMnSi layers with nominal thicknesses of
20nm and 8nm, separated by a Cr interlayer. The stack is grown on an MgO substrate,
with a gold (Au) capping layer to prevent oxidation. CooMnSi was selected for its low
magnetic damping and high spin polarisation, while Cr serves as a spacer layer due to its
small lattice mismatch with CooMnSi, promoting epitaxial growth.

its small lattice mismatch with Coo,MnSi, which facilitates high-quality epitaxial
growth. The sample structure investigated is illustrated schematically in Figure 1.8.

The aim of this thesis is to provide a comprehensive study of the role that IEC,
specifically biquadratic coupling, plays in determining the magnetic properties of
an epitaxial CooMnSi/Cr/CosMnSi trilayer system. This is achieved by fabricating
a series of CoaMnSi (20nm)/Cr (t¢,)/CooMnSi (8nm) samples, with varying Cr
interlayer thicknesses, t¢,, and characterising the biquadratic coupling constant
as a function of this thickness. Chapter 2 presents the theoretical background,
including an overview of exchange coupling in trilayer structures and the principles
underlying the characterisation techniques used throughout this work. Chapter 3
provides details on the fabrication of the Co,MnSi (20nm)/Cr (t¢,)/CooMnSi (8nm)

ECTs and describes the structural analysis carried out to confirm their quality
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and composition. The static magnetisation behaviour of the samples is examined
in Chapter 4, followed by an analysis of the in-plane magnetoresistance and the
influence of IEC in Chapter 5. The central contribution of this thesis is discussed
in Chapter 6, which explores the impact of IEC on the dynamic magnetisation

properties, using FMR to probe the coupled magnetic response of the trilayer system.



Theory of Exchange Coupled Trilayers and
Characterisation Methods

This chapter provides the theoretical background that is necessary to understand the
static and dynamic magnetisation of exchange coupled trilayer systems. First, the
Landau-Lifshitz equation will be introduced to describe the dynamic magnetisation
of the system. This equation depends on the effective field of the system and
therefore, the various contributions to the effective field will then be discussed.
Finally, the theoretical framework used to describe each of the three techniques
used to characterise the dynamic and static magnetic properties of the exchange

coupled trilayer will be presented.

2.1 Landau-Lifshitz-Gilbert Equation

The magnetisation dynamics of a magnetically ordered system can be described
by considering the torque, 7, exerted on the magnetisation, M, by an effective

magnetic field, poHeg,
T = M X ,U/OHeﬁ" (2]‘>

Torque is defined as the rate of change of angular momentum, L,

dL
I — 2.2
T (2:2)

21
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and M is related to L by the gyromagnetic ratio, =,

1
M = -L. 2.3
S (2.3)

The equation of motion is then given by the Landau-Lifshitz equation [141],

dM
DT — oy (M x Heg), (2.4)

which describes the precession of the magnetisation around the effective magnetic
field.

The Landau-Lifshitz equation assumes that there are no energy losses in the
system, however, in reality, as the magnetisation precesses around the effective
magnetic field, energy is dissipated. This energy dissipation causes the magnetisation
to relax towards its equilibrium position, aligning with the effective magnetic
field. This results in the spiralling motion that can be seen in Figure 2.1. To
account for this effect a phenomenological damping term must be included in
the equation of motion. The modified equation is known as the Landau-Lifshitz-

Gilbert (LLG) equation [142],

dM o dM
“ar =ty (Mox Heg) + (M X dt>, (2.5)

where M, is the saturation magnetisation of the system and « is the Gilbert

damping parameter, which controls the rate of relaxation.

2.2 Effective Field

The magnetisation evolves to minimise the total free energy of the system. As
discussed above, at equilibrium, the magnetisation aligns with the effective field,
meaning M and H.g are parallel. Therefore, the effective field is obtained from the
total free energy density per unit area, F', of the system by taking the functional
derivative, d—F For the exchange coupled trilayer system that we are considering

dM
in this thesis, the effective field in each layer, i, can be calculated as follows,

1 dF
pot; dM;’

HY = — (2.6)
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Figure 2.1: Schematic diagram of the terms in the Landau-Lifshitz—Gilbert (LLG)
equation describing the time evolution of the magnetisation vector M. The magnetisation
precesses around the effective magnetic field /,L()ﬁeﬁ‘, with the precgssional torque given
by M X poHeg (purple) and the damping torque given by M x % (green). The spiral
trajectory indicates the damped precessional motion of M towards alignment with the
effective field. Adapted from Ref. [69].

where t; is the thickness of the FM layer, which is included here as F' is the
free energy density per unit area not per unit volume. The functional derivative
provides a measure of how the total free energy density per unit area changes
with small variations in M. These variations give rise to an effective field, which
in turn governs the system’s evolution toward equilibrium. The total free energy

density per unit area, Fi,, is given by,
Eot:FZ+Fani+Fex+Entex+Fdip+---7 (27)

where Fy, Funi, Fox, Fintex and Fy;p represent the Zeeman, anisotropy, exchange,
interlayer exchange and dipolar energy densities per unit area, respectively. The

origin of these free energy terms and their associated effective fields will be discussed
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in the following sections, with expressions given for an ECT consisting of two FM

layers of thicknesses t1, t5 and in-plane magnetisations, My, M.

Zeeman Energy

The Zeeman energy term characterises the interaction of the magnetisation with
the applied external field pgHey. In the presence of an applied external field the
lowest energy state is for M to be aligned with Hey;. Hence, the free Zeeman energy

density per unit area, Fy, for an ECT is given by,
Fz = —poti My - Hexy — poto My - Hey (2.8)

Taking the functional derivative of this expression gives the effective Zeeman

field in each layer i,

HS%Z = Hext- (29)

Magnetocrystalline Anisotropy Energy

Mangetocrystalline anisotropy arises from the fact that in crystalline magnetic
materials the magnetisation favours alignment along certain crystal axes. The
microscopic origin of this anisotropy can be attributed to spin-orbit coupling;
the interaction between the electrons’ spins and the electronic orbitals leads to a
anisotropic modification of the energy levels of the spins, which results in different
spin orientations having different energy levels [143]. In a crystalline material, the
magnetisation direction is then coupled to the crystal axes via spin-orbit coupling.
Therefore, if different spin orientations, relative to the crystal axes, have different
energies, the resulting magnetisations along these different crystal axes will also
vary. The crystal symmetry and chemical composition of the material determines
the magnitude and form of the anisotropy energy.

The general expression for the total free magnetocrystalline energy density, Fepys,
is described by a series expansion of the magnetisation components, consisting of
terms consistent with the symmetry of the crystal [143],

Fcrys = Fy+ Z bijaiaj + Z bijklaiajozkozl + ..., (2.10)

i?j ,L'7j7k:7l
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where Fj is a constant energy term that does not depend on the magnetisation
direction, the coefficients b; j, b; ; x; are the magnetocrystalline anisotropy constants
and «; is the direction cosine that relates the magnetisation direction M to the
relative co-ordinate axis [143]. For the z,y, z co-ordinate system shown in Figure 2.2,

the direction cosines are given by:

a; = sinf cos ¢ (2.11)
ap = sinfsin ¢ (2.12)
az = cosf (2.13)

The series expansion does not include odd terms in «; as the energy of the system
is invariant under magnetisation reversal i.e. F(M) = E(—M). This invariance

under magnetisation reversal also leads all cross terms a;c; to vanish for ¢ # j.
Cubic Anisotropy

Systems with cubic structure exhibit fourfold rotational symmetry around the
primary crystal axes [100], [010], and [001] and threefold rotational symmetry
around the [111] crystal axis. This high symmetry influences the magnetocrystalline
anisotropy energy, which must remain invariant under such transformations. As
a consequence, in systems with cubic structure, the magnetocrystalline energy
is invariant under interchanges of «; i.e. by = byy = bs3. Thus, the total free

cubic magnetocrystalline energy density per unit area, Fiu, to fourth order,

is defined as [143],
Feupie = t - (Ko + Ki(afaj + aiaj + a3a3) + Ka(afasas)), (2.14)

where K; are the cubic anisotropy constants, which are functions of b. Eq. 2.14
can be rewritten in terms of the magnetisation components by redefining the
direction cosines as oy = Mz/m,, g = My/M,, a3 = Mz/m,. The total free cubic
magnetocrystalline energy density per unit area, F.,u., to fourth order, for an

ECT is then given by [73],

K! )t K\t

M2M2+M2M2+M2M2) 2 S(MEM;ME). (2.15)

Fcublc KO + Z
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Figure 2.2: Schematic digram of the magnetisation vector M and its orientation in a 3D
Cartesian coordinate system. The angles 6 and ¢ define the polar and azimuthal orientation
of M , respectively. The direction cosines a1, as, and aj relate the magnetisation vector
to the x, y, and z-axes.

The directions of the easy and hard magnetisation axes of the cubic structure are
found by examining the sign of the cubic magnetocrystalline anisotropy constants.
Considering the case where K; dominates, and hence only the second-order cubic
anisotropy term is relevant, if K7 > 0, the easy magnetisation axis lies along the [100]
direction and the hard magnetisation axis is along the [111] direction. Conversely,
if K < 0, the easy magnetisation axis lies along the [111] direction and the hard
magnetisation axis lies along the [100] direction. In both cases the [110] direction
has an intermediate energy. It is important to note that the inclusion of higher
order cubic anisotropy constants changes the energy landscape and this can cause

the directions of the easy and hard magnetisation axes to change.
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Uniaxial Anisotropy

It is possible for systems with cubic structure to exhibit additional twofold symmetry
that occurs due to uniaxial anisotropy. In this case, there is a single crystallographic
axis that corresponds to either an energy maximum or minimum. Uniaxial anisotropy
arises primarily during the growth of the crystal structure and can be the result of
growth-induced stress or post-growth annealing in an external field [74, 143].
The form of the uniaxial anisotropy free energy density depends on the angle,
0., between M and the uniaxial symmetry axis 0,. Similarly to the case of cubic
anisotropy, the uniaxial anisotropy free energy density expression can be then be
found from a series expansion of M - 0.,. Again, due to the inversion symmetry under
magnetisation direction reversal, only even powers of M-8, contribute to the uniaxial

anisotropy free energy per unit area expression for an ECT, which is given by [73, 74],

Funiax = Z _ﬂ(Mz ’ elu)Q o ﬂ(MZ ’ ezu)4 (216>
=1 MS% M;lz

For K, 42 > 0 the uniaxial energy is at a minimum when 6, = 0, 7 and this direction

is known as the easy axis of the crystal. In the case K1 42 > 0, 6, = £ 7/2 corresponds

to an energy minimum and hence the uniaxial symmetry axis is a hard axis.
For an ECT, the total free anisotropy energy density per unit area can be written

as,

2
_ % 7
Fani - Z cubic + Funiax
=1

_ Kl ti M2 M2 M2 M2 M2 M2 Kul ti M 2
- i 4, ( ity + ixt iz + iy iz) - MZ. ( 7" zu) 5

where K has been omitted since it is constant and only the second order terms
have been considered.

The effective anisotropy field,

Hég,ani = H(S;Ll)blc

+HY (2.18)

uniax >
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is then obtained by calculating the functional derivative of F,y;, giving [74],
. 2 2 _ ST ul . 0. )b,
My (M2, + M2) T (M - b)) G (2.19)
2 2
My, (M2 + M2)

0 2K

eff,ani ™ 4
/"LO Msi

The effective anisotropy field combines a cubic term, which depends non-linearly
on the squared components of the magnetisation and thus favours magnetisation
along the cubic axes, with a uniaxial term that scales linearly with the dot product

M - 0, and prefers alignment along a single easy axis.

Exchange Interaction

The exchange interaction plays a central role in determining the magnetic properties
of a material, by describing the interaction between the magnetic moments of
neighbouring atoms. It is a purely quantum mechanical effect that arises from the
Coulomb interaction and the Pauli exclusion principle [143].

Consider two electrons with spatial co-ordinates 7y, rs and corresponding
total wave function W(ry,r2)x(s1, s2), where s1, sy are the spin states of the two
electrons, which can be either up or down, 1, ]. Since electrons are indistinguishable
fermions, according to the Pauli exclusion principle, the total wavefunction must

be antisymmetric i.e.

U (ry, 2)X(81, 82) = =V (7ra, 1) X(S2, 51). (2.20)

This condition leads to two possibilities: either the spatial part ¥ of the total
wavefunction is symmetric and the spin part, y is antisymmetric or the total
wavefunction is antisymmetric in space and symmetric in spin. The first of these
possibilities corresponds to a spin singlet state Siota1 = 0 and the second to a spin
triplet state Siota1 = 1. The difference in the spatial wavefunctions of these two
states leads to a difference in the Coulomb energies.

In some systems having an antisymmetric spatial wavefunction can reduce the
Coulomb repulsion sufficiently that the triplet is lower in energy. In other cases,

the symmetric spatial wavefunction (singlet) is energetically more favourable. This



2. Theory of Exchange Coupled Trilayers and Characterisation Methods 29

energy difference is defined as the exchange energy. The exchange energy of the
interaction between atoms i, j with electron spins S; and S; may be written as

a spin-dependent Hamiltonian [143],
H - — Z Ji,j Sl . Sj, (221)
‘7j

where J; ; is the exchange constant of the interaction between spins ¢ and j. The
sign of J; ; determines which spin configuration is favoured, if J; ; > 0, then parallel
spins (the triplet configuration) minimise the energy, leading to ferromagnetic order;
if J; ; < 0, then antiparallel spins (the singlet configuration) are preferred, giving
antiferromagnetic order. Thus, whether the singlet or triplet has lower overall energy
is given by the sign of the exchange constant, which depends on the specific system.

To derive the free exchange energy density, Fiy, it is necessary to transition from
the discrete spin model, given by the Heisenberg Hamiltonian, to a continuous field
description, which allows the micromagnetic energy to be calculated. To do this, a
continuous magnetisation field, M (r), is introduced, along with the approximation

that the spins, S;, are proportional to this local magnetisation,
S; o< M (r;). (2.22)

The continuous magnetisation field is then obtained by performing a Taylor series
expansion on S;,5. Neighbouring spins are close together and hence it is assumed
that the magnetisation at site ¢ + 0 can be approximated by expanding it as a
smooth function around site i. For a three-dimensional cubic lattice, the Taylor

expansions in the z, y, and z directions are given by,

08 a’0%*S
08 a*’0%*S
08 a®0°*S
Si+52 —Sz‘i‘aa—'—gﬁ—i‘, (225)

where a is the lattice spacing. Substituting these expansions into the Hamiltonian

(Eq. 2.21) gives the following expression,

_JaS (08" (98\" (98]
ox oy 0z

H=-TT Y

%

. (2.26)
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The free exchange energy density in the continuum limits is then obtained by

dividing the spin dependent Hamiltonian by the system volume,

H
F, = 2.2
& (227)

The sum over ¢ spins can be approximated as an integral in the limit of small

lattice spacing,

>~ alg,/dgr- (2.28)

Then taking into account Eq. 2.22; the free exchange energy density per unit
area for an ECT is given by, Fi,,

Fex = Altl(Vm1)2 + Agtg(vmz)Q, (229)

where A; 5 are the exchange stiffness constants of the two FM layers [144]. It is
important to note that since the free exchange energy density is proportional to the
(Vm)? term, the exchange energy is zero in uniformally magnetised layers.

The effective exchange field, H?

ex

in each of the layers, 7, is found by taking
the functional derivative of Eq. 2.29, which gives

o _ 24

eff,ex — Wv2mz (230)

The effective field given in Eq. 2.30 accounts for direct exchange i.e. only the spins
of neighbouring atoms are considered. In addition to direct exchange, there are also
indirect exchange interactions mediated by an intervening medium. One example
of indirect exchange, is interlayer exchange where the interaction is mediated via
conduction electrons [143]. This interaction is extremely important for exchange

coupled trilayer systems and will be discussed in the next section.

Interlayer Exchange Energy

In an ECT, the interlayer exchange coupling dictates the relative orientation of
the magnetisations in the two layers. This indirect exchange interaction is of

quantum origin and is mediated via the conduction electrons, interfacial roughness
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and spin-dependent interactions in the NM layer. The behaviour of the coupling
is governed by two interlayer exchange constants, the bilinear exchange constant,
J1, and the biquadratic exchange constant, J,. The bilinear interlayer free energy

density per unit area, Fj,, is given by [73],
Fjl = —Jl(ml . mg). (231)

For J; > 0 the energetically favourable state is when the magnetisations in the two
layers are aligned parallel i.e. in the ferromagnetic state. For J; < 0 the energetically
favourable state is for the magnetisations in the two layers to be aligned antiparallel
i.e. in the antiferromagnetically ordered state. The biquadratic coupling interaction
between the two layers dominates at NM spacer layer thicknesses where .J; is close
to zero i.e. at the thicknesses where J; changes sign [73|. The biquadratic coupling

term is a higher order coupling term and its free energy density, F), , is given by,
FJ2 = —JQ(ml . m2)2. (232)

For J; < 0 the energetically favourable state is for the magnetisations in the two
layers to be perpendicularly aligned. For J, > 0 the energetically favourable state
is for the magnetisations to be aligned parallelly. The total interlayer exchange

free energy density per unit area, Fiey, is then given by,
Entex = FJ1 + FJ2
= —Jl(ml : m2) — JQ : (ml . m2)2 (233)

= —Jicos(Ag) — Jy cos*(Ag),

with A¢ = ¢1 — ¢9, where ¢1, ¢ are the angles between the applied external
field and the magnetisation directions in the two layers, respectively. As before,
the effective interlayer exchange field is found by taking the functional derivative
of Eq. 2.33. However, the effective interlayer exchange field is not the same for
the two layers. The torque experienced by the two layers is influenced by the

magnetisation in the other layer and hence two separate interlayer exchange fields
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must be considered. Therefore, the total interlayer effective exchange field is given

by the summation of the interlayer exchange field in each layer,

Hegintex = Hintex,1 + Hintex 2
B 1
ot My,

1
ot M,

(J1 4 22 cos(Ag)) my (2.34)

_|_

(J1 + 2J5 cos(A¢p)) m;.

Magnetic Dipolar Interaction

The magnetic dipolar interaction describes the long range order of the spins in a
magnetically ordered material. The interaction is classical in nature and can be

calculated using Maxwell’s equations in the magnetostatic limit,

V-B=0 (2.35)

VxH=0. (2.36)
Since V x (V¢) = 0, where ¢ is some scalar potential, H can be expressed as,
H = -V, (2.37)

where the minus sign is included as this is the convention in electromagnetism.

Substituting the relation B = po(H 4+ M), into Eq. 2.35, gives,
V- -H=-V M. (2.38)
From this we obtain the Poisson Equation,
V2¢(r) = V - M(r) (2.39)
where the dipolar (magnetostatic) field is defined as,
H, = —Vo(r). (2.40)

The dipolar field is then used to calculate the dipolar free energy density per unit
area, which for an ECT is given by,

t t
Fuyp = —%Ml(r) CHy(r) — %MQ(r) CHy(r), (2.41)
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where the factor of two is included to ensure that the contributions from the paired
dipolar interactions are not counted twice [144]. The effective dipolar field Heg gip
in each layer is then given by the dipolar field,
Hemdip(r) = Hd(I'). (242)
In a uniformally magnetised material, the dipolar field inside the sample is linearly
related to the magnetisation,
Hgpp = —N'M, (2.43)

where A is the demagnetising tensor [143]. Substituting, Eq 2.43 into Eq 2.41,
gives the expression for dipolar free energy density per unit area in terms of

the demagnetising tensor,

t t
Fdemag - %MlNMl + %MQNMQ (244)
In the case of a thin film, the demagnetising tensor, N/, is given by, [143],
000
N=|[000] (2.45)
001

and hence the dipolar free energy density per unit area for a thin film ECT is given by,
t t
Fiomag, 1t = 25 M7 cos?(61) + E52 M cos? (0), (2.46)

where 0, 5 are the angles between the magnetisation directions in the two layers and
the z-axis. The most energetically favourable state is when # = 90°, meaning the
magnetisation direction is in-plane, and since cos(90°) = 0, the demagnetisating
energy is zero for a thin film magnetised in-plane.

The total free energy density per unit area of the trilayer system under question,
is then calculated by by summing the contributions of the individual interactions

and is given by,
F:FZ+Fani+Entex

2 (4)
Kl tl 2 2 2 2 2 2
- Z < - MOtzMz ' Hext + M4 (Mzzsz + MzzMzz + szMzz)
=1 (2.47)

Kit,
o)

— Jycos(A¢) — Jycos®(Ag)
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where the dipolar and exchange free energy densities per unit area are not included
as they are zero for uniformly in-plane magnetised thin films. The corresponding

effective field for the ECT under study in this thesis is given by,

HY) = Hey — jon\ii My, (M2 + M2)
“ g (v 4 2
_ jﬁ% (M- 010 O (2.48)
+ /io?hl-Msl (J1 + 2J3 cos(Ag)) my
+ ,uohlf\/[sz (J1 + 2J3 cos(A¢)) my.

The next section will outline the theory behind the three techniques used
to characterise the system under question in this study, namely magnetometry,
magnetoresistance and ferromagnetic resonance. To describe the behaviour in each
of these methods, the equilibrium angles of the magnetisations in the two layers will
be analysed. Since these angles are determined by minimising the total free energy,
the expression given in Eq. 2.47 will be used in the upcoming sections, to capture

the magnetisation behaviour resulting from the three characterisation techniques.

2.3 Theoretical Background of the Characterisa-
tion Techniques

2.3.1 Magnetometry

Magnetometry is a technique that allows the total magnetisation, M, of a sample
to be studied, as a function of the applied external field, poHey. For the case
where the the sample is magnetised in-plane, the total magnetisation, My, of
an ECT is given by,
2
M, = Z M;(o,& + a2, 9) (2.49)
i=1
where M; is the magnetisation in the FM layer and «;, and aw, are the direction

cosines (Eqgs 2.11 & 2.12) that define the orientation of M; in the plane of the film,
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relative to the & and ¢ axes, respectively. As the sample is magnetised in-plane,

0 =m/2 = sinf = 1. Therefore, Eq. 2.49 can be rewritten as,
Mot = Mi(cos g1 & + sin ¢19) + Ma(cos po& + sin o). (2.50)

This expression gives the total magnetisation for the whole sample volume. The

magnetisation can be expressed in terms of the magnetic volume of a sample [145],

m
M= — 2.51
2 (2.51)

where m is the magnetic moment, which means that it is possible to rewrite the
expression in Eq. 2.50 in terms of the thicknesses of the two FM layers, ¢, ts.
However, it is important to note that the magnetisation is an intensive quantity; as
the magnetic volume increases so does m and hence the magnetisation is constant.
The total magnetic volume of the trilayer system can be rewritten as V' = A(t; +t2),
since the area, A, of the two FM layers is the same. Then, using Eq. 2.50, the

magnetic moment per unit volume can be expressed as,
m = Mt A(cos g1 & + sin 19) + Mato A(cos po& + sin ¢og) (2.52)

and hence the total in-plane magnetisation, M, can be written as,

m
Mtot = V
1
- litlA(cos N & + sin 1Y) + Mato A(cose ¢ + sing ¢y) (2.53)

f— 1 o A . A
litl(COS O1& + sin ¢19) + Moto(cos po& + sin ¢oy).
1+ 12

The equilibrium angles of the magnetisation ¢y, ¢o are found by minimising the
expression for the total free energy density per unit area given in Eq. 2.47. Once
¢1, ¢2 have been calculated, Eq. 2.53 can be used to fit magnetometry data, as
will be shown in Chapter 4.

2.3.2 DMagnetoresistance

The resistivity of a trilayer system can be described using the two spin channel

model, first proposed by Mott [146]. In this model, the current in one of the
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channels corresponds to the current carried by the majority spin electrons, 1, and
the current in the second channel is carried by the minority spin electrons, |. The
majority spin electrons correspond to the spins that are aligned with the externally
applied magnetic field and the minority spins corresponds to the spins that are
antiparallel to the external field. The two spin channels have associated resistivities,
p+, p—, and conductivities, 0., 0_. Depending on the relative alignment of the
magnetisations in the two layers, the spins will either remain in the same spin
channel after crossing the interface (parallel alignment) or change spin channel
after crossing the interface (antiparallel alignment), as depicted in Figure 2.3. This
leads to a difference in the total resistivity for the parallel and antiparallel cases.
Additionally, there is spin-dependent scattering at the interface, resulting in different
scattering probabilities for spins in the two spin channels [47].

The resistivities of the two spin channels can be calculated by considering the
contributions to the resistivity from the majority (minority) spins in the FM layers,
PiM (pi™M), the resistivity of the nonmagnetic spacer layer, pny, and the resistivity
contribution arising from the spin-dependent selection at the interface, pl, p|.

Following the derivation given in Ref. [147] it is possible to find expressions
for the total resistivity of the spins in the majority and minority channels, p,,p_,
for the FM and AFM case. Taking the limit where the thicknesses of the FM
layers, tpy, and NM spacer layer, tny, are much smaller than their associated spin
dependent mean free paths i.e. 4| > tpy +tnw, it is possible to calculate the total
resistivity of the spins in the majority and minority channels for the two cases by
taking a thickness-weighted average of the resistivities of the individual layers,

Zj Lip;
2 t;

(2.54)

Ptot =

This is possible since the electron transport is assumed to be ballistic in this limit
and hence electrons cross several interfaces before a scattering event occurs.
Using Eq. 2.54, expressions for the resistivity of spins in the spin majority

and spin minority channels are obtained. For spins in the spin majority channel,
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Figure 2.3: Model illustrating the spin-dependent resistivity contributions in an
exchange coupled trilayer structure for both parallel and antiparallel magnetisation
configurations. The total resistance for each spin channel (spin-up 1 and spin-down
1) includes contributions from the ferromagnetic layers (p?M, pr), the non-magnetic

spacer layer (pnxm), and the interfaces (p#, pi) The vertical height of each element is
proportional to its resistivity contribution. Adapted from Ref. [147].

p+, is found by summing resistivity contributions from, pi™, pi and pg, giving

the following expression,

pf Mten + 2pit; + pautam

= 2.55
P tont + 2t + taw (2.55)
A similar expression is also found for spins in the spin minority band,
FM I
tem + 2p it + t
o= Py lFM PLlr T PNM NM (2.56)

tem + 26 + tau

The total resistivity of the system, pi, is then found by summing the p,, p_ in
parallel. However, the form of this summation depends on the relative alignment of
M, M. In the case of parallel alignment a spin crossing the interface remains in

the same spin channel and since the spin can initially be in either the majority or
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minority spin channel, the total resistivity for parallel alignment, pio, p is given by,

(o)

Prot, P = | 5 T 5

. 20+ 2p- (2.57)
_ 2p4p-
p+ +p-

In the case where My, My are aligned antiparallel, the spin changes spin
channel as it crosses the interface and hence the total resistivity for antiparallel

alignment, peot, ap, is given by,

( et )1
Ptot, AP =
o prtp- p-+py (2.58)

_ P+t
2

The change in resistance of the system as M; and M, rotate from antiparallel

to parallel alignment is then given by,

p++o-  2pip- _ (pr—p-)?
PAP — PP = - == . (259)
2 p++p-  2(p+ +p-)
As introduced in Section 1.1, this is known as Giant Magnetoresistance (GMR) and
the magnitude of the GMR effect is found by normalising the change in resistivity

by the resistivity at saturation, Rg,

AR _ Prot, AP — Prot, P _ (p+ — Pf>2. (2.60)

Rs Ptot, P 4(pyp-)

Since the GMR effect arises due to the asymmetry in the scattering probabilities
for the spins in the spin majority and spin minority channels, Eq. 2.60 is often

expressed in terms of the spin asymmetry scattering parameter a = p_/p,

AR (pi—p ) (1—a)
R, 4lpyp)  da (261)

The GMR effect characterises the resistance change between the two extreme
cases of antiparallel and parallel alignment of My, My. However, in order to
understand how the magnetoresistance varies between these two extremes it is
necessary to understand how the magnetoresistance varies as a function of the

applied external field. As discussed in Section 2.3.1, the angles between the
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magnetisations of the two FM layers, My, M, and the applied field vary as a
function of the applied field. Therefore, in order to characterise the resistance as a
function of applied field it is necessary to find an expression for the resistance that
depends on the angles between My, M, and the applied field direction, ¢, ¢».
To do this, a spinor transformation is introduced to rotate the spins from the
global frame of reference to the local frame of reference of the FM layer [148, 149].

The spin rotation matrix for spins in the first FM layer is given by,

cos(%) sin(2)
—sin(%) cos(2)|’

R(¢1) = (2.62)

=

where the factor of 1/2 in the argument arises due to the fact that electrons are
spin-1/2 particles, which experience a rotation of twice the classical angle [150].
The spin rotation matrix R(¢z), for spins in the second FM layer, is obtained by
replacing ¢; — ¢- in Eq. 2.63. The total rotation that the spins experience, due to

the applied magnetic field, is then calculated using the spin rotation matrix, Ry,

cos(£522)  sin(
—sin(£5%2)  cos(

¢1—¢2)
91 ¢2)

| D

Riot(¢1, 92) = R(¢1)R(¢2) = (2.63)

2

Taking the quantisation axis to be along the z-direction, R, corresponds to a
rotation around the y-axis. The spin majority, T, and spin minority, |, states are
given by the eigenstates of the o, Pauli matrix. In Dirac notation, this corresponds

to the following spin states,

I = (é) ) = (g) : (2.64)

Applying the rotation transformation to the spin states,

|+) = Riot(d1, 92)| 1)

(2.65)
=) = Riot(01, 02) 1)
gives the rotated spin states, in the local frame of reference,
[+ = cos 2 o) 2211 + sin & 5 211 066)
=) = sin 22221y 1o 2202
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The probability, P, of spin in a given initial state |i) ending up in any given final
state |f), is given by the modulus squared of the inner product, |(f|i)|? [151]. Since
resistivity is a measured quantity, expressions for p,, p_, in the rotated frame, are
given in terms of the probabilities. Therefore, the angular-dependent expressions

for the spin majority and minority spin channels are given by,

e — cof <¢1 . @)m \ i (asl - @)m

2
o_ = sin? <¢1 ; ¢2>pT 1 cos? <¢1 ; ¢2>p¢7

where pi, p; represent the resistivities of the spin-up and spin-down electrons

(2.67)

in the two spin channels.
To see how the rotation of My, M, affects the GMR ratio given in Eq. 2.60,
consider the probability of a spin changing state as it moves across the interface.

Eq. 2.67 shows that the probability is sin? ¢1;¢2>’ whereas the probability of

the spin remaining in the same state is cos? <‘1’1;¢2> Since the GMR effect

arises due to interfacial scattering, the GMR is proportional to sin? LQ@ for
an arbitrary angle A¢ = ¢ — ¢ between M;, My. The angular dependent
GMR effect is then expressed as,

AR(¢1 - ¢2) B AR . ¢1 _ ¢2
Re = ( o )max sin? < 5 > (2.68)

Eq. 2.68 gives the angular dependent change in resistance for the case where My,
M, are initially antiparallel ((W) =71 = sin? <¢1;¢2> =1 = R—-Ris
maximal). However, it is not always the case, as will be shown in this thesis, that
the M; and M, are aligned antiparallel at zero field. Therefore, in order to account

for this, the expression given in Eq. 2.68 is normalised by &, [40],

; P1—¢2
AR(¢1 — ¢s) (Ro —Rs> (( 2 ))
R, - R, sin2%°
(2.69)

_ (RO - Rs) (1 — cos? <¢12¢2>>

1 — cos? %0

Y
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where & is the angle between M7, M5 at zero field. Typically the angular dependence
is expressed in terms of the cosine since, as shown in Section 2.3.1, the magnetisation
$1—¢2

along the z-direction is proportional to cos <2>

2.3.3 Ferromagnetic Resonance

The magnetisation dynamics of a magnetically ordered system can be probed by
studying the ferromagnetic resonance (FMR) of the system. In Section 2.1, it was
shown that the evolution of the magnetisation is governed by the LLG-equation

(Eq. 2.5). For a trilayer structure, the equation of motion in layer i is given by,

dM;
dt

= —oy(M; x Hig), (2.70)

in the simplest case, where damping terms are neglected. Following the derivation
by Rezende et al. in Ref.,[152], the resonance frequencies of an ECT can be
obtained from KEq. 2.70.

Consider an ECT, whose magnetisation lies in-plane, which is defined as the
xz-plane, as depicted in Figure 2.4. The external field is applied in-plane and for
each layer 7 the co-ordinate system, x;,y;, z; is chosen so that z; coincides with the
direction of M;. The equilibrium angle between M; and the external field is ¢;
and hence in order to align with the magnetisation direction, the coordinate axes
in each layer must be rotated with respect to ¢;. The magnetisation components

in the transformed coordinate system are given by,

M, = M., sin ¢; + mj,, cos ¢; (2.71)
M;, = M, cos ¢; + mi,, sin ¢; (2.73)

and hence the magnetisation, M;, in layer 7, is

where it is assumed that m;,,,m;, << M,;,,. Note that mj,,, m;, refer to the

magnetisation in the & and ¢ directions, not the magnetic moments; the use
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Z

Figure 2.4: In-plane schematic of the coordinate system used for deriving the
ferromagnetic resonance (FMR) frequencies in an exchange coupled trilayer. The sample
lies in the xz-plane and the coordinate axes x1 and xo are defined to coincide with the
equilibrium directions of M) and M. Adapted from Ref. [73]

of lowercase m reflects the fact that the components of the magnetisation in these
directions are much smaller than in the component in the Z direction. The effective

field in layer 7 is then given by,
H) = hip, @ + hy§ + Hi 2. (2.75)

In Section 2.2 the effective fields arising from the Zeeman, anisotropy, interlayer
exchange, dipolar and exchange energies were calculated (Eq. 2.71, 2.72, 2.73). To

calculate the effective fields in this coordinate system, it is necessary to redefine the
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expression for the total effective field given in Eq. 2.48, in terms of the new variables.
In this transformation to the new variables, only terms quadratic in small-signal
terms, m;,,, My, need to be kept, since the FMR frequencies are determined by
linearised equations. Additionally, only terms constant in m;,, should be kept.
After transforming the variables, expressions for the effective fields in this new co-
ordinate system are obtained. For the Zeeman energy, the only non-zero component

of the effective field is in the z;-direction and is given by,
HZ,izi = Ho COS(QZ%‘ - ‘9H> (276)

For the cubic anisotropy effective field, there are non-zero components along

all three axes,

K
hcubic,iri ~ Wmml (3 Sin2(2¢i) - 2) (277)
()
2K
hcubic,iy ~ _T:;miy (278)
K
chbic,izi ~ - ]\2 Sin2(2¢i> (279)

whilst for the uniaxial anisotropy effective field the component in the y-direction is

Zero,

huniax,ixi ~ — L Sin2(¢i - qul))mml
i (2.80)
Huniax,izi ~ — = COSQ(¢i - 9(2))

Finally the effective fields associated with the interlayer exchange coupling are given

by,

Jl 2<]2

hintex,ixi ~ mmjxj COS(¢1 - 9252) + mmjmj COSs 2(¢1 - Cbz)
2J.
+d7]\;2mm sin®(¢1 — ¢o)
i (2.81)
intex,iy ™~ diMlMg 7Y diMlMg 7Y 1 2
J 2J.
Hintex,izi ~ dz]\147, COS<¢1 — ¢2) + dz]\;z COSZ(¢1 — ¢2)

The calculation of the dipolar field given in Ref. [152] takes into account the field

that arises from the spatial variation in magnetisation due to a propagating spin wave.
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However, since we are only concerned with calculating the FMR frequencies (k =0)
and not the full spin-wave dispersion, we can neglect the spin wave contributions to

the dipolar field and hence the components of the effective dipolar field are given by,
hdip,ixi = _47TM13:1
(2.82)
hdip,iy = —47TMZ‘y.
The resonance frequencies of the trilayer system are determined by solving
Eq. 2.70, where the components of Hgf% are given by Eqs 2.76 - 2.82 and M, is given
by Eq. 2.74. Assuming that M; varies with time as M;(t) = M;e(®" where w is

the angular frequency, the perturbations of the small-signal magnetisations, m;,.,

m;, can be described by the following set of linearised equations,

w ;
—— H1 ZH5 H2 M1y,

Y1

~Hy —* Hy iHg||m,

71 X
. iw
—ZG5 G2 —*2 Gl mle

v ;
G4 —’iGG —G3 —w Moy

2
where the coefficients H; - Hg are defined as follows,

=0, (2.83)

(1)

H
Hy = Hycos(¢r — O) + == (3 + cos do) + Hy) cos® (g1 — 01)) + dmy
+He(:r)1 COS(¢ ¢2) - 2Hez)2 COoS (¢1 ng)

Hy = —HS) + 2HS) cos(¢1 — o)

Hs = Hycos(¢y — Oy) + H(l) cos 4oy + HC(L}J) cos[2(¢py — 01(}))] (2.84)

+H( )1 cos(¢p — o) — 2H§$)2 cos 2(¢p1 — ¢9)
Hy = HE) cos(¢1 — ¢2) — 2HE) cos2(¢1 — o)
H5 — O

Hg = 0.
The coefficients Gy - Gg are found by replacing 1 <+ 2 and the coefficients of
the effective fields are defined as,

o 2KY

Cubic Mz

g 2K
]‘?‘ (2.85)

HI('L) o 1

ntex,J; — t: M-
(2 1
Jo

) _
HIntex,J2 -
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The resonance frequencies of the the trilayer system are then determined by solving
the characteristic equation,
w? )

—— +aw’ +bw+c =0, (2.86)

VY172
which is obtained by setting the determinant of the coefficient matrix (Eq. 2.83) to
zero. The coefficients a, b, ¢ depend on the coefficients H(G), - H(G)g, however in
the case of FMR, where k£ = 0, H; = Hy = G5 = Gg =0 and therefore b=0.

There are four solutions to Eq. 2.86, corresponding to the acoustic and optic

modes. Each mode has two solutions, +w and —w, which correspond to spins

precessing in opposite directions. These solutions represent the FMR frequencies

of the system and can be determined by solving the following equation,
w)’ a a0\’
0 0

ag — (G2H4 + G4H2 — H1H3 — Gng) (288)

where,

Co — (GngHng -+ G2G4H2H4 — G2G3H2H3 — G1G4H1H4). (289)

The coefficients H(G); - H(G), depend on the equilibrium angles ¢; and ¢,.
Therefore, these angles must first be determined before the FMR frequencies
can be obtained. Furthermore, if ¢, ¢2, are given as a function of the applied

external field, it is possible to determine the FMR frequencies as a function of the

applied field. This is the method that will be used in Chapter 6 to fit the FMR data.

Coupling strength of the FMR modes to the stripline

In practice, the acoustic and optic modes are excited in the sample using a stripline,
which we model as a transmission line running parallel to the Z direction and
separated from two ground planes by narrow dielectric gaps (see Section 6.1 for
details). However, the efficiency with which the stripline excites the two modes
is generally not the same. Furthermore, the coupling efficiency depends on the

angle between the sample (and stripline) and the direction of the applied field, 6.
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The coupling efficiency can be characterised by calculating the coupling strength
between the stripline and the two modes.

To calculate the coupling strength between the stripline and the two modes,
consider a stripline placed underneath the sample, parallel to the surface plane,
with the current flowing along the Z direction, as defined in Figure 2.4. The
uniform component of the rf field generated by the stripline is the average of the
field integrated over the whole sample. This uniform component is particularly
important because in FMR, the magnetisation rotates uniformly (i.e. at wavevector
k = 0) and thus only the uniform component of the rf field can couple efficiently to
this mode. Non-uniform components of the field, which contain k # 0 contributions,
instead couple to higher-order spin-wave modes

Taking the sample to be an infinite plane, the average component of the field
perpendicular to the sample will be zero. Therefore, there is only an rf field in
the direction perpendicular to the stripline in the plane of the sample, parallel
to the & direction. Furthermore, assuming the distance from the stripline to the
magnetic layers is large compared to the thicknesses of the magnetic layers, the
uniform component of the rf field can be assumed to the same in the two layers.
In the case of the exchange coupled trilayer with two FM layers of thicknesses

t1, to, the rf field can then be approximated as,

0
al
0
0
al
0

Brf - /vLOHrf = (290)

where a is a constant that depends on the geometry of the stripline and its distance
from the sample and [ is the current flowing through the stripline. Here the
rf field is expressed as a six-dimensional column vector, where the first three
components correspond to the z, x,y directions in the first FM layer and the last
three components correspond to the z, z,y directions in the second FM layer.
The coupling strength between the stripline and each of the two modes can

be determined by calculating the dot product between the eigenvectors, v of the
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dynamic magnetisation in each of the two FM layers and the rf field generated
by the stripline [153]. The eigenvectors can be calculated by solving the matrix
given in Eq. 2.83 and are perpendicular to the ground state magnetisations. These
eigenvectors are associated with the FMR frequencies calculated using Eq.2.87;
for each frequency there is an eigenvector that is perpendicular to the ground
state magnetisation for that mode. The ground state magnetisation is defined as
being in the [z1, 0, 0, 29, 0, 0] direction, which is the rotated co-ordinate system
used in the above derivation of the FMR frequencies, where z;, 2o are defined
as the directions parallel to M;, Mo,.

In order to calculate the dot product between B, and v, it is necessary to rotate

the rf field into the same frame as v. This is done using a rotation matrix R,

cos¢; —sing; 0 cosgy —singy 0
R=|sing; cosp; 0 singy cosgpy 0 (2.91)
0 0 0 0 0 0

The coupling strength, A, can then be found by computing the dot product

between the rotated eigenvectors and the rf field,
A = |v- Byl (2.92)

As the ground state magnetisations depend on the angle between the sample
(parallel to the stripline) and the applied field direction, 05, the coupling strength
is also dependent on this angle. Therefore, as 0y is varied, so is the coupling
strength of the two modes. In the experimental data presented in Chapter 6,
the coupling strength is investigated by studying the absolute value of the Sy

parameter, as it is assumed that A oc |Sy].



Sample Fabrication and Structural
Characterisation

This chapter will provide an overview of the fabrication process, including an
introduction to Molecular Beam Epitaxy (MBE) which was the technique used
to grow the CoaMnSi (20nm)/Cr (t¢;)/ CooMnSi (8nm) sample series. The two
methods used to characterise the structural properties of the samples, Trans-
mission Electron Microscopy (TEM) and X-ray Reflectivity (XRR) will then be
described. Finally, the results obtained from these two characterisation methods
will be presented, with the discussion focused on the chemical ordering, elemental

composition and layer thicknesses.

3.1 Molecular Beam Epitaxy

Molecular Beam Epitaxy (MBE) is a growth technique for producing high quality
epitaxial thin films. A typical MBE chamber, shown schematically in Figure. 3.1,
can be divided into three zones. In the first zone, the molecular beams are generated
under ultra-high-vacuum (UHV), using effusion cells. The molecular beams then
effuse into the chamber and intersect, allowing the vaporised elements to mix.
This is the second zone. The third zone is the growth zone, which takes place

on the substrate surface. Here, constituent atoms of the molecular beams are

48
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Rotating sample stage

Fluorescent screen

RHEED source
CCD camera

Knudsen cell

Six pocket electron gun

Figure 3.1: Schematic diagram of a typical Molecular Beam Epitaxy (MBE) growth
chamber, showing the key components used during deposition. The molecular beams are
generated using a combination of Knudsen cells and electron beam evaporators (six-pocket
electron guns), and directed toward a rotating sample stage. A shutter controls the
exposure of the substrate to the beams. Reflection High-Energy Electron Diffraction
(RHEED) is used to monitor film growth in situ, with high-energy electrons fired at
grazing incidence from the RHEED source. The resulting diffraction pattern is detected
on a fluorescent screen and recorded by a CCD camera. Figure adapted from Ref. [154]

adsorbed onto the surface and then crystallise, forming thin films. Typically,
the substrate is mounted onto a rotating sample stage, to enable homogeneous
growth. The growth rate and stoichiometry of thin films fabricated using MBE,
is determined by the temperature of the effusion cell. Therefore, accurate control
of the effusion cell temperature is crucial to achieve epitaxial growth and the
typical growth rates of one monolayer per second. Effusion cells are fitted with
shutters, and quick shutter motion is also required to achieve epitaxial growth

with monolayer accuracy [155, 156].
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Ultra-high vacuum

To achieve these slow growth rates, ultra-high vacuum (UHV) is required i.e.
residual gas pressures below 1077 Pa. At such low pressures, the concentration of
the residual gas molecules is low and hence the time taken to deposit one monolayer
of residual gas molecules, t, is much longer than the time taken to deposit one
monolayer of the desired material, ¢,. Typically, ¢, should be 10° times larger
than t,, which ensures that contamination from residual gases is negligible during
growth. For a typical growth rate of one monolayer per second, this condition

means that t, > 28h [155, 156].

Generating molecular beams

The molecular beams are generated using effusion cells. In solid source MBE, the
source material is loaded into the crucible of the effusion cell in solid form. The
crucible is then heated to the temperature required to yield the correct vapour
pressure. Two types of effusion cell that are commonly used in MBE: Knudsen
cells and electron cannons. For Knudsen cells, the crucible is radiatively heated
by a current-carrying filament wound around the crucible. However, for electron
canons, the crucible is heated by focusing an accelerated electron beam on the
surface of the source material. The maximum temperatures that can be achieved
using the two types of effusion cell are approximately 1400°C and 3000°C, for

Knudsen cells and electron canons, respectively [156].

Epitaxial Growth

Accurate control of the effusion cell temperature is critical for epitaxial growth,
as it directly determines the effusion rate, the rate at which constituent atoms
pass through the cell opening and form the molecular beam. The arrival rate of
these atoms at the substrate surface, and thus the growth rate of the epitaxial
layer, is governed by the effusion rate.

Once atoms arrive at the substrate, they may be reflected or adsorbed, with the

adsorption probability governed by arrival rates, sticking coefficients, and trapping
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probabilities. Adsorption proceeds in two stages: weak Van der Waals bonding
(physisorption), followed by stronger chemical bonding through electron transfer
(chemisorption). Adsorbed atoms then diffuse over the surface to minimize energy.

Upon diffusing, atoms nucleate into stable sites, initiating epilayer growth.
Depending on whether atom—substrate or atom—atom bonds dominate, one of
three growth modes occurs (Figure 3.2): Frank—van der Merwe (layer-by-layer
when atom-substrate bonds dominate), Volmer-Weber (island formation when
atom-atom bonds dominate), or Stranski-Krastanov (initial layer-by-layer growth

that transitions to island formation) [156].

Frank-van der Merwe mode Volmer-Weber mode

P

P P }

) | T
oco0 . © 000000 ® — oOed

Stranski-Krastanov mode

Substrate

Figure 3.2: Schematic diagram of the three main modes of epitaxial growth, Frank—van
der Merwe mode, (layer-by-layer growth), Volmer—Weber mode (island growth) and
Stranski-Krastanov (layer-by-layer then island growth).

All three growth modes can lead to epitaxial growth. The type of epitaxy
observed, however, depends on the choice of materials. In the case where the
epilayer and substrate materials are different, the epitaxy observed is heteroepitaxy.
This type of epitaxy can be characterised by the mismatch between the lattice

parameter of the substrate, asp, and the lattice parameter of the epilayer, aep;.



3. Sample Fabrication and Structural Characterisation 52

This quantity is known as the lattice mismatch, and is defined as,

o Qgub — Qepi

(3.1)

Qsub
and it corresponds to the amount of strain in the grown epilayer [157]

Using Eq 3.1, the lattice mismatch between the individual layers grown as part
of the MgO/CosMnSi/Cr/Co,MnSi/Au stack, under study in this thesis, can be
calculated. MgO has a cubic lattice parameter of ayzo = 4.21A (ICDD PDF
00-004-0829 [158]), while Co,MnSi has acys = 5.67A (ICDD PDF 00-030-0447
[158]). However, Co,MnSi typically grows on MgO(001) with a 45° in-plane rotation,
aligning the [110] direction of CopoMnSi with the [100] direction of MgO, as shown in
Figure 3.3. In this configuration, the effective in-plane lattice parameter of CooMnSi

becomes QCMS/\/§ ~ 4.01 A, resulting in a lattice mismatch of,

4.21 —4.01
EMgO/CMS = T ~ 48% (32)

The corresponding epitaxial relationship is:
CooMnSi(001)[110] || MgO(001)[100]. (3.3)

where the directions in the plane that are parallel are given in square brackets and
the corresponding families of planes that are parallel are given in parentheses. The
lattice mismatch between the Cr layer deposited on top of of the bottom Co,MnSi
layer can also be calculated. Cr has a cubic structure with a lattice parameter of
ac: = 2.91A (ICDD PDF 00-006-0694 [158]). When Co,MnSi is grown on Cr(001),
the lattice matching condition is approximately 2 x ac, ~ 5.82 A, which is close

to the lattice constant of CooMnSi. This gives a mismatch of,

5.67 — 5.82
€Cr/CMS — T ~ —2.6%. (3.4)

In this case, the epitaxial relationship is,
Co,MnSi(001)[100] || Cr(001)[100]. (3.5)

As both lattice mismatches are small and hence it is expected that the growth

will be epitaxial.
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Figure 3.3: Schematic diagram illustrating the epitaxial relationship between CosMnSi
and MgO in the (001) plane. CooMnSi grows on MgO(001) with a 45° in-plane rotation
to minimise lattice mismatch. In this configuration, the [110] direction of CooMnSi aligns
with the [100] direction of MgO. The pink dashed lines outline the rotated CoaMnSi
unit cell superimposed on the MgQO lattice, demonstrating how the effective in-plane
lattice parameter of CoaMnSi closely matches the lattice parameter of MgO, facilitating
cube-on-rotated-cube epitaxy. Figure adapted from Ref. [159].

Growth rates

The thickness of the resulting epitaxial layer is controlled by the molecular beam flux,
¢y, of the desired species, since the molecular beam flux is directly proportional to
the growth rate, vy, of the desired species. For a target species with a molecular mass,
Mo and density pp, the flux of the corresponding molecular beam impinging
on the surface of the substrate is given by,

_ prbN A

Do
Mmol,b ’

(3.6)

where Ny is Avogadro’s constant [160].
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For epitaxial films comprising multiple constituent atoms, in order to achieve
the correct stoichiometry, it is necessary to carefully control the relative fluxes of
the individual molecular beams. As shown in Eq. 3.6, the flux of each molecular
beam depends on the product of the growth rate and the mass density of the
constituent atom, vy, - p,. The overall growth rate of the alloy layer is therefore
determined by the combined contributions of each species, weighted by their
individual fluxes and mass densities.

However, in practice, when using MBE to grow compound materials such as
Heusler alloys, the individual mass densities of each element are not independently
adjustable; only the mass density of the final alloy is known and fixed. Therefore,
it is convenient to define virtual growth rates, v}, for each constituent species, 1,
in terms of the alloy’s mass density rather than the individual elemental densities.

The virtual growth rates are then given by,

i gbz : Mmol,i
v, = —————

= 3.7
‘ Palloy * NA ’ ( )

where the flux rates of the individual molecular beams, ¢;, are set based on the
stoichiometry of the alloy [160]. For example, in the growth of CosMnSi, the

flux rates are set to the following,

$co = 20N = 2¢s;, (3.8)

as there are two Cobalt atoms from every one manganese and silicon atom.
The resulting thickness of the deposited layer, tiay.r, of the target species can

then be calculated as follows,

k
tlayer = Tdep Z 0;7 (39)
where 74, is total deposition time of the epitaxial film.

In-situ growth monitoring

The quality of the deposited films can be monitored in-situ using Reflection High-
Energy Electron Diffraction (RHEED) imaging. A typical RHEED setup requires
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an electron gun, a fluorescent detector screen and a charge-coupled device (CCD)
camera, as shown in the schematic diagram in Figure 3.1. The electron gun fires
a beam of high-energy electrons, typically with energies ranging from 10 to 50
keV, at a grazing incidence angle of 1° to 5°, relative to the sample surface [156].
Due to the shallow incidence angle, the electrons are predominantly diffracted by
atoms at the sample surface, and hence the RHEED technique can only be used to
characterise the surface layers of the sample. The diffracted electrons constructively
interfere and the resulting diffraction pattern is projected onto the fluorescent
screen, which is captured by the CCD camera.

In RHEED the diffraction condition is given by,
k1 — k() = I'*7 (310)

where k1, kg represent the wave-vectors of the diffracted and incident electron beam,
respectively and r* is the reciprocal lattice vector [156]. The diffraction condition,
given in Eq. 3.10 constrains the points on the sample surface where diffraction can
occur. Typically, these points are defined as the points where the Ewald Sphere of
radius |ko| intersects with a reciprocal lattice point, as shown in Figure 3.4. Since
the electrons are only diffracted from the sample surface, the crystal lattice can
be described as 2D, which corresponds to a reciprocal lattice that takes the form
of a 1D rod array in the direction vertical to the sample plane.

The intersection point of the Ewald sphere with the reciprocal lattice rod is
represented in the diffraction pattern as a sharp bright spot. This is the case
for ideal 2D lattices, however, in reality, the sample surface is not perfect and
contains small defects, resulting in reciprocal rods with finite thickness. This leads
to elongated streaks, with finite thickness being observed in the diffraction pattern.
Furthermore, since the radius of the Ewald sphere is much greater than the spacing
of the reciprocal lattice, multiple streaks are observed in the diffraction pattern.

The width of the streaks observed in the diffraction pattern can be used to
determine the quality of the sample whilst it is being grown. Thin, smooth streaks,
correspond to epitaxial layers with good crystal structure, whereas, broader, fuzzy

streaks correspond to layers with poor epitaxy and large defects [155].
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Reciprocal
Ewald Sphere Lattice

Figure 3.4: Ewald sphere construction for Reflection High-Energy Electron Diffraction
(RHEED). The incident wavevector ko and the scattered wavevector k; are shown
originating from the origin O. The Ewald sphere intersects the reciprocal lattice rods,
representing the condition for constructive interference and diffraction. The angle 6
corresponds to the glancing angle of incidence, and diffraction occurs when the Ewald
sphere intersects reciprocal lattice features, producing the characteristic RHEED pattern.

3.2 X-ray Photoemission Spectroscopy

X-ray photoemission spectroscopy (XPS) is a technique widely used to investigate
the elemental composition of a sample. Similarly to RHEED, XPS is a surface
sensitive characterisation method, as it is capable of probing only the first ~
10nm of a sample’s surface.

XPS employs the principle of the Photoelectric Effect; a focused beam of x-rays
is directed at the sample surface, which causes photoelectrons to be emitted. The
kinetic energy of these emitted photoelectrons, KExpg is measured and is related

to the energy of the incident X-rays, as follows,

KExps = Epn — ¢xps — BExps, (3.11)
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where E,}, is the energy of the incident X-ray, ¢xps is the work function of the
instrument and BExpg is the electron binding energy that is specific to each
element [161, 162].

Since the value of BExpg is well-defined and characteristic for each element,
measuring the kinetic energy of the emitted photoelectrons allows the identification
of the elements present in the sample. By counting the number of photoelectrons at
each kinetic energy, a photoemission spectrum is produced, showing the intensity of
emitted photoelectrons as a function of binding energy, BExps. The intensity of
these peaks is proportional to the concentration of the corresponding element within
the probed region. Therefore, by comparing intensities, it is possible to determine
the elemental composition of the sample. Furthermore, XPS is particularly useful for
detecting interdiffusion at interfaces, as the presence of unexpected elements or shifts

in peak intensities near the surface can indicate diffusion of atoms between layers.

3.3 Overview of the Fabrication Process

The CooMnSi (20nm)/Cr (tc,)/ CooMnSi (8nm) sample series studied in this thesis
was grown by MBE using the COMPACT 21 EB 200 MBE system from RIBER with
3 multi-pocket electron guns and 6 Knudsen cells. In this work, Co, Si, Cr, MgO and
Au were evaporated using electron guns and Mn was evaporated using a Knudsen cell.
The flux of the beam of cobalt atoms was set at 10 at-cm™s™ and the fluxes of the

manganese and silicon atoms were set according to the relationship given in Eq. 3.8.

Determining the optimal growth temperatures

The chemical ordering of Co,MnSi is influenced by the temperature of the substrate
during the growth, T},, and the annealing temperature, 7T,,,. For a single film
of CooMnSi grown using the same setup, the optimal temperatures are T, ~
380°C and Ty, = 550°C [160]. However, at such high annealing temperatures
interdiffusion between adjacent layers is probable. Therefore, before commencing
the growth of the sample series, the interdiffusion between the Co,MnSi and Cr

layers was investigated using XPS.
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To do this, a calibration sample (Q221001) consisting of a CoaMnSi (10nm)/Cr
(0.93nm) multilayer stack was prepared, in which four CosMnSi/Cr layers were
deposited at different substrate temperatures. The values of T, during the deposition
of each of the CosMnSi and Cr layers were measured with a pyrometer and are
summarised in Table 3.1. For the first bilayer, the Co,MnSi layer was annealed,
Tonn = 540°, prior to the deposition of the Cr layer in order to improve its
chemical ordering. After the deposition of each Coo,MnSi/Cr bilayer, the elemental
composition of the two layers was investigated using XPS. This was done without
breaking vacuum by transferring the sample between the two instruments via an
evacuated tube (D.A.U.M. Tube at Institut Jean Lamour, Nancy, France). Figure 3.5
shows the XPS spectra measured after the deposition of each Co,MnSi/Cr bilayer.
The dashed lines in Figure 3.5 correspond to the characteristic binding energies

of each of the elements, given in Ref. [163].

Deposition temperature, 7, (°C)

Bilayer CoyMnSi Cr
1 375 365
2 290 285
3 260 25
4 200 180

Table 3.1: Substrate temperatures used during the deposition of CooMnSi and Cr
for each bilayer to investigate the effect of interdiffusion using XPS. For bilayer 1, the
CooMnSi layer was annealed, To,, = 540°, prior to Cr deposition.

The effect of T, on the elemental composition can be determined by comparing
the relative peak intensities of the different elements in each of the XPS spectra.
At the highest deposition temperatures, tc, = 365°C and 285°C, the XPS spectra,
shown in Figures 3.5a & 3.5b, exhibit a pronounced decrease in the intensity of the
Cr peaks accompanied by a increase in the intensity of the Co and Mn peaks. This
indicates that at these deposition temperatures, there is significant interdiffusion
between the CooMnSi and Cr layers. In contrast, for Cr deposited at 25°C, the
XPS spectrum, shown in Figure 3.5¢, displays strong and well-defined Cr peaks,

with relatively suppressed Co and Mn signals, which confirms minimal interdiffusion
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Figure 3.5: XPS spectra of CoaMnSi/Cr samples deposited at different substrate
temperatures. The spectra correspond to Cr layers deposited at (a) 365°C (Bilayer 1),
(b) 285°C (Bilayer 2), (c) 25°C (Bilayer 3), and (d) 180°C (Bilayer 4), with the CoaMnSi
temperature for each sample also indicated. The intensity is plotted as a function of
binding energy (eV) with vertical dashed lines marking the characteristic binding energies
of Cr (blue), Co (pink), and Mn (green), as given in Ref. [163]. A reduction in Cr peak
intensity with increasing temperature indicates interdiffusion at the CooMnSi/Cr interface,
which is suppressed at lower deposition temperatures. The binding energies of Si are not
represented in this plot, as they are significantly lower than those of Co, Mn, and Cr and
a narrower energy window was chosen to enable clearer comparison.
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between the Cr and Co,MnSi layers. At a deposition temperature, T, = 180°C,
see Figure 3.5d, the peak intensities of all elements show very little variation
to the case with T, = 25°C, implying that significant interdiffusion has not yet
started. Since it is important to find a balance between minimising interdiffusion
and avoiding excessive chemical disorder, 180°C was selected as the deposition

temperature for the second Co,MnSi layer.

Outline of growth procedure

The samples were fabricated as 3 wedges, 221002, Q221101 and Q221201, with
each wedge consisting of 6 samples. For each wedge, the substrate used was
single-side polished MgO(001), with dimensions 30 x 5 x 0.5mm (length x width x
thickness). After deposition, the substrates were cut into six individual samples,
each measuring 5 X 5S5mm.

Initially, a MgO buffer layer was deposited on the MgO substrate, to provide a
homogeneous surface. The Co,MnSi layers were then deposited by co-evaporation
of the individual elements. The first layer of CooMnSi was grown at an elevated
temperature (Tpy,, = 320-380°C) and annealed in situ (Tpyo = 540°C), to improve
the chemical ordering of the Heusler film. After the MBE chamber had cooled
down to room temperatures, the Cr layer was deposited at T, ¢, ~ 25°, which
was chosen as the deposition temperature to minimise interdiffusion between the
Cr and the bottom Co,MnSi layer.

A shutter was used during the Cr deposition to control the interlayer thickness
for each sample. After the deposition of each bmm-wide section, the shutter was
manually shifted by 5mm to cover the next region of the substrate, ensuring that
the correct Cr thickness was deposited for each subsequent sample. The second
layer of CooMnSi was then grown at a lower temperature (Tpy,, = 175-250°C). All
temperatures were measured using a pyrometer, focused on the sample surface.
However, due to varying thermal contact between the substrate and the sample

holder, a variation in the measured temperature is expected.
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Figure 3.6: Layer structure of the sample series grown using MBE. The structure
consists of an MgO substrate, a 20 nm bottom layer of the Heusler alloy CooMnSi, a Cr
interlayer of variable thickness, followed by an 8 nm top CosMnSi layer. The stack is
capped with a gold (Au) layer to prevent oxidation.

A capping layer of Au was deposited on top of the structure to prevent oxidation.
In each wedge, an Au thickness of 5 nm was used for all samples, with the exception
of the final sample, for which a 15 nm Au layer was deposited to provide a clear
visual marker for sample identification. The substrate was rotated during the
deposition of the MgO, Co,MnSi, and Au layers to ensure uniform thickness.
However, for the final sample in each wedge, a shutter was used during the Au
deposition to achieve a greater thickness for visual identification, and rotation was
therefore not possible. Rotation was also not possible during the Cr deposition
due to the use of the shutter. The layer structure, previously shown at the end
of Chapter 1, reprinted here in Figure 3.6.

After each layer was deposited, RHEED images were recorded to monitor
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Figure 3.7: Reflection High-Energy Electron Diffraction (RHEED) patterns recorded
during the growth of the Q221002 sample wedge, with the electron beam aligned along
the [110] crystallographic direction of the CoaMnSi lattice. Images correspond to (a) MgO
buffer layer, (b) bottom CoaMnSi layer as grown, (c¢) bottom CoaMnSi layer after annealing,
(d) after Cr deposition, (e) after deposition of the full trilayer stack CoaMnSi/Cr/Co2MnSi,
and (f) after deposition of the Au capping layer. The presence of sharp, streaky patterns
throughout confirms the high crystalline quality at each stage of growth.
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Q221002
Sample name Nominal Cr thickness (nm) Nominal Au thickness(nm)
2 0.291 )
4 0.873 5
6 1.455 )
8 2.037 )
10 2.619 )
12 3.201 15
Q221101
Sample name Nominal Cr thickness (nm) Nominal Au thickness(nm)
3 0.582 )
5 1.164 5
8 2.037 )
20 5.529 )
22 6.111 5
24 6.693 15
Q221201
Sample name Nominal Cr thickness (nm) Nominal Au thickness(nm)
11 2.910 5
13 3.492 )
15 4.074 5
17 4.656 )
27 7.566 )
30 8.439 15

Table 3.2: Summary of the nominal Cr interlayer thicknesses of each sample, grouped
by wedge. The Au capping layer thickness was 5 nm for all samples, except for the final
sample in each wedge, where 15 nm of Au was deposited as a visual identifier. For each
sample the deposited thicknesses of CooMnSi were 20nm and 8nm for the bottom and
top layers, respectively. The sample names correspond to the expected number of atomic
planes of Cr based on the lattice parameter ac, = 0.291nm and the nominal thicknesses.

film quality and surface structure. Figure 3.7 shows the RHEED patterns taken
during the deposition of the Q221002 wedge, with the electron beam aligned along
the diagonal of the sample, corresponding to the [110] crystallographic direction
of the CooMnSi lattice. The RHEED patterns in Figure 3.7 demonstrate that
each layer in the CooMnSi/Cr/Co,MnSi/Au stack was grown with high crystalline
quality. The MgO buffer layer shows clear streaks indicative of a smooth, well-

ordered surface. The bottom CosMnSi layer exhibits sharp streaks that improve



3. Sample Fabrication and Structural Characterisation 64

with annealing, consistent with epitaxial growth and increased chemical ordering.
The Cr layer maintains a streaky pattern, suggesting coherent growth with slight
surface roughness. The top Co,MnSi layer restores the sharp streaks, indicating
it remains epitaxially aligned with the underlying structure. After Au deposition,
the pattern becomes more diffuse. Overall, the RHEED data confirms epitaxial
growth up of the sample stack.

The samples grown as part of each wedge are summarised in Table 3.2. Since
the CooMnSi layer thicknesses are identical for all samples, they are not listed in the
table. Instead, only the Cr interlayer thicknesses and Au capping layer thicknesses
are presented, with the samples grouped according to their respective wedge series.
Note that the static and dynamic magnetisation properties were not characterised

for the following three samples: Q221002-12, Q221101-5 and Q221101-8.

3.4 Structural Analysis

The structural properties of the CooMnSi (20nm)/Cr (tc,)/CoeMnSi (8nm) sample
series were analysed using a variety of methods. The chemical ordering was
investigated using Transmission Electron Microscopy, in both the light and dark
mode. The stoichiometry was then measured using EELS/EDX. Finally, XRR was

used to study the thicknesses of the individual layers within each sample.

3.4.1 Transmission Electron Microscopy

Transmission Electron Microscopy (TEM) is an analytical technique that is used
to investigate both the crystal structure and elemental composition of samples
at the atomic scale. A standard TEM setup is comprised of an electron gun, a
series of electromagnetic lenses, a viewing screen and a CCD camera, as depicted
in the schematic diagram in Figure 3.8. To produce a TEM image, the electron
gun generates a beam of high-energy electrons, typically in the range of tens to
hundred of kiloelectronvolts (keV). This beam is then accelerated down the electron
column and focused onto the sample using a series electromagnetic lenses. Each

electromagnetic lens consists of coils of copper wire wound around a soft iron core;
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Figure 3.8: Schematic diagram of a standard Transmission Electron Microscope (TEM)
setup. The system consists of an electron gun, a series of electromagnetic lenses, a
phosphor screen, and a CCD camera. The electron beam is generated by the electron gun
and accelerated through the column by the anode. It is then focused onto the sample
using a series of electromagnetic lenses, including condenser, objective, and projector
lenses. The transmitted electron beam carries information about the sample’s structure
and composition and is projected onto the viewing screen, where the resulting image can

be recorded by the CCD camera. Figure adapted from Ref. [164].
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when an electric current flows through these coils, it generates a magnetic field
that deflects the electron beam. Adjusting the coil current allows precise control
of the lens’s focal length, enabling accurate focusing of the electron beam. The
focused electron beam is transmitted through the sample and projected onto the
viewing screen, where it forms an image that can be captured by the CCD camera.
Due to the short wavelength of the electron beam, the resolution achieved by a
Transmission Electron microscope is typically around 0.1nm, making it possible
to probe individual atomic structures within the sample [165, 166].

A transmission electron microscope has various modes of operation, however
in this study two principal modes of detection were used: high resolution trans-
mission electron microscopy (HRTEM) and high angle annular dark field scanning
transmission electron microscopy (HAADF-STEM).

In the HRTEM operating mode, the sample under investigation is held stationary
and illuminated with the electron beam. As electrons pass through the sample they
are scattered by atomic nuclei, causing them to be deflected. In contrast, electrons
passing through regions without atoms or through areas of low atomic density
remain largely unscattered and hence are transmitted through the sample. The
transmitted electrons are captured on the viewing screen, which is placed below the
sample to selectively detect the unscattered electrons, transmitted parallel to the
beam axis. The resulting TEM micrograph captured by the CCD camera contains
bright and dark contrast regions, with the dark spots corresponding to regions
where scattering has occurred, and the bright spots corresponding to regions where
the electron beam has been transmitted with minimal scattering. Since the electron
beam is scattered by atomic nuclei, by analysing the positions of the dark spots
it is possible to resolve the lattice structure of the material.

In the HAADF-STEM operating mode, the electron beam is focused into a small
probe, which is then scanned across the sample. As the electrons pass through the
sample, some of them are elastically scattered by atomic nuclei. The scattering
power the incident electron experiences increases with increasing atomic number, 7,

of the atomic nuclei responsible for the scattering, and hence HAADF-STEM is often
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referred to as Z-contrast imaging. In the case of HAADF-STEM, only the electrons
scattered at very high angles are detected. The intensity of the scattered electrons
is measured at each point along the scan and by scanning over the whole sample
it is possible to produce a full TEM micrograph. The resulting TEM micrograph
displays the Z-contrast of the sample, with darker regions corresponding to atoms
with higher atomic numbers and brighter regions corresponding to atoms of lower
atomic numbers. By comparing the relative contrast, it is possible to map the
atomic columns of the sample.

The electrons that are inelastically scattered as they pass through the sample
can also be studied, using Electron Energy Loss Spectroscopy (EELS). Inelastic
scattering occurs when the incident electrons, passing through the sample, ionise
atomic nuclei within the sample. During the ionisation process, the incident
electrons lose energy and it is this energy loss that is characterised using EELS.
Since the energy of the incident electron beam is well-defined, it is possible to
precisely determine the energy lost during the ionisation process. Furthermore,
since the ionisation energies are well defined for each atom, by measuring the
resulting energy spectrum of the transmitted electron beam, it is possible to identify
the type of atoms present in the sample. This is done using a EELS detector,
which is placed below the CCD camera.

Most transmission electron microscopes are also fitted with an X-ray detector
that is placed above the sample stage and is used to measure the spectrum of
X-rays emitted during the ionisation process. This technique, known as Energy
Dispersive Spectroscopy (EDS), is another method that can be used to determine
the elemental composition of the sample. During the ionisation process, the incident
electrons remove electrons from the inner-shells of the atom, creating vacancies
(holes). In order to relax back to the ground-state, electrons from higher-energy
outer shells transition into these vacancies, emitting X-rays in the process. The
energy of the emitted X-ray is determined by the spacing of the atomic energy
levels and hence for each element there are characteristic X-ray energies. Since

these characteristic energies are well-defined for each element, by analysing the
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resulting X-ray energy spectrum, it is possible to accurately identify and quantify
the elemental composition of the sample. The results from each of these four

characterisation methods will now be presented.

3.4.2 Transmission Electron Microscopy Results

The TEM investigations were carried out using a JEM - ARM 200F Cold FEG
TEM/STEM operating at 200 kV and equipped with a spherical aberration (Cs)
probe and image correctors (point resolution 0.12 nm in TEM mode and 0.078 nm in
STEM mode). The samples were prepared using Focused Ion Beam (FIB) etching by
Sylvie Migot and the TEM measurements were then carried out by Jaafar Ghanbaja
at the Centre de Compétences Microscopies, Microsondes et Métallographie (CC3M)
of the Institut Jean Lamour in Nancy, France. Analysis of the TEM results was
carried out by Anna Friedel at the Institut Jean Lamour in Nancy, France.

The structural properties of the sample with nominal Cr interlayer thickness of
ter = 6.693 was investigated using TEM and to analyse the structural properties of
this sample, it was first necessary to prepare thin samples for the TEM, which was
achieved using Focused Ion Beam (FIB) etching. The first step of this process was to
deposit a protective layer of platinum on the surface of the sample. Then, 10pm-long
lamellas were cut from the samples, along the Co,MnSi [110] axis, using focused
ion beam etching with a Ga ion beam. The Co,MnSi [110] axis is perpendicular
to the growth direction and hence cutting the sample in this direction enabled a
cross-section of the full stack to be investigated. An image of the lamella, used
in the TEM measurements is shown in Figure 3.9.

Figure 3.10 shows the micrographs taken using the two modes of operation,
HRTEM and HAADF-STEM. As discussed in Section 3.4, due to the differences
in the detection methods utilised by the two modes of operation, the intensity of
the two micrographs is not the same. In the micrograph taken in the HRTEM
mode, the atomic columns appear dark and have the lowest intensity, whereas in

the HAADF-STEM mode, the atomic columns have the highest intensity, and hence
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Figure 3.9: FIB cut of the CooMnSi/Cr/CosMnSi trilayer sample with a nominal Cr
interlayer thickness of tc, = 6.693nm. The region highlighted by the orange dashed box
shows the full sample cross-section along the z-axis, comprising the MgO substrate at
the base, the deposited thin film stack (CosMnSi/Cr/CosMnSi/Au) above it, and the Pt
protection layer on top. The lamella was extracted along the CoaMnSi [110] direction,
perpendicular to the growth axis ([001]), enabling cross-sectional TEM analysis of the
complete stack.

appear brighter. For each mode of operation multiple micrographs were obtained

and these were then analysed to determine the structural properties of the sample.

Analysis of the Chemical Ordering

As discussed in Section 1.3, CooMnSi can exhibit many types of chemical disorder,
which can influence the magnetic properties of the material. The chemical disorder,
present in a Co,MnSi film, can be characterised using diffraction patterns, since,
due to the different periodic arrangements of the atoms in each type of chemical
disorder, the relative intensities of the reflections from each of the crystallographic
planes varies. For example, perfect .2 ordering is characterised by the existence
of the (111) and (200) reflections in the diffraction pattern. Whereas, in the case
of B2 disorder, the most common type observed in Co,MnSi films, only the (200)
reflection is observed in the diffraction pattern; the (111) reflection disappears

completely [107]. Therefore, by studying the relative intensities of the reflections
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Figure 3.10: (a) HRTEM and (b) HAADF-STEM micrographs of the
MgO(0.5mm)/CooMnSi (20nm)/Cr (tcy)/Co2MnSi (8nm)/Au (15nm) sample with
nominal Cr interlayer thickness of tc; = 6.693nm. In the HRTEM image, atomic columns
appear as dark contrast, whereas in the HAADF-STEM image, intensity increases with
atomic number (Z-contrast), resulting in brighter layers for heavier elements. Both
micrographs confirm the layered structure, sharp interfaces, and uniform thicknesses of
the deposited films.

in the diffraction patterns resulting from each type of disorder, it is possible to
determine the chemical disorder present in the film.

The diffraction pattern can be obtained from a TEM micrograph by applying a
Fast Fourier Transform (FFT) to the image. By applying FFT’s to different regions
of the sample, it is possible to determine how the chemical ordering varies across the
sample. Figure 3.11 shows a micrograph captured using the HRTEM mode, with
the corresponding diffraction patterns calculated for different regions of the sample.
By analysing the intensities of the (200) and (111) reflections it was possible to
determine how the chemical ordering of the CosMnSi film varies across the sample.
The results show that in the bottom Coy;MnSi layer there is predominantly 1.2
ordering, whereas in the upper Co,MnSi layer, there is significant B2 disorder.

Figure 3.12 shows the diffraction patterns calculated from three regions of a
micrograph captured using the HAADF-STEM mode. Analysis of these diffraction
patterns show the same trend; the bottom Co,MnSi layer has predominantly L2,

ordering, whilst the upper CooMnSi layer has significant B2 disorder. Additionally,
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Figure 3.11: (a) Raw HRTEM micrograph of the MgO (0.5mm)/CooMnSi (20nm)/Cr
(tcr)/Co2MnSi (8nm)/Au (15nm) sample with nominal Cr interlayer thickness of tc, =
6.693nm, and (b) Fast Fourier Transform (FFT) images obtained from the regions marked
in (a). In the bottom Co2MnSi layer, the presence of strong (111) and (200) reflections
confirms predominantly L2; ordering. In contrast, the upper CooMnSi layer shows weaker
(111) reflections and dominant (200) spots, consistent with B2 disorder. These results
suggest a loss of long-range chemical order in the upper layer, likely due to interdiffusion
with the underlying Cr.

a mixed phase containing both L2; ordering and B2 disorder was observed in
certain areas of the bottom Co,MnSi film. However, it was difficult to find
regions of the sample that were not blurry. It is likely that the observed bluriness
across the micrograph is due to slight roughness of the lamella, which was most
likely caused during the preparation of the lamella in the FIB. This blurriness
complicates the analysis of diffraction patterns, introducing uncertainty into the
identification of chemical ordering. Consequently, the mixed phase observed in
the bottom CooMnSi film could partly result from blurriness in the images, rather
than reflecting actual structural inhomogeneity. Therefore, further analysis of
the micrograph was required.

The atomic columns in two regions were then analysed to give further information
about the chemical ordering of the Co,MnSi film. In order to analyse the atomic
columns within the given regions, the micrograph first had to be filtered to remove

noise, which was done following the procedure given in Ref. [160]. A FFT transform
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Figure 3.12: (a) HAADF-STEM micrograph of the CoaMnSi/Cr/CosMnSi sample and
(b) corresponding Fast Fourier Transform (FFT) images calculated from regions A-C,
as marked in (a). Region A, located in the bottom CoaMnSi layer, exhibits distinct
(111) and (200) reflections characteristic of L2; ordering. Region B shows weaker (111)
reflections, indicative of a mixed phase containing both L2; and B2 ordering. In contrast,
region C, in the top CoaMnSi layer, shows strong (200) reflections but lacks (111) peaks,
consistent with B2 disorder.

was applied to the region under investigation, producing a diffraction pattern in
reciprocal space. A mask was then applied to the bright spots in the diffraction
pattern and an inverse FFT was performed only on the points selected by the
mask. The result is a filtered micrograph with improved contrast due to the reduced
noise, as can be seen in Figure 3.13a.

The intensity profiles of the atomic columns highlighted in Figure 3.13a were
then calculated and the resulting profiles are shown in Figure 3.13b. Since the
micrograph was captured using the TEM in the HAADF-TEM operating mode, the
intensity of each pixel is proportional to the Z-number of the atom and hence by
analysing the relative intensities of the peaks in each profile, the distribution of the
atomic species can be calculated. These distributions of atomic species can then
be compared to the expected distributions, shown in Figure 1.7, to determine the

chemical ordering present in that region of the sample. From this analysis, it was
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Figure 3.13: (a) Filtered HAADF-STEM micrograph of a MgO (0.5mm)/CoMnSi
(20nm)/Cr (tcy)/CoaMnSi (8nm)/Au (15nm) multilayer with nominal Cr interlayer
thickness of tcy = 6.693nm. Six atomic columns (A-F) were selected for further analysis.
(b) Intensity profiles extracted from these regions reveal characteristic features of chemical
ordering: columns A, B, and C show periodic contrast consistent with L2; ordering, while
columns D, E; and F exhibit more uniform intensities, indicative of B2 disorder or a mixed
L2, /B2 phase. The profiles confirm a transition from ordered to disordered structures
across the CoaMnSi layers.
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concluded that there is predominantly L2; ordering in the regions labelled A,B,C
and mixed L2;/B2 ordering in the regions labelled D,E,F in Figure 3.13a.
Overall, the analysis of the HRTEM and HAADF-TEM micrographs reveals
that there is significantly more B2 disorder in the upper Co,MnSi layer than in the
bottom Co,MnSi layer. This is most likely due to the fact that the upper CooMnSi
layer was not annealed. Studies have showed that the annealing temperature of the
CosMnSi film is closely linked to the presence of L2, ordering, with L2, ordering

often only being observed in films annealed above 550°C [167].

Analysis of the Elemental Composition

The stoichiometry of the grown films was then analysed using the EDS and EELS
data. Figure 3.14b shows the atomic concentration of the elements Co, Mn, Si
and Cr measured at points along the line depicted by the blue line in Figure 3.14a.
The atomic concentrations were found by analysing the relative intensities of the
measured X-ray energies in the energy spectrum at multiple points along the linescan.
The position of the linescan was chosen to ensure that both the upper and lower
CooMnSi layers, as well as the Cr interlayer were captured.

From Figure 3.14b it can be seen that the atomic concentrations of Co, Mn
and Si are consistent in the two layers, with the concentration of Co roughly twice
that of Mn and Si, as expected by the stoichiometric relationship. The thickness of
the Cr interlayer can be studied by measuring the width of the region where the
Cr atomic concentration is elevated and is found to be to, = 4.871nm. This is an
interesting result since the nominal thickness of the Cr interlayer is t¢, = 6.693nm,
and hence there is a percentage error of -27.2% between the measured thickness
and the nominal value, indicating that less Cr was deposited than expected. This
discrepancy between the nominal Cr interlayer thicknesses and the measured values
is discussed in detail in Section 3.4.4, where the X-ray reflectivity results reveal
an average percentage error of -25% across all samples. Furthermore, it is also
possible to comment on the strength of the interdiffusion between the Cr and the

two CooMnSi layers, by comparing how quickly the Cr concentration falls to zero in
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Figure 3.14: (a) HAADF-STEM micrograph showing the region of the EDS linescan
across the multilayer structure. (b) Elemental concentration profiles of Co, Mn, Si, and
Cr obtained from EDS analysis along the LG1 line. The elemental concentrations of Co,
Mn, and Si are consistent across the two CooMnSi layers, with Co approximately twice
as abundant as Mn and Si, as expected for the CooMnSi stoichiometry. The Cr interlayer
is clearly resolved, highlighted in blue, with a measured thickness of 4.871nm, which is
less than the nominal thickness of 6.693nm.

the region of the Co,MnSi layers. In the case of the bottom layer, the concentration
of the Cr is & zero 1nm into the thickness, whereas in the case of the upper layer,
the Cr concentration only falls to ~ zero 2nm into the film thickness, implying that
there is greater interdiffusion of Cr in the upper layer of Co,MnSi.

The results from the EELS measurements are shown in Figure 3.15. In these
measurements, the electron beam was scanned across the sample and the loss in
energy of the inelastically scattered electrons was recorded at each position. The
result is a two-dimensional image showing the distribution of the different elements
over the scanned region. The scanned region is shown in the far left image and
the spatial distributions of the elements present within the sample are shown in
the images on the right-hand side. A homogeneous distribution of the elements
is seen in each of the regions where that element is present, with minimal overlap
of each element between regions. Interestingly, a significant amount of oxygen
was found to be present in the region of the Cr interlayer, which is most likely
due to the fact that chromium has a strong affinity for oxygen, forming stable

oxides even at low oxygen partial pressures [168].
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Figure 3.15: EELS scan of MgO/CoasMnSi/Cr/CosMnSi/Au stack with tc; = 6.693 nm.
Spatially resolved distribution of Mg, O, Au, Pt, Co, Mn, Si, and Cr, where each pixel
corresponds to a recorded electron energy loss in the spectrum. Each element is confined
to its expected region, confirming the structural integrity of the stack and demonstrating
minimal intermixing between layers. The Mg and O signals originate from the MgO
substrate, while the Au and Pt are part of the protective capping layers. Co, Mn, and
Si are uniformly distributed within the two CosMnSi layers, and Cr is localized in the
interlayer.

As the region corresponding to the Cr interlayer thickness is well-defined in
Figure 3.15, it is possible to also use this measurement to estimate the thickness of
the Cr interlayer. By measuring the width of the region with elevated Cr intensity,
the Cr interlayer thickness is found to be t¢, = 4.690nm, which gives a percentage

error of -29.9% relative to the nominal thickness.

3.4.3 X-ray Reflectivity

X-ray Reflectivity (XRR) was used to characterise the thickness and roughness of the
individual layers in each of the samples in the CooMnSi (20nm)/Cr (¢¢,)/CoMnSi
(8nm) series. In the following section the theory of XRR will first be presented
followed by the results for each sample.

In a typical XRR setup, a monochromatic X-ray beam is passed through a set
of collimating optics, producing a highly parallel, low-divergence beam that then
impinges on the sample surface at grazing incidence angles. To produce the desired
reflectivity curve, the angle of incidence, 6;, is scanned, in small steps, typically

between 0° to 5°. This is achieved by tilting the sample by the desired angle, 07,
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Figure 3.16: Schematic of an X-ray reflectivity (XRR) measurement setup. The incident
X-ray beam impinges on the sample surface at an angle 67, and the reflected beam is
detected at an angle 6, = 0;. A portion of the beam is also transmitted into the material
at an angle 6;.. The refractive index of the material is given by n = 1 — 6 + i3, where ¢ is
the dispersion and f is the absorption term.

and the detector by 26;. The detector is moved by an angle 26; to ensure that
the specularly reflected beam, which exits the sample surface at an angle equal
to the angle of incidence, is detected. The intensity of the specular reflections
is then measured using a detector, producing a reflectivity curve (intensity, 1,
versus 0;). By comparing the measured reflectivity curve to theoretical models,
it is possible to determine the layer thickness, density and interfacial roughness
of the sample. A schematic diagram showing the XRR setup and the relevant
angles is shown in Figure 3.16.

X-rays are unique in that the refractive index for X-rays, n, is slightly less than 1,
meaning that a beam impinging on a flat surface undergoes total external reflection

below the critical angle, 6; < .. The refractive index, n, is defined as,
n=1—- 46 + 0, (3.12)

with,

2m 7

52@107”0 @:ﬂ,

(3.13)
where k = 27/ is the X-ray wave-vector, p is the number density of electrons, rq is
the scattering amplitude per electron and p is the absorption coefficient [169]. For

X-rays, 6 ~ 10-10%, while 3 is an order of magnitude smaller [170]. The critical

angle marks the transitions from total reflection to partial transmission, 6, ~ +/24.
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Using Snell’s law,

sin(90 — 0;) = nsin(90 — 6,,.)
(3.14)
cosf; = ncosby,,

where 6,, is the transmitted angle within the film, the Fresnel equations can be
derived (full derivation in Ref. [169]). For a single interface, the reflectivity r, and

transmissivity, ¢, amplitudes, are given by,

aj_el_etr

r= = 3.15
ar  Or + 0y ( )
ar 20 I
t=— = , 3.16
ar  Or+ 0, ( )
where a; + ar = ar are the amplitudes of the incident, reflected and trans-

mitted X-rays.

It is useful to rewrite Eq. 3.16 in terms of the dimensionless wavevectors, ¢ and ¢/,

Q <2k> , Q <2k>
= —=~|—|6;, = — =~ |——|0b. 3.17
=o.%\a) g e) (317
where,
Q = 2ksinf; ~ 2k0;, Q.= 2ksinf,. ~ 2k6. (3.18)

with @’ representing the critical wavevector transfer for total external reflection.
The reflectivity and transmissivity coefficients in this form then become,

/

4—q
r@)—q+q (3.19)
tW):in, (3.20)

For multilayer structures composed of N layers, interference between reflections
at multiple interfaces leads to the appearance of Kiessig fringes. Kiessig fringes are
oscillations in the reflectivity curve that arise from constructive and destructive
interference of X-rays reflected from the top and bottom surfaces of each of the
layers. The periodicity of these fringes is inversely proportional to the layer thickness

and can be used to determine the thicknesses of the individual layers [169].
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To compute reflectivity in multilayer systems, the Parratt formalism is used

[171]. For each layer, j, the vertical component of the wavevector, k, ;, is defined as,

kog = /K2 — 20 + i26;K2, (3.21)

and hence since ); = 2k; sin; = 2k; , the wavevector transfer can be rewritten
as Q; = /Q% — 8k20 + i8k2p;,

The Fresnel reflection coefficient, 7,41, of each interface is obtained from

Eq. 3.20 and is given by,

! Qi = @y (3.22)

X Qi+ Qi1
The reflectivity amplitude, r;, of the multilayered sample, is then calculated
recursively, starting at the substrate (N = 0) and moving upwards through each
layer. The reflectivity amplitude at the interface, r; 11, between the j-th and

(j + 1)-th layers is given by,

21Q;11d;
_ Tig1 rjpetindin 393
Tjj+l = (3.23)

1+ 7 jarjpae®@idin

where 71 is the reflectivity amplitude from all layers above the (j + 1)-th layer.
djy1 is the thickness of the (j + 1)-th layer and e'@i+1%+1 is the phase factor,
that accounts for the phase shift that is responsible for the observed Kiessig
fringes. The resulting measured reflectivity intensity is found by squaring the
reflectivity amplitude, I = |r|?

Interfacial roughness or interdiffusion broadens interfaces, reducing the amplitude

of reflected signals. To incorporate this effect, the Nevot-Croce factor [169] is used

to modify the Fresnel reflection coefficient, as follows,

rough _ ideal 71Qij+102..
T]’]+1 — T]7j+1€ 2 J,J+1 (324)

Here, o is the root mean square roughness at the interface between layers. By
fitting experimental reflectivity curves to this model it is possible to extract the

material parameters of the system.
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3.4.4 X-ray Reflectivity Results

The XRR measurements were conducted using a Rigaku SmartLab X-ray Diffrac-
tometer using the Cu K, radiation. For each sample, the angles of incidence were
varied between 0° < #; < 5° and a 6 — 26 scan was performed with a scan
rate of 0.1112°/min. A 2.5° Soller slit and 5mm incident beam slit were used to
focus the beam on the sample. The resulting reflectivity curves were then fitted
using the Xrayutilities Python package [172] to extract the thickness and roughness
of the individual layers within the sample.

Figure 3.17 shows the reflectivity curves for three samples with nominal Cr
interlayer thicknesses of t¢, = 0.873, 2.91 and 6.693nm and the corresponding fits to
the curves obtained using the Xrayutilities package. Fitting the XRR data proved
challenging due to the similar electron densities of CooMnSi and Cr, with bulk mass
densities of poo,nmsi = 7.4g/cm® and pe, = 7.2g/cm?, respectively. This small
contrast limits the sensitivity of the XRR technique in distinguishing between the
two layers, particularly when the Cr interlayer is thin or partially interdiffused with
the adjacent CooMnSi layer. Despite this limitation, consistent trends could still
be identified across the sample series, allowing conclusions to be drawn regarding

layer thicknesses, roughnesses, and overall growth behaviour.
Co,MnSi layers

Table 3.3 gives the fitted thicknesses and roughness values for the two Co,MnSi
layers, along with the percentage error between the nominal thickness and the

measured thickness, which was calculated by,

Measured thickness - Nominal thickness
% Error = Measured thickness x 100 (3.25)

The bottom Coy;MnSi layer shows excellent agreement with the intended thickness
of 20nm, with an average percentage error of +2.14% across all samples. In contrast,
the top CooMnSi layer, with a target thickness of 8nm thick, exhibits slightly larger
deviations with an average percentage error of -6.4%. Importantly, a systematic

trend is observed across all samples: the thicknesses of the upper Co,MnSi layer



3. Sample Fabrication and Structural Characterisation 81

ter = 0.873nm (4AP)
107
106
3 105
Sl
2
©
~ 4
g
=
210
S 10
-
£
10?
101 4
10° T T T T T
0 1 2 3 4 5
Incidence Angle (6)
(a)
—e— te = 2.91nm (11AP)
107
108
3 10
S0
—
©
~ 4
> 10
=
210
S 10
S
£
10?
10t
100 . . T T T
0 1 2 3 4 5
Incidence Angle (6)
3 —e— tc, = 6.693nm (24AP)
107
106 4
3
2 1054
T
Fn
& 1044
c
()
]
£ 1034
102 4
0 1 2 3 4 5
Incidence Angle (6)
(c)

Figure 3.17: X-ray reflectivity (XRR) data and corresponding fits for
CoaMnSi/Cr/CoaMnSi trilayer samples with varying Cr interlayer thicknesses. The
measured data are shown as points, and the fits obtained using the Xrayutilities package are
shown as solid lines. The samples correspond to: (a) Q221002 with nominal ¢, = 0.873 nm,
(b) Q221201 with nominal ¢c, = 2.91 nm, and (c¢) Q221101 with nominal ¢, = 6.693 nm.
The angle of incidence 6 was varied from 0° to 5° during measurement.



Q221002

Sample name tcms: (nm) % Error ocms: (nm)  tomsz (nm) % Diff. ocmse (nm)

2 20.76 £ 0.40 3.8% 0.40 £ 0.19 7.99+ 0.39 -0.13%  0.39 £ 0.003

4 20.56 £ 0.15 2.8% 0.15 £ 0.14 7.86+ 0.33 -1.8% 0.33 £ 0.002

6 20.90 £+ 0.23 4.5% 0.23 £+ 0.084 7.50+ 0.37 -6.3% 0.37 & 0.002

8 21.07 £ 0.34 5.4% 0.34 £ 0.17 7.41 £+ 0.36 -7.4% 0.36 £0.003

10 20.32 £ 0.34 1.6% 0.34 £ 0.20 7.65 £0.39 -4.4% 0.39 £0.006
Q221101

Sample name tcoums: (nm) % Error ocmsi: (nm)  temse (nm) % Diff.  ocmse (nm)

3 20.75 £+ 0.40 3.8% 0.40 £ 0.0160 7.31 £+ 0.38 -8.6%  0.38 4 0.0200

8 20.75 £ 0.23 3.8% 0.23 £ 0.0160 7.31 + 0.42 -8.6%  0.42 4 0.0200

20 200 + 0.600 0% 0.60 & 0.0200 7.08 &+ 0.41 -11.5%  0.41 £ 0.0200

22 20.00 £ 0.50 0% 0.50 £ 0.0200 7.17 £0.46 -10.4% 0.46 & 0.0200

24 20.00 & 0.50 0% 0.50 4+ 0.0200 7.00 £ 0.42 -12.5%  0.42 4+ 0.0200
Q221201

Sample name tCMSl (nm) % Error JOCMS1 (nm) tCMS2 (nm) % Diff. O CMS2 (nm)

11 20.31 £ 0.12 1.6% 0.12 &£ 0.13 7.00 £0.33 -125%  0.33 £ 0.003

13 20.61 £ 0.33 3.1% 0.33 £ 0.16 7.00 £+ 0.35 -12.5%  0.35 4+ 0.003

15 20.00 £ 0.60 0% 0.60 £ 0.23 7.60 +0.34 -5.0% 0.34 4+ 0.002

17 20.00 = 0.60 0% 0.60 £+ 0.501 7.60 £+ 0.34 -5.0% 0.34 £ 0.002

27 20.32 £ 0.10 1.6% 0.10 £1.18 7.39 £+ 0.60 -7.6% 0.60 £ 0.019

30 20.44 £+ 0.05 2.2% 0.05 & 0.32 8.01 £ 0.43 0.13% 0.43 £+ 0.005

Table 3.3:

CooMnSi/Cr/CoaMnSi trilayer sample.

Thicknesses, tcars, and roughness values, ocpg, of the two CooMnSi layers extracted from XRR fits for each

UOYIDSILIIIDADY) DINGINAS PUD U0YDINLGD] d)dwng &
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are consistently greater than the nominal value, while the thicknesses of the bottom
CooMnSi layer are consistently less than the nominal value of 8nm. The persistence
of this trend throughout the entire sample series suggests that it is not random, but
rather a systematic effect. One possible explanation is interdiffusion between the Cr
and upper Co,MnSi layer, resulting in a reduced thickness of the upper Co,MnSi
layer. The roughness of both Co,MnSi layers is relatively low, typically in the range
0.1 nm < ocys < 0.6 nm. However, the upper CooMnSi layer generally exhibits
slightly higher roughness than upper Co,MnSi layer. This is most likely due to
the different growth conditions of the two Co,MnSi layers; the bottom Coy;MnSi
layer was grown at the optimal temperature and then post-annealed, whilst the
top CooMnSi layer was grown at a reduced temperature. The lack of annealing for
the top CooMnSi layer likely contributes to its elevated roughness and potentially
poorer crystalline quality, possibly due to increased chemical disorder. Additionally,
the bottom Co,MnSi layer was grown directly on the polished substrate surface,
while the upper Coo,MnSi layer was deposited on top of the Cr spacer, which is
likely rougher and hence is likely to have contributed to the increased roughness.
Errors in the roughness values are taken directly from the XRR fits. For thickness
uncertainties, the error is set by the roughness value.

Since the percentage error between the nominal values and the fitted values
for the two Co,MnSi layers are relatively small, the nominal thicknesses of these

two layers will be used throughout the thesis.

Cr Layer

Table 3.4 shows the extracted thicknesses and roughness values for the chromium
interlayer in each CoaMnSi/Cr/Co,MnSi trilayer sample. The fitted thicknesses of
the Cr layer show the greatest deviation from the nominal values, with an average
percentage error of -25% across the sample series. For all samples, the fitted Cr
thickness value is lower than the nominal value, most likely indicating a systematic
error in the calibration of the Cr deposition rate, meaning that the Cr layer was

under-deposited relative to the nominal expectation.



3. Sample Fabrication and Structural Characterisation 84

Q221002
Sample name Exp. tc, (nm) ter (nm) % Error ocr (nm)
2 0.291 0.179 £ 0.192  -38.5%  0.192 + 0.0663
4 0.873 0.872 +0.199 -0.11% 0.199 £ 0.0777
6 1.455 1.273 £ 0.200 -12.5%  0.200 £ 0.0336
8 2.037 1.408 £ 0.297  -30.9%  0.297 £+ 0.1289
10 2.619 2.209 + 0.298  -15.7% 0.298 £ 0.992
Q221101
Sample name Exp. tc; (nm)  tce, (nm) % Error ocr (nm)
3 0.582 0.413 +0.334  -29.0% 0.334 £0.0200
8 2.037 1.326 +£ 0.209  -34.9%  0.209 + 0.0200
20 5.529 3.800 £ 0.600 -31.3%  0.600 4+ 0.0200
22 6.111 4.033 £ 0.500 -34.0%  0.500 + 0.0200
24 6.693 4.200 £ 0.500  -37.2%  0.500 + 0.0200
Q221201
Sample name Exp. tc; (nm)  te, (nm) % Error ocr (nm)
11 2.91 2.332 £ 0.200  -19.9%  0.200 + 0.1125
13 3.492 2.505 £+ 0.100 - 28.2%  0.100 4+ 0.0656
15 4.074 2.804 +£0.329 -31.2% 0.329 + 0.1256
17 4.656 3.00 +0.376  -35.6%  0.376 +0.1510
27 7.566 6.147 + 0.31 -18.7% 0.31 £ 0.6519
30 8.439 6.655 + 0.100 -21.1%  0.100 4+ 0.196

Table 3.4: Thicknesses, t¢;, and roughness, oo, values of the Cr interlayer extracted
from XRR fits for each CoaMnSi/Cr/CoaMnSi trilayer sample.

It is also possible that the systematic reduction in the fitted Cr interlayer
thickness, relative to the nominal values, could be the result of interdiffusion
between the Cr and Co,MnSi layers. However, it is unlikely that interdiffusion
would cause such large reduction in the thickness compared to the nominal value,
since as discussed in Section 3.4.4, the interdiffusion between the Co,MnSi and
the Cr layer was shown to be minimal for the deposition temperature used during
the growth of the upper CooMnSi layer.

Therefore, whilst it is probable that interdiffusion plays a role in the observed
systematic reduction of the Cr interlayer, such large deviations are more likely the

result of a miscalibration in the Cr deposition time. Since the calculation used



3. Sample Fabrication and Structural Characterisation 85

in determining the deposition time for each Cr interlayer thickness was the same,
it is expected that this is a systematic error and that, therefore, the percentage
error should be the same for all samples.

Based on this assumption, the weighted average of the percentage error is
calculated, using the values shown in Table 3.4. The weighted average of the
percentage error is calculated as follows,
> (wi Ai)

A- ,
> W

(3.26)

where A; corresponds to the % error in the Cr interlayer thickness for each sample,

1, and w; are the weights used in the calculation,

1
OR,
where o, are given by,
oA, = 2€ % 100, (3.28)
' texpi

with o¢,, being the fitting errors associated with the Cr interlayer thickness values
and tecp being the nominal thickness values, given in Table 3.4. The associated

uncertainty on the weighted average percentage error is then calculated using,

1

Using Eqgs 3.26 & 3.27 the weighted average percentage error for the fitted Cr
interlayer thicknesses is A = (—22.8 + 1.0) %, meaning that, on average, the Cr
interlayers are =~ 23% thinner than the nominal values.

In the analyses to follow, this weighted average is used to correct the nominal Cr
thicknesses wherever they appear. Specifically, the nominal thickness Z.y, is scaled
by a factor of =~ 0.77. This ensures that the Cr thickness values used throughout
the thesis reflect the best estimate from the XRR fits, while acknowledging the
systematic under-deposition and its associated uncertainty. The values of the Cr

interlayer thickness used throughout the thesis are given in Table 3.5.
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Q221002
Sample name Exp. tc, (nm) ter (nm)
2 0.291 0.224 + 0.029
4 0.873 0.672 4+ 0.087
6 1.455 1.120 £+ 0.146
8 2.037 1.568 £ 0.204
10 2.619 2.017 £+ 0.262
Q221101
Sample name Exp. tc, (nm) tcr (nm)
3 0.582 0.448 4+ 0.058
8 2.037 1.568 £ 0.204
20 5.929 4.257+ 0.553
22 6.111 4.705+ 0.611
24 6.693 5.154 £ 0.669
Q221201
Sample name Exp. tc, (nm)  te, (nm)
11 2.91 2.241 £+ 0.291
13 3.492 2.689 + 0.349
15 4.074 3.137 + 0.407
17 4.656 3.585% 0.466
27 7.566 5.826+ 0.757
30 8.439 6.498 + 0.844

Table 3.5: Thicknesses values of the Cr interlayer calculated using a weighted average of
the percentage differences between the nominal values and the values obtained from the
XRR fits. The Cr thicknesses given in this table are the ones used to refer to the samples
throughout the thesis.

Gold Layer

Table 3.6 shows the extracted thickness and roughness values for the Au capping
layer. Across all samples the fitted Au thickness values are greater than the nominal
values of either 5 or 15nm. For three of the samples the deviation from the nominal
value exceeds 200%. These three samples correspond to the penultimate samples
in the wedge and the large deviations in the fitted thicknesses from the target
thickness, are likely due to their proximity to the transition region between the
Snm and 15nm Au deposition zones.

As discussed in Section 3.3, bnm of Au was deposited across the whole wedge
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Q221002
Sample name Exp ta, (nm) ta, (nm) % Diff. oA, (nm)
2 5.0 5.33 £+ 0.45 6.6% 0.45 £+ 0.002
4 5.0 5.58 4+ 0.36 11.6%  0.36 & 0.002
6 5.0 5.56 =+ 0.40 11.2%  0.40 + 0.002
8 5.0 5.58 + 0.40 11.6%  0.40 + 0.002
10 5.0 16.46 + 0.44 229.2% 0.44 4+ 0.004
Q221101
Sample name Exp ta, (nm) ta, (nm) % Diff. 04, (nm)
3 5.0 5.96 £ 0.30 19.2%  0.30 & 0.001
8 5.0 5.93 £+ 0.32 18.6%  0.32 + 0.001
20 5.0 592 + 0.34 18.4%  0.34 4+ 0.002
22 5.0 16.93 £ 0.29 238.6% 0.29 4+ 0.001
24 15.0 17.31 £ 0.30 15.4% 0.30 &= 0.001
Q221201
Sample name Exp ta, (nm) ta, (nm) % Diff. o, (nm)
11 5.0 547 + 0.35 9.4% 0.35 £+ 0.002
13 5.0 547 + 0.39 9.4% 0.39 £+ 0.003
15 5.0 5.49 + 0.36 9.8% 0.36 &= 0.002
17 5.0 5.45 £+ 0.36 9.0% 0.36 = 0.001
27 5.0 17.06 £ 0.39 241.2% 0.39 &+ 0.008
30 15.0 17.35 £ 047 15.7%  0.47 £ 0.004

Table 3.6: Thicknesses and roughness values of the Au capping layer extracted from
XRR fits for each CoaMnSi/Cr/CoMnSi trilayer sample.

and then the shutter was moved across the sample, in order to deposit an additional
10nm on the last sample of the wedge (15nm in total). The XRR results indicate
that the additional 10nm of gold, that was only intended to be deposited on the
final sample, was also deposited on the penultimate sample. This is also confirmed
by visually inspecting the sample; in each of the penultimate samples a line can
be seen on the sample surface representing the boundary between the region of
Snm and 15nm of Au. This suggests that the thickness of the Au layer in the
penultimate sample of each wedge is not uniform and that there is region of the
sample where the additional 10nm of Au, meant for the final sample, was also

deposited. For all other samples, the deviation between the nominal value and the
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fitted value have an average percentage error of -13.7%, with the Q221101 wedge
having systematically the highest amount of gold deposited and the Q221201 wedge
having systematically the lowest amount of gold deposited.

Despite these deviations in thickness, the fitted roughness values for the Au layer
remain low (typically below 0.4nm), indicating that the capping layer maintains
high surface quality across the full range of thicknesses. The errors on the values

were calculated in the same way as for the Co,MnSi layers.



Magnetometry Characterisation

This chapter presents the magnetometry results for the CooMnSi (20nm)/Cr
(tcr)/CooMnSi (8nm) sample series under study in this thesis. First, the technique
of using a Superconducting Quantum Interference Device - Vibrating Sample
Magnetometer (SQUID-VSM) is introduced. The theoretical background to this
measurement technique is discussed along with guidance for use in practical
applications. The magnetisation data as a function of the applied field, puoH
is then presented for four different measurement temperatures: 7" = 100, 150, 200
and 300 K. Finally, the fitting procedure used to extract the material parameters,

including the interlayer exchange coupling constants, from this data is discussed.

4.1 SQUID -VSM

The SQUID-VSM is a highly sensitive measurement device that is able to detect
changes in magnetic flux of the order, 10" Am? [173]. It is based on the design of
the VSM, which was first conceptualised by Simon Foner in 1950s [174].

The fundamental operating principle of the VSM is based on Faraday’s Law of
Induction, which states that a change in magnetic flux induces an electromotive
force (emf) that is proportional to this rate of change. In a VSM, the sample

is mounted on a non-magnetic rod and placed in an electromagnet between two

89
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pick-up coils. The rod is then vibrated in the presence of an applied magnetic field,
causing the stray field from the magnetised sample to vary periodically. This creates
a change in the magnetic flux, which induces an electric current in the pick-up coils.

The corresponding voltage induced at the pick-up coils is given by [175],
‘/emf = mAvaS, (41)

where m is the magnetic moment, A, is the amplitude of vibration, f, is the
frequency of vibration and S is the sensitivity of the VSM sensing coils. Thus the
induced voltage is proportional to the magnitude of the magnetic moment, m, of
the sample and hence by measuring this voltage as a function of applied field, it
is possible to infer the magnetic moment as a function of this field.

In a SQUID-VSM the pick-up coils are replaced by two Josephson junctions,
connected in parallel to form a superconducting loop [176]. Each Josephson junction
is made up of two superconductors separated by a thin insulating layer, as shown
in Figure.4.1. In the absence of an applied voltage across the Josephson junction,

the current, I;, flowing through the junction is,
I; = Iysind, (4.2)

where I is the critical current and § = ¢ — ¢, is the phase difference between the
superconducting electrodes. This current is a supercurrent, meaning it flows without
dissipation until the critical current, Iy, is reached at which point the Josephson
junction enters a normal metal state and a voltage appears across the junction. If
there is voltage is applied across the junction, ¢, varies with time as follows,

A = (4.3)
where e is the electron charge, h is the reduced Planck’s constant and & is the
fundamental flux quantum [176]. Above the critical current the I — V' characteristic
of the Josephson Junction quickly returns to the linear relationship observed in
an Ohmic element, as shown in Figure.4.2 [175]. Therefore, the interesting region

occurs around [y, where the gradient of the I — V' curve is rapidly changing. The

gradient of this region sets the sensitivity of the SQUID-VSM.
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qu)v

Figure 4.1: Schematic diagram of the two Josephson junctions used in the operation
of a SQUID-VSM. The junctions, each with critical current Iy, form a superconducting
loop enclosing a magnetic flux ®. The loop is biased with a current I, and the resulting
voltage V' is measured across the device. Adapted from Ref. [176].

A sample placed in the SQUID-VSM is vibrated at a frequency of ~ 10Hz [175].
As in conventional VSMs, this vibration causes a periodic variation in the stray
field from the magnetised sample, leading to an oscillating magnetic flux ®¢,; in the

superconducting loop. The total magnetic flux in the superconducting loop is then,
b =, + Llg, (4.4)

where @, is the magnetic flux produced by the vibrating sample in the SQUID-
VSM and L is the inductance of the superconducting loop. However, due to flux

quantisation [177-179], the total flux must satisfy:
d=nd, nel (4.5)

In the presence of a non-zero @, a screening current /g is induced to maintain the
flux quantisation condition. The flux quantisation condition arises from the fact
the wavefunction describing the behaviour of the Cooper pair electrons, carrying

the supercurrent [180], must remain single-valued. Since the wavefunction does
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Voltage

Current

Figure 4.2: Expanded [-V characteristic of a Josephson junction. At zero voltage,
a supercurrent flows without resistance up to the critical current Iy. Beyond 41, the
junction switches into a resistive state and the voltage increases linearly with current,
following Ohm’s law (indicated by the dashed line). This behaviour reflects the transition
from superconducting to normal conduction. Adapted from Ref. [175].

not change with a phase shift of 27, the total phase difference between the two
superconducting electrodes must be a multiple integer of 27. Therefore, the phase

difference between the two superconducting electrodes is given by,

2
1 — 6y = 21 (@m + L]S>. (4.6)
i
Since the current in the Josephson junction depends on the phase difference
between the two superconducting electrodes (Eq.4.2), Is modulates the critical

current Iy, as follows,

TP
Iy = 21| cos(g)], (4.7)
0

where it is assumed that the SQUID interference is negligible (L < 1) [175]. Eq.

4.7 shows that the critical current oscillates as a function of the external flux.
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The total current through each Josephson junction is,

1
Itot - ?B —|— [S, (48)

where I is a constant bias current applied to the junction and I, is the current
circulating in the system. The value of Iy & 21, [175] is chosen so that the device is
operating in the region of the I —V curve where the gradient is greatest to ensure that
small changes in Ig lead to large changes in the induced voltage. Furthermore, since
the bias voltage is greater than I, the system is in the resistive state, meaning that

the oscillations in the critical current induce an oscillating voltage across the junction,

Td

Vsquip = Vo cos <q>>’ (4.9)
0

which has a period of oscillation equal to one flux quantum.

In summary, due to flux quantisation the change in magnetic flux caused by
vibrating a sample in the SQUID-VSM leads to a periodic oscillation of the screening
current Ig. This screening current induces a voltage across the Josephson junctions
which is measured by the device. The change in flux in the system due to the sample
can then be calculated by counting the number of oscillations in the voltage signal,
since each oscillation corresponds to one flux quantum. Once the total magnetic
flux of the sample is known, the magnetic moment can then be calculated, since
P« = km, where k is a proportionality factor that depends on the geometric
coupling between the SQUID-VSM and the sample and is typically calculated using
a calibration sample. In the case of the SQUID-VSM MPMS3 used in this study,
the calibration sample is a paladium cylinder [181]. The magnetisation, M, of the

sample is then found by dividing by the sample volume, V' (Eq. 2.51).

4.2 Experimental Setup

The SQUID-VSM MPMS3 (Quantum Design [173]) was used to characterise the
static magnetisation of the CooMnSi (20nm)/Cr (t¢,)/CoeMnSi (8nm) sample series.
The sample under investigation was mounted on a quartz paddle [182] and secured

with insulating Kapton tape, a schematic of which is shown in Figure 4.3. To ensure
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Field position markers

Quartz paddie

Sample

Figure 4.3: Schematic of the SQUID sample holder configuration. The sample is
mounted at the centre of a quartz paddle using Kapton tape, aligned with the position
marker that corresponds to the centre of the applied magnetic field.

that the sample is positioned in the centre of the field inside the SQUID-VSM,
it is necessary to mount the sample at the marked position along the rod which
corresponds to the central position in the field. The mounted sample is then placed
into the SQUID-VSM and a sample centring programme is run. The centring
programme locates the centre of the sample in the centre of the magnetic field
by adjusting both the radial and longitudinal position of the sample, to find the
minimum moment value, which corresponds to the centre of the sample [181]. This
step is very important, since as discussed in 4.1, the magnetic moment is determined
by varying the position of the sample in the SQUID-VSM. Therefore, inaccurate
positioning of the sample creates significant error in the measured moment [183].

For the magnetometry measurements carried out in this thesis, the magnetic field
was applied in-plane, along the [100] axis of the sample, which corresponds to the
[110] easy-like axis of the CooMnSi. Magnetisation loops, M (poH ), were measured
for the field range -3T< B < 3T. The field step between successive measurements
of the magnetic moment varied throughout the field scan. For the field range
2T < |B| <3T a field step of 20mT was used, for the range 0.15T < |B| < 2T a
step of 15mT was used and close to zero field, 0T < |B| <0.15T a much smaller

field step of 2mT was used. For each sample, the magnetisation loop M (puoH) was
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measured at four temperatures: T = 100, 150, 200, 300K.

Since the SQUID-VSM measures the magnetic moment of the entire sample, it
is necessary to subtract the substrate contribution to determine the moment of the
sample under study. As the MgO substrate is diamagnetic, a linear background of
negative gradient needs to be subtracted from the measured M (10H) loops in order
to determine the magnetic moment of the CosMnSi/Cr/Co,MnSi samples. The
gradient of this slope is found by fitting a straight line equation to the raw M (uoH)
loops at large fields, B > 2T. The following section will present the experimental

results from the magnetometry measurements.

4.3 Experimental Results

The magnetisation loops obtained from SQUID VSM measurements show that
the magnetisation behaviour of the trilayer stack is heavily dependent on the Cr
interlayer thickness. In order to easily compare the magnetisation data for each
sample, the magnetisation loops were normalised with respect to the saturation
magnetisation of each sample. The value of M, was extracted by fitting a straight
line with a small gradient, y = 0.006z + ¢, to the region of the M (uoH) loops
where the magnetisation has plateaued i.e. the region where the magnetisation
is saturated. This was done for both positive and negative fields, as shown in
Figure 4.4a. The saturation magnetisation was then taken as the mean of the
absolute values of the y-intercept of the two fitted lines. Figure 4.4b shows the
extracted values of the saturation magnetisation as a function of the Cr interlayer
thickness and from this figure it can be seen that the saturation magnetisation is
consistent across all samples in the CooMnSi (20nm)/Cr (t¢;)/Co2MnSi (8nm) series.
This is important as it shows that any observed variation in the magnetisation
behaviour of the samples is not due to loss in magnetisation and hence must be
the result of IEC between the two Co,MnSi layers.

Figures 4.5 & 4.6 show the normalised magnetisation loops, for all samples
measured at the two extreme temperatures 7" = 100 and 300K for the applied field
range —1 T < poH < 1 T. The key difference between the M (uoH) loops is the
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Figure 4.4: (a)Extraction of the saturation magnetisation My by fitting straight lines to
the high-field regions of the magnetisation curve. The dashed lines represent linear fits to
the saturated regions of the M (uoH) curves. The average of the positive and negative
saturation values gives the extracted |M;|. The measurement shown corresponds to a
sample with Cr interlayer thickness tc; = 1.120nm. (b) Saturation magnetisation, Mj,
versus Cr interlayer thickness, tcy, for T = 100K, 150K, 200K and 300K. The shaded
region around each curve represents the error in the extracted value.

radius of curvature. For certain Cr interlayer thickness the magnetisation loops
are highly rounded. This behaviour is observed primarily in the samples grown
as part of the Q221002 wedge with Cr interlayer thicknesses of to, = 0.672, 1.120,
1.568 and 2.017nm, as shown in Figs. 4.5a, 4.6a. However, for other Cr interlayer
thicknesses, such as t¢, = 0.224, 5.826 and 6.498nm, (Figs. 4.5a, 4.6a, 4.5¢, 4.6¢)
there is almost no curvature to the magnetisation loop; the magnetisation rises
steeply and approaches M, quickly after magnetisation reversal at zero field.
Figure 4.7 shows the magnetisation behaviour around zero field, in the range
-10mT < poH < 25mT. Studying the behaviour close to zero field, allows the
coercive field of the samples to be estimated. Figure 4.8a shows the value of
the coercive field as a function of Cr interlayer thickness. This value is extracted
from the experimental data by finding the field at which M = 0. Since the field
is swept in both the positive and negative field directions, the coercive field is
extracted for both sweep directions and the mean value for each sample is plotted
in Figure 4.8a. The coercive field is found to be roughly constant across all samples
in the CooMnSi (20nm)/Cr (t¢;)/CoeMnSi (8nm) series and is small in magnitude,

implying weak anisotropy along the measurement axis.



4. Magnetometry Characterisation 97

S 1.00{ —— to = 0.224nm
[ =

S 0754 ter = 0.672nm
b ter =1.120nm
8 0.50 { —— tcr = 1.568nm
Z —e— te =2.017nm
c 0.25 A

[@)]

@G 0.00 A

s — 100K

- —0.25

)]

2 _0.50

©

S

—

o

=

—0.751 ﬁ
—1.00 1
-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00

Applied Field uoH (T)

(a)

S 100 —— to = 0.448nm
c —
S 0.75- ter = 4.257nm
) ter = 4.705mm
O 0.50] —— te=5.154nm
£
2 o025
o
© 0.0 -
= — 100K
o -0.25
Q
2 _0.50
©
E -0.751
S
=z -1.00
-1.00 -0.75 -0.50 —-0.25 0.00 025 0.50 0.75 1.00
Applied Field uoH (T)
(b)
S 100 —— to=22410m
c ter = 2.689nm /———f
©  0.75 ,
] ' ter = 3.137nm
B 0504 —— ter=3.585nm
'43 ter = 3.585nm
c 0259 —— t; =6.498nm
o
©  0.00 -
= — 100K
- -0.25
O
0
©
&
—
=)
2

-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00

Applied Field uoH (T)
(c)

Figure 4.5: Normalised magnetisation loops, obtained from SQUID VSM measurements,
for all three wedges. Measurements taken at T = 100K. The curves are grouped by
wedge: (a) Q221002, (b) Q221101, and (c¢) Q221201, with every sample, within each
wedge, represented by a different coloured curve.
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Figure 4.6: Normalised magnetisation loops, obtained from SQUID VSM measurements,
for all three wedges. Measurements taken at T" = 300K. The curves are grouped by
wedge: (a) Q221002, (b) Q221101, and (c¢) Q221201, with every sample, within each
wedge, represented by a different coloured curve.
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Figure 4.7: Zoomed-in normalised magnetisation loops M (1oH) measured at T'= 100 K
and T'= 300K for all Cr interlayer thicknesses studied, over the low-field range —10mT <
uoH < 25mT. The panels are grouped by wedge: (a, b) Q221002, (c, d) Q221101, and
(e, ) Q221201, with every sample, within each wedge, represented by a different coloured
curve.
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Figure 4.8: (a) Coercive field, poHc, and (b) saturation field, uoHyy, as a function
of Cr interlayer thickness, tc;, expressed in both atomic planes (AP) and nanome-
tres (nm), for temperatures 77 = 100K, 150K, 200K, and 300K. The coercive field
values were extracted as the average field at which M = 0 during magnetic field
sweeps in both directions. The coercive field remains relatively constant across the
Co2MnSi(20 nm)/Cr(tcy)/CoaMnSi(8 nm) samples, indicating weak magnetic anisotropy.
In contrast, the saturation field varies strongly with Cr thickness, with a pronounced
increase observed for tg, = 0.672-1.568 nm, reaching values around 0.5T.

The field required to saturate the samples, Bg.; = o Hsat, Was extracted from
the data by finding the field value where M = 0.95M,. Figure 4.8b shows the
variation in the saturation field as a function of the Cr interlayer thickness for
all four measurement temperatures. The saturation field varies dramatically with
varying Cr interlayer thickness and for samples with t¢, = 0.672 - 1.568nm, the
saturation field is close to 0.5T, an order of magnitude greater than that of a single
film of Co,MnSi, where a saturation field of ~ 30mT is observed [154].

For most Cr interlayer thicknesses, no significant temperature dependence
is observed, as can be seen in Figures 4.5 & 4.6. However, for samples with
tor = 4.257 - 5.154nm, a strong temperature dependence is observed. The full
temperature dependence for these three samples in the range -60mT < poH <
60mT is shown in Figure 4.9.

As the temperature decreases from 7' = 300K to T = 100K, the normalised
M (poH) loops become increasingly broadened, indicating a more gradual magneti-
sation reversal process. Furthermore, for 7" < 300K, a pronounced plateau emerges

near zero magnetisation, suggesting the presence of an intermediate magnetic state.
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Figure 4.9: Temperature dependence of the magnetisation loops of CooMnSi (20nm)
/ Cr (tcy)/ CoaMnSi (8nm) samples with (a) toy = 4.2573nm, (b) toy = 4.705nm, (c)
tcr = 5.154nm and (d) tc, = 2.241nm. Measurements taken at T' = 100K, 150K, 200K
and 300K. Magnetisation loops have been normalised with respect to the saturation
magnetisation. Strong temperature dependent magnetisation behaviour is observed for (a-
¢) tcr = 4.2573nm, 4.705nm and 5.154nm. The insets show the normalised magnetisation
loops over the field range -60mT < pgH < 25mT.

The extent of this plateau, i.e., the field range over which the magnetisation remains
nearly constant, decreases with increasing temperature, eventually vanishing at 7" =
300K. Furthermore, at T' = 300K, the loops become distinctly square, characteristic
of a sharp reversal of the magnetisation directions in the two Co,MnSi layers. The
extent of the plateau also varies with Cr interlayer thickness, as t¢, increases, the
length of the plateau increases across all temperatures.

The temperature dependence of the sample with t¢, = 2.241nm is also included
for comparison, Figure 4.9d. In this case, the M (uoH) curves show very little
temperature dependence. A sharp change in the magnetisation is observed at zero

field for all the temperatures investigated.
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Figure 4.10: Diagram showing the relative alignment of the magnetic moments in the
two ferromagnetic layers for (a) spin-flip transition and (b) spin-flop transition. The blue
curves show the data obtained from SQUID VSM measurements at 100K for samples
with (a) tcy = 5.154nm and (b) tc, = 0.672nm.

The magnetisation behaviour observed in samples with tc, = 4.257 - 5.154nm
is akin to a spin-flip transition. As the direction of the magnetic field is reversed,
the magnetic moments in the two Co,MnSi layers rotate 180°. The direction of the
magnetic moments in the two layers then remains fixed until the applied in-plane
field reaches a critical value, B, = uoH.. At B., the magnetic moments in the
two layers suddenly rotate to align with the applied in-plane field. A schematic
diagram of this process is given in Figure 4.10a.

Spin-flip transitions typically occur due to competition between the anisotropy
and exchange energy terms. This implies that there is only a small range of values
of tc, and temperature over which the anisotropy and exchange energy terms are
comparable in magnitude. For all other values of ¢, and temperature, the exchange
energy term dominates and a spin-flop transition is observed. Figure 4.10b illustrates
a spin-flop transition; as the applied in-plane field is increased, the magnetic moments
in the two layers rotate coherently until they are aligned ferromagnetically, parallel
to the applied in-plane field direction. The field at which this occurs is the saturation

field, Bgay, which does not vary significantly with temperature (see Figure 4.8b).
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Fitting the experimental data

The biquadratic exchange coupling parameter, J,, and the cubic anisotropy constant,
K., were extracted from the data by fitting Eq. 2.53, to the M (uoH) loops. Since
the external field was applied along the z-axis, the magnetic field in the ¢ direction
is zero and hence only the components of Eq. 2.53 in the & direction are relevant.

Therefore, the equation used to fit the magnetometry data is given by,

1

m(Mltl cos 1 + Maty cos )&, (4.10)
1+ 12

tot —

As discussed in Section 2.3.1, the equilibrium angles, ¢1, ¢ are found by
numerically minimising the total free energy given in Eq. 2.47. The saturation
magnetisation, M, of each sample was assumed to be constant in the minimisation,
with the value for each sample obtained from the experimental data, as explained in
Section 4.3. The parameters, Jo and K. were then optimized to minimize Eq. 2.47.

However, before the data was fitted using the method outlined above, it was
important to evaluate the dependence of the magnetisation behaviour on the
interlayer exchange coupling parameters. To do this, the values of J; and J; were
systematically varied in the range, 10 J/m2 < J; < 10 J/rn2 and 10 J/rn2 <
Jy <10 J/ m?®. For each combination of J1, Jo, the equilibrium angles ¢y, ¢o were
calculated for each field value and the corresponding M (uoH) loop was determined.
The error between the resulting M (uoH) loop and the experimental data was
then found by performing a least squares fit. The result of this method is a two-
dimensional error array which can be visually represented as an errormap, as shown
in Figure 4.11 for the sample with tc, = 2.017nm. FEach pixel in the errormap
represents a Ji, Jo combination and the intensity of the pixel corresponds to the
error value of that combination, where the darker the region the smaller the error.
In these fits, the anisotropy constants were set to zero. This choice was justified
by the observation that the coercive field of the M (uoH) loops is both small and
consistent across all samples, suggesting that anisotropy effects, represented by K.,

play a negligible role in determining the magnetisation behaviour.
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Figure 4.11: (a) Error map showing the least-squares fitting error between simulated
and experimental magnetisation data as a function of the bilinear, J;, and biquadratic,
Jo, interlayer exchange coupling constants for the sample with ¢, = 2.017nm. The colour
scale represents the fitting error (arbitrary units), with darker regions indicating better
agreement (lower error). (b—d) Simulated M (poH) loops for three different combinations
of J; and Jy values within the dark region of the error map: Jy = —2.13 x 1073J /m?, with
(b) J1 = —1.00x1073J/m?, (c) J; = —9.00x107°J/m?, and (d) J; = 2.00x 10~3J/m?. For
each J; and Jy combination, the simulated M (uoH) loop is overlaid on the experimental
M (upH) curve for the sample with tc, = 2.017nm.

The errormap indicates that there are a multiple combinations of J; and Jy
that minimise the total energy expression, Fi,;. However, the least squares error
is strongly constrained along the J; axis, which is reflected in the errormap as
a dark vertical stripe. This suggests that the magnetisation is more sensitive to
variations in J than in Jp, implying that that biquadratic exchange is the dominant
coupling mechanism within the system.

Although the errormaps indicate that there are a range of J; and J; values that

minimise the error value, simulated M (uoH ) loops for values of J; and J, within
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Figure 4.12: Normalised magnetisation M /M at 5mT as a function of Cr interlayer
thickness tc;, for temperatures of 100 K, 150K, 200 K, and 300 K. The dashed horizontal
line indicates the expected remanence value M /Mg = 20/28 ~ 0.714, corresponding to a
CoaMnSi (20nm)/Cr(tcy)/Co2MnSi (8 nm) trilayer where the two magnetic layers are
coupled via ideal biquadratic exchange. This remanence value is approximately observed
in the range tc, = 0.874 - 3.137 nm, consistent with a strong biquadratic regime in this
thickness window.

this range do not give visually good fits. Figure 4.11 shows the simulated M (uoH)
loops, overlaid on the experimental data, for three different combinations of J; and
Jo that fall within the dark stripe region of Figure 4.11a, which is centred around
Jo = -2.13x103J/m?. For both positive and negative values of J; in combination
with J; = -2.13x103J/m? a visually bad fit to the experimental data is obtained,
as shown in Figure 4.11b, 4.11c & 4.11d.

In order to improve the fit to the experimental data, the magnetisation behaviour
close to zero field was studied. The ratio of MM at bm'T was extracted from the
normalised magnetisation loops. The coercive field is ~ 3mT for all samples and
hence the magnetisation was investigated at 5mT to minimise the effects of the
coercive field. If biquadratic coupling is dominant in the CooMnSi (20nm)/Cr
(tcr)/CoaMnSi (8nm) samples the magnetisation at 5mT is expected to be,

t 20
— LM, =M (4.11)
b+t 28

Figure 4.12, shows that the ratio of MMS at bmT is approximately %Ms for samples

with to, = 0.672 - 3.137nm. This indicates that over this range of Cr interlayer
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tCr 'J2 Kc Ms Bsat Bc
Sample name

nm J/m? J/m3? kA/m T mT

Q221002
2 0.224 4.4x107° 2172 1010 0.006  2.86
4 0.672 1.5x107% 2156 1014 0.56  2.86
6 1.120 2.1x107% 2238 1037 0.52  2.85
8 1.568 6.8x107* 2100 996 0.25  0.28
10 2.017 1.2x107% 2316 1072 0.35  0.92

Q221101
3 0.448 7.8x107* 2220 1036 0.34  2.90
20 4257 2.5x107° 2286 972  0.00005 2.95
22 4.705 3.0x107° 2476 1081 0.00001 2.89
24 5.154 3.3x107° 2184 982 0.002  2.96

Q221201
11 2.241 1.2x107% 2172 1024 0.34 0.94
13 2.689 3.8x107%* 1578 990 0.17  0.94
15 3.137 4.3x107* 2166 1015 0.17  2.90
17 3.585 1.4x107* 2194 1041 0.032 291
27 5.826 9.1x107° 2100 985 0.02  2.86
30 6.498 6.1x107° 2128 1002 0.01 2.90

Table 4.1: Overview of the extracted material parameters for CooMnSi (20nm)/Cr
(tcr)/CoaMnSi (8nm) series measured at 7' = 300K, grouped by wedge. The values of
the biquadratic exchange coupling constant, Ja, the first-order cubic crystal anisotropy,
K., and the saturation magnetisation, M, have been obtained from fitting magnetisation
loops to the magnetisation data obtained from SQUID VSM measurements.

thickness, the dominant coupling mechanism is biquadratic and hence the value of .J;
was set to zero in the fitting process to improve the quality of the fits to experimental
data. The uniaxial anisotropy, K, was also set to zero during the fitting process, as
the overall anisotropy is expected to be small due to the low coercive fields, and the
cubic symmetry of CoaMnSi favours dominant cubic anisotropy [184]. Furthermore,
the small lattice mismatch between CooMnSi and both Cr and MgO makes the
introduction of significant strain-induced uniaxial anisotropy during growth unlikely.

The experimental data was fitted using the method outlined at the beginning
of this section with J; = 0. Using these assumption, the fits to the data for the
samples with o, = 0.224, 1.120, 2.017, 3.137, 4.705 and 8.429nm, measured at
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T = 300K are shown in Figure 4.13. The extracted values of J;, and K., along
with the values of M, B. and B, are shown in Table. 4.1. For all the samples,

the extracted values of K., shown in Figure 4.14a are close to the expected value

for a single film of Co,MnSi [185].
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Figure 4.13: Fits to the experimental magnetisation data at T = 300K for selected
samples with different Cr interlayer thicknesses. The extracted biquadratic coupling
constant Jo and anisotropy constant K. are shown within each plot. The samples
correspond to: (a) tcy = 0.224nm, (b) tcy = 1.120nm, (c) tcy = 2.017nm, (d) tc, =
3.137nm, (e) tcy = 4.705 nm, and (f) tc, = 6.498 nm.
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The strength of the biquadratic interlayer exchange coupling varies as a function
of Cr thickness, with a peak in the exchange coupling strength observed in samples
with te, = 1.120nm, as shown in Figure 4.14b. The observed relationship between .Jo
and tc, (Figure 4.14b) corresponds well to the observed relationship between B,y
and t¢, (Figure 4.8b). This suggests that the magnitude of the saturation field is a
good indicator of the strength of the biquadratic exchange coupling constant; there

is a positive correlation between the magnitude of B, and the magnitude of J5.
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Figure 4.14: Extracted material parameters as a function of Cr interlayer thickness,
tcr: (a) cubic anisotropy constant, K. and (b) biquadratic coupling constant, Jo. The
biquadratic coupling shows a pronounced peak at tc, = 1.120 nm, consistent across all
temperatures, confirming that this thickness range corresponds to the strongest biquadratic
exchange. In subplot (a), an outlier is observed at tc; = 3.585nm at 100K, where K,
drops close to zero. This behaviour is not mirrored at other temperatures and is likely due
to a poor fit to the experimental data at this point, rather than a real physical suppression
of the anisotropy.



Magnetoresistance Characterisation

This chapter presents the magnetoresistance data for the CooMnSi (20nm)/Cr
(tcr)/CooMnSi (8nm) sample series under study in this thesis. This section starts
by outlining the four-point probe experimental technique used to measure the
magnetoresistance of the sample series. The experimental procedure used to
investigate the magnetoresistance of the samples as a function of the applied
field is then described, followed by a results section and a discussion of the fitting

procedures used to extract the material parameters.

5.1 4-point probe method

The resistance of a thin film is strongly influenced by its thickness, making direct
resistance measurements challenging. To overcome this, the sheet resistance, Rgy,, is
often measured, since it eliminates the need to understand how the resistance profile
varies across the thickness, ¢, of the film [186]. Instead of measuring the resistance of
the sample directly, the sheet resistance is measured and then the total resistance of

the sample can be calculated using the sample width, W, and length, L, as follows,
(5.1)

where the sheet resistance is defined as Rs, = p/t with p being the resistivity

of the material.

109
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Figure 5.1: Schematic diagram of a four-point probe measurement setup for sheet
resistance characterisation. A constant current is supplied through the outer two probes,
while the voltage drop is measured across the inner two probes using a voltmeter.

The 4-point probe method is a technique commonly used to measure the sheet
resistance, Rgy, of a thin film. A 4-point probe consists of four collinear probes
that are equally spaced along the sample surface, as shown in Figure 5.1. A fixed
DC current, I, is injected into the sample via the two outermost probes, and the
resulting voltage, V', is measured by the two inner probes. The measured sheet

resistance, is then calculated as follows,

Rgp = ~ 4.53— (5.2)

where the factor 7/1In(2) arises from the analytical solution for the potential
distribution of a point current source in an infinite conducting sheet [187, 188].
The motivation for using the 4-point probe method is that it allows the sheet
resistance of the sample to be directly measured by eliminating additional resistances
from contacts and wires. This is possible because no current flows through the inner

two probes, and therefore no additional resistances arising from the contacts and
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wires are introduced into the measurement. As a result, the voltage measured by

the inner two probes corresponds solely to the sheet resistance of the sample.

5.2 Experimental Setup

The four-point probe used in this thesis was built in-house. The probes used were
the gold-plated, spring-loaded PA1JL-NF test probes from CODA Systems, along
with their corresponding receptacles, which hold the probes in place. A PCB board
was fabricated with four evenly spaced holes drilled to fit the size of the test probe
receptacles, each connected to an individual contact pad, as shown in Figure 5.2b.
One end of a wire was soldered onto each contact pad, while the other end was
soldered to one of the four coaxial cables that interface with the measurement
apparatus. The sample holder was fabricated from a PTFE tube of length 10mm
and diameter 25mm. On its upper face, a 5 X 5 X 2mm square indentation was
milled using a milling machine to accommodate the sample. The probe and sample
holder were then connected using brass studding. Four holes were drilled at the
edges of both the PCB and the PTFE sample holder. The position of the PCB
along the studding was fixed, and by adjusting the position of the sample holder
along the studding, the sample could be brought into contact with the probe. Once
the sample was contacted, the position of the holder was secured using brass nuts,
as shown in Figure 5.2a. The relative orientation between the PCB and the sample
holder resulted in the current being applied across the diagonal of the sample, as
depicted in the schematic in Figure 5.2c.

The 4-point probe was secured in an electromagnet by fastening the brass
studding to a longer probe, which was welded at the top to a plate with four SMA
connections. As the larger probe was originally designed for use with a cryostat, the
full probe was then placed inside the cryostat for stability as shown in Figure 5.3.
Furthermore, the length of the total probe was designed to ensure that the sample
was positioned in the centre of the magnetic field.

The DC current was applied to the outer probes using a Hewlett Packard 3245A

Universal Source, with a low pass filter added to minimise mains frequency noise.
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(a) (c)

Figure 5.2: (a) Image of the custom-built four-point probe assembly, including brass
support rods, sample holder, and the probe with four spring-loaded test probes. (b) Top
and bottom views of the custom PCB used in the four point probe design, showing the
probe receptacle mounting holes and contact pads. (c) Schematic diagram illustrating
the measurement configuration: current is applied diagonally across the sample while the
voltage is measured between the other two pads.

The voltage drop across the sample was then measured using a Keithley 2182A
nanovoltmeter. For all measurements, the DC current was set to Ipc = 0.5mA and
the resolution of the nanovoltmeter was set to InV. The external field was controlled
using an Isotech IPS 80-27 power supply, which was used in constant-current mode
to provide a set current to the coils of the magnet. The maximum magnetic field
that could be obtained using this power supply was ~ 0.63T. The strength of the
magnetic field was measured using a Hall probe positioned at the centre of the
magnet. The Hall probe used measures a voltage that is directly proportional to

the measured magnetic field and therefore the magnetic field could be recorded by
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Figure 5.3: Schematic of the setup used for the magnetoresistance measurements. A
DC current of 0.5 mA is supplied to the sample using a current source. The voltage drop
across the sample is measured using a nanovoltmeter. An electromagnet, powered by a
magnet power supply operating in constant current mode, provides the magnetic field.
The actual field at the sample position is monitored using a Hall probe positioned near
the sample.

measuring the Hall probe voltage with a HP 34401 A multimeter. The temperature of
the external environment was also recorded, using a k-type thermocouple connected
to an Arduino. Figure 5.3 shows a schematic diagram of the complete experimental

setup used to investigate the magnetoresistance of the sample series at T' = 300K.
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5.3 Experimental Methods

The magnetoresistance of each of the samples in the CooMnSi (20nm)/Cr (t¢,)/CosMnSi
(8nm) sample series was investigated as a function of the strength of the external
field. For each measurement, the external field was applied in-plane, parallel to
the current direction. As the current is applied along the diagonal of the sample,
the applied in-plane field direction is along the [110] axis of the sample. The
resistance was determined by measuring the voltage drop across the sample using
the nanovoltmeter, as discussed in Section 5.2.

The change in voltage, measured by the nanovoltmeter, between consecutive
field steps was of the order 10nV. As this was close to the instrument’s sensitivity
limit, it was necessary to take additional steps to reduce noise in the measurement.
Initial measurements showed that the nanovoltmeter was sensitive to changes
in temperature, since the instrument was able to detect any voltage difference
between the cable contacts and hence act as a thermocouple. This meant that the
nanovoltmeter detected both the change in temperature of the external environment
and any changes in the temperature of the sample. As both of these temperature
changes were assumed to vary on a long time scale, the effect of temperature was
eliminated by measuring the voltage difference between a set field value and zero
field, instead of measuring the voltage at each set field. The set field value that
the external field was swept to each time was increased in &~ 2.2mT intervals. It is
important to note that due to the remanent magnetisation of the electromagnet
used the zero field value actually corresponds to =~ 5.5mT, not 0mT. However, for
ease, in the remainder of this thesis this field will be referred to as zero field.

To further improve the signal-to-noise ratio, the in-built digital filter on the
nanovoltmeter was activated and the voltage difference measurement, described
above, was averaged. For each set field, the voltage difference between the set
field and zero field was measured three times and the recorded voltage difference
for each set field was the average of these three measurements. Averaging was
used in the measurements of all samples from the Q221002 and Q221101 wedges

but it was not used in the measurements of the Q221201, as these samples were
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measured first, before averaging was introduced into the measurement procedure.
The resulting resistance difference between the set field and zero field was then
calculated using Eq. 5.2.

The overall experimental procedure can be summarised as follows. The magnetic
field was swept to a set value and the voltage across the sample was measured
using the nanovoltmeter. The field was then set to zero and the voltage across the
sample was measured again. In the case where averaging was used, this process
was repeated three times and the average of the voltage difference was measured.
At both the set field and zero field the strength of the magnetic field and the
current, supplied by the power supply to the coils, were recorded. The temperature
of the external environment was also recorded once for each set field value. This
process was repeated for each set field value, resulting in the resistance difference,
determined from the fixed DC current and voltage measurements being measured,
across the entire field range. All measurements were carried out at T = 300K and

the results will be discussed in the following section.

5.4 Experimental Results

Figure 5.4 shows the measured AR(uoH ) curves for all samples in the Co,MnSi
(20nm)/Cr (tcy)/CoaMnSi (8nm) sample series measured at 7' = 300K. The key
trend observed in all samples is that AR(uoH) decreases with increasing magnetic
field. For most samples, the AR(ugH) curves exhibit a clear change in gradient.
This feature is observed in all the AR(uoH) curves, however it is most pronounced
in the samples from the Q221201 wedge, see Figure 5.4c. Furthermore, the field
at which this change in gradient occurs varies with the Cr interlayer thickness,
which suggests that it is linked to the Cr interlayer thickness-dependent TEC.
Following this change in gradient, the slope becomes much shallower and remains
constant, which implies that the field value at which it occurs corresponds to
the saturation field, Bgy = poHsat- This continued decrease in AR beyond the
saturation field has been observed in measurements of single film Co,MnSi films

[189, 190]. In Ref [189], the observed negative magnetoresistance is attributed
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Figure 5.4: Change in resistance AR as a function of applied magnetic field for samples
with varying Cr interlayer thickness tc, grouped as wedge: (a) Q221002, (b) Q221101
and (c¢) Q221201. At each field value, AR was calculated as the difference between the
measured resistance at that field and the resistance at zero field. The data highlights the
field-dependent magnetoresistive behaviour across the sample series.
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to spin disorder in the Co,MnSi film, arising from chemical disorder within the
Heusler compound. As discussed in Section 3.4.2, significant B2 disorder is present
in the top CooMnSi layer, which may account for the negative magnetoresistance
observed above saturation in this sample series.

To account for this negative magnetoresistance contribution to the overall
AR(uoH) curve, a linear background was subtracted from each of the AR(uoH)

curves. This was done by fitting a straight line of the form,
Yy = RNRZE + Ro, (53)

to the region of the curves above Bg,;, where Ryg is a constant that characterises
the negative magnetoresistance contribution and Ry is a constant that characterises
the R(0) — R(Bsat) contribution in Eq. 2.69. For the Q221201 wedge, extracting
the parameters Ryr and Ry was trivial. However, for the samples in the Q221002
and Q221101 wedges, where the gradient change was more subtle, extracting
these parameters was more involved. For these samples, a series of linear fits
were performed between each data point and the final data point. The gradients
extracted from these linear fits were then plotted as a function of index of the linear
fit, as shown in Figure 5.5a. From Figure 5.5a, it can be seen that a plateau in the
gradient is observed above a certain field, Bg,, and hence the value of Ryr was
taken as the gradient in this plateau region. A straight line with gradient Ryr was
then fitted to the region of the AR(uoH ) curve for fields above the saturation field,
as shown in Figure 5.5b and R, was taken as the y-intercept.

The extracted values of Ryg and Ry are shown in Figure 5.6. From Figure 5.6a,
it can be seen that for each wedge the value of Ryg is initially constant and then
decreases at a certain Cr interlayer thickness. This trend is correlated with the
thickness of the Au capping layer, since, as discussed in Chapter 3, the XRR
results revealed that the thickness of the Au capping layer, ta,, is greater in
the final two samples of each wedge. Eq. 5.1 shows that resistance is inversely
proportional to the thickness of a sample, and therefore, it can be concluded that

this observed decrease in magnitude of Ryg is due to the increase in t5,. In addition
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Figure 5.5: (a)Extraction of Ryg by iteratively performing linear fits to the AR(uoH)
curve between a varying starting index (z-axis) and the final data point. The gradient of
each fit is plotted as a function of the starting index. A plateau in the gradient indicates a
region of consistent linear behaviour, with the corresponding value taken as the extracted
Rxr. The noisy region at index values > 250 is due to the reduction of the number of
points used to fit the straight line to the data. (b) Extraction of Ry by fitting a straight
line with the gradient extracted from (a) to the AR(ugH) curve. Ry corresponds to the
change in resistance between zero field and magnetic saturation, i.e., Ry = R(0) — R(Bsat)-
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Figure 5.6: (a) Extracted Rng coefficient as a function of Cr interlayer thickness tcy
for all three wedges (b) Extracted parameter Ry as a function of chromium interlayer
thickness tc, as a function of Cr interlayer thickness for all three wedges.

to the observed variance of Ryr within each sample, there is also an observed
variance of Ryg between different wedges. This is most likely the result of slight
variations in the growth conditions of the three wedges, resulting in different levels
of chemical disorder in the two Co,MnSi layers, which as discussed above is a
possible explanation for the observed negative magnetoresistance.

Figure 5.6b, shows the extracted values of Ry which represent the change
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in resistance R(0) — R(Bgt). From Figure 5.6b it can be seen that Ry varies
as a function of Cr interlayer thickness, which is expected since it is assumed
that the magnetoresistance is influenced by the interlayer exchange coupling

parameters, Jy, Jo.

Fitting the experimental data

The interlayer exchange coupling parameters, J;, Jo, the initial angle, &), between
the magnetisations My, My and the saturation field By, were found by fitting a
modified version of Eq. 2.69 to the AR(ugH) curves,

1 — (3082 <¢1¢2

)
AR(¢py — ¢3) = R0< ) — RxrB, (5.4)
1 —cos? |2
2 <§2>

which includes the contribution of the negative magnetoresistance Rygr. The total
resistance change due to the interlayer exchange coupling parameters is characterised
by Ry = R(0) — R(Bsat). As discussed in Section 4.3, in order to fit Eq. 5.4 to
the experimental data, the equilibrium angles first need to be calculated, which is
done by numerically minimising the total free energy density per unit area given in
Eq. 2.47. The values of Jy, Jo, & are then found by optimising these parameters to
minimise Eq. 5.4. The parameters, M,, K., K,, Rxg and Ry were kept constant in
the minimisation, with the values of M,, K. obtained from the magnetometry data,
(see Table 4.1) and Rygr and Ry extracted from the experimental AR(uoH) curves,
as outlined in Section 5.4. The decision to not fit the anisotropy constants to the
experimental data was based on the magnetometry results which indicated that the
anisotropy in this system is small and therefore unlikely to significantly affect the fit.
Similarly, the saturation magnetisation, M, was not treated as a fitting parameter,
as it showed minimal variation across the sample series and the extracted values
were assumed to be reliable. In contrast, the bilinear coupling constant J; was
included as a fitting parameter in the magnetoresistance data, even though it was
not included in the fitting of the magnetometry data. This was possible because

good fits to the magnetoresistance data could be achieved when J; was included,
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whereas attempts to fit both J; and J; in the magnetometry data led to visually
poor fits and hence in the magnetometry data only .J, was fitted.

Before fitting the data it was necessary to establish suitable bounds for the .J;
and J, fitting parameters. As discussed in Section 4.3, this was done by producing
an errormap for combinations of J;, Jy within the range —3.16 x 10_3J/m2 < J1 <
3.16 x 1073J/m*, —3.16 x 1073J/m” < J, < 3.16 x 1073J/m”. The range of .J;, J
parameters chosen was based on the values of J; determined from the magnetometry
data (Section 4.3). For each combination of J; and J,, first Eq. 5.4 was fitted to
the AR(uoH) curve to extract the optimal value of &, with all other parameters
kept constant. The resulting AR(uoH ) curve for each combination of J;, J; and
the corresponding fitted &, value was then determined and the error between this
curve and the experimental data was found by performing a least squares fit.

Figure 5.7 shows the errormaps for samples with o, = 0.224, 1.120, 2.017, 3.137,
4.705 and 8.429nm, where the darker region the smaller the error. The upper and
lower bounds for the J;, Jy parameters were determined from these errormaps by
finding the range of J;, J, values, whose combination results in an error value
within 5% of the minimum error value. To extract the values of J; and J, from
the AR(uoH) curves Eq. 5.4 was fitted to the experimental data, using the method
outlined above. Figure 5.8 shows the fits to the experimental data for the samples
with tc, = 0.224, 1.120, 2.017, 3.137, 4.705 and 8.429nm.

The saturation field, By, is found from these fits by extracting the value at
which the change in gradient is observed. The fitted parameters, Jy, Jo, § and Bsgag,

as well as the extracted parameters, Ryr and Ry are summarised in Table 5.1.
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Figure 5.7: Errormaps showing the least-squares fitting error between simulated and
experimental magnetoresistance data as a function of the bilinear, J;, and biquadratic,
Jo interlayer exchange coupling constants. Each subplot corresponds to a different Cr
interlayer thickness: (a) tc, = 0.224nm, (b) tc; = 1.120nm, (¢) t¢y = 2.017nm, (d)
ter = 3.137nm, (e) tor = 4.705nm, and (f) tcy = 6.498 nm. Darker regions indicate lower
fitting error.
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Figure 5.8: Fits to the experimental magnetoresistance data for selected samples with
different Cr interlayer thicknesses. The extracted bilinear and biquadratic coupling
constants, J; and Jy are shown within each plot. The samples correspond to: (a) tc, =
0.224nm, (b) tc, = 1.120nm, (¢) tcy = 2.017nm, (d) tcy = 3.137nm, (e) tcy = 4.705nm,
and (f) tcy = 6.498 nm.
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tCr 'Jl 'J2 50 Bsat RNR RO
Sample name =
nm J/m? J/m? o T QT! m? §
221002 S
2 0.224 —3.73x107° —2.68 x 107 18 0 —3.40 x 1072 0.17 %.
4 0672 —131x10"* 139x 1073 85 046 —3.39x10~% 0.63 §
6 1.120 —1.61 x10™* 1.64 x 1073 83 0.54 —3.38x1073 0.53 N
8 1.568  6.50 x 1074 1.24 x 1073 103 0.54 —3.40 x 1073 1.2 g
10 2017 —214x107* 164 x 1073 84 053 —1.50x 1073 0.54 S
S
Q221101 3
=.
3 0.448 4.84 x 10~* 2.23 x 1073 76 029 —1.83x10~% 0.33 §
22 4.705 =794 x10% 351 x107° 28 0.011 —1.85x 1072 0.0035 §'
24 5154 —2.78 x 107° —2.00 x 10™® 0.003 0.003 —1.66 x 1073 0.11
Q221201
11 2241 —254x107* 1.64x 1073 80 052 —1.56 x 1073 1.1
13 2.689 231 x 107 1.04 x 1073 82 041 —1.63x 1073 1.1
15 3.137 1.69x 107° 6.11 x 1074 85 021 —1.61x1073 1.6
17 3.585 —5.19x 107> 2.06 x 10~* 74 0.062 —1.54 x 1073 1.8
27 5.826 —3.06 x 107* 2.00 x 107° 56 0.047 —7.54x107* 0.60
30 6.498 —1.26 x 107° 5.71 x 107° 70 0.019 —6.72x107° 0.025

Table 5.1: Overview of the extracted material parameters for CooMnSi (20nm)/Cr (tc;)/Co2MnSi (8nm) series measured at 7' = 300K. The
values of the interlayer exchange coupling constants, J; and Jy were obtained from fitting the Eq. 5.4 to the experimental AR(ugH) curves
and Rnxg and Ry were extracted from fitting a straight line to the AR(uoH) curves above saturation. Note that there are no extracted
material parameters for the two samples with tc, = 4.257nm as this sample was broken before the measurements were taken.
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The strength of the biquadratic coupling, J5, oscillates as a function of the Cr

2 at Ifcr =

interlayer thickness, with a peak in the strength, J, = -2.23x103J/m
0.448nm, as shown in Figure 5.9a. The trend of J, with increasing Cr interlayer
thickness is the same as the trend observed in the J; parameters extracted from the
magnetometry and ferromagnetic resonance experiments. However, the values of
Jo extracted from the magnetoresistance measurements are systematically smaller
in magnitude than those extracted from the magnetometry measurements. This
is most likely due to the fact that only the J; coupling term was fitted to the

magnetometry data, and therefore, when a contribution from .J; is included, the

extracted Jy values are smaller.
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Figure 5.9: Extracted material parameters as a function of chromium interlayer thickness,
tcr: (a) biquadratic coupling Ja, (b) bilinear coupling Jp, (¢) angle between magnetisations
at zero field, &y, and (d) saturation field Bg,. Data are shown for three sample wedges.

Figure 5.9b shows the extracted values of J; as a function of Cr interlayer
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thickness. The magnitude of the extracted values of J; are systematically smaller
than the magnitude of the extracted values of J,, implying that the interlayer
exchange coupling is dominated by the biquadratic coupling term. The small
magnitude of the extracted J; values also validates the decision to set J; = 0 in
the magnetometry fitting procedure. Furthermore, the extracted values of J; are
not all negative, the sign of J; oscillates as a function of Cr interlayer thickness
in the region ¢, = 0.448nm - 3.585nm, where the strength of J; is greatest. This
oscillation in the sign of J; further supports the conclusion that the interlayer
exchange coupling in this thickness range is governed by J5, since as discussed in
Section 2.2, biquadratic coupling dominates in regions where J; changes sign.

The unique insight that the magnetoresistance data provides into the nature
of the interlayer exchange coupling between the two CMS layers in the Co,MnSi
(20nm)/Cr (tcy)/CooMnSi (8nm) sample series, is via the parameter &, the angle
between the two magnetisations My, Ms, at zero field. As discussed in Section 2.2,
the angle & is determined by the dominant exchange coupling term. Figure 5.9c
shows the extracted values of & as a function of Cr interlayer thickness. From this
figure it can be seen that the value of &, lies within the range 60° < & < 100°
for samples with Cr interlayer thicknesses in the range t¢, = 0.448nm - 3.585nm.
This thickness range corresponds to the samples where J, dominates and hence
it is unsurprising that for these samples &, is close to 90°, since this is the angle
that is predicted for systems with dominant biquadratic coupling.

Figure 5.9d shows the values of the saturation field, B, as a function of Cr
interlayer thickness. The observed trend in B, correlates with the trend in Js,
which is also observed in the values of By, extracted from the magnetometry

and resonance data.



Ferromagnetic Resonance Characterisation

This chapter will present the experimental results from the ferromagnetic reso-
nance measurements carried out on the CooMnSi (20nm)/Cr (t¢,)/CoaMnSi (8nm)
sample series under study in this thesis. First, the method of stripline FMR will
be introduced, including a discussion of how the stripline dimensions influence
the strength of the measured signal. Next, the experimental procedure will be
presented, including the equipment used and the measurements performed. Then
the experimental results of the FMR characterisation will be discussed with an

explanation given of the fitting procedure used to extract the material parameters.

6.1 Stripline Ferromagnetic Resonance

In stripline FMR, the sample under investigation is placed face-down on the stripline,
before being placed in an electromagnet. The stripline typically consists of a thin
conductive transmission line, which is separated from the ground plane by two narrow
dielectric gaps, as shown in Figure 6.1a. A microwave current is passed through the
transmission line, generating a localised oscillating magnetic field perpendicular to
the microwave current direction. In the presence of an external magnetic field, this
transverse microwave field excites the precession of magnetic moments around the

external field direction. Resonance is achieved when the frequency of the generated
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Figure 6.1: (a) Schematic of the stripline geometry used for microwave excitation. An rf
current I+ flows through the central transmission line, generating an oscillating magnetic
field ﬁrf that is confined near the stripline. The transmission line is separated from
the two ground planes by narrow dielectric gaps. (b) Image of the stripline used in the
measurements, with the sample mounted and secured using Kapton tape. The Southwest
microwave end-launch connectors are attached to either end of the stripline, to provide
the microwave current.

microwave field matches the natural precession frequency of the magnetic moments
in the material. At resonance, significant energy is absorbed by the sample, resulting
in a characteristic dip in the microwave power transmitted through the stripline.
This response is typically measured using a Vector Network Analyser (VNA), which
also supplies the microwave current to the stripline.

The characteristics of the generated microwave field are strongly influenced
by the stripline design. The width of the central transmission line determines
both the spatial distribution and magnitude of the generated field, with narrower
transmission lines producing more localised, higher intensity fields, for a given
excitation current. This means that the magnetic field is more concentrated
within the sample, enhancing the sensitivity and the signal strength of the FMR
measurement. However, the strong localisation of the field from a narrow stripline
limits the probed area of the sample. To probe a larger area of the sample, a wider
transmission line is necessary, which produces a more uniform field over a larger
area but with a lower intensity as shown in Figure 6.2.

The spacing between the central transmission line and the ground planes also

influences the spatial distribution of the generated magnetic field. A smaller
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Figure 6.2: Simulated spatial distribution of the microwave magnetic field magnitude |B}|
generated by striplines of varying width, depicted by the grey rectangle. The colourmaps
show the field strength above the central transmission lines of width 50 um (left) and
100 pm (right), with identical current and thickness. For a given excitation current,
narrower striplines produce stronger and more localised fields, resulting in higher excitation
intensity directly above the conductor where the sample is typically placed. In contrast,
wider striplines generate weaker but more spatially uniform fields, for the same excitation
current.

gap increases the capacitive coupling between the ground plane and transmission
line, which alters the characteristic impedance. Although a smaller gap often
reduces the impedance, the exact relationship depends on the full geometry of the
transmission line. The impedance of the transmission line is also influenced by its
thickness. Therefore, in order to ensure efficient power transfer, the thickness of
the transmission line is typically chosen to ensure impedance matching with a
standard 50€2 line

The stripline used to explore the FMR behaviour of the CooMnSi (20nm)/Cr
(tcr)/CooMnSi (8nm) sample series is shown in Figure 6.1b. The central transmission
line has a width, wy = 100um and is separated from the ground planes by a dielectric
gap of width, wy = 60um. The stripline is then mounted on a copper block and
two Southwest Microwave end-launch connectors are attached to either end for
efficient coupling of the microwave signal. In all FMR measurements carried out
in this thesis, the edge of the sample was aligned parallel to the transmission line
and hence the angle 5 between the sample and the applied field also corresponds

to the angle between the stripline and the applied field. Furthermore, in the angle
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dependent FMR measurements, presented in Section 6.4, the angle 8 was varied by
rotating the stripline relative to the applied field direction, with the angle between
the sample and the stripline kept fixed.

6.2 Experimental Procedure

The FMR spectra of the sample series was characterised using the frequency-sweep
FMR method. In this method, the frequency is swept whilst the external field is
fixed at a constant value. The external field is then increased and another frequency
sweep is performed, allowing the relationship between the resonance frequency,
fres, and the external field, Be, to be determined.

In this thesis the frequency sweep measurements were performed using a
Rhode & Shwarz ZNL20 Vector Network Analyser. The VNA measures the
complex transmission and reflection coefficients of microwave signals, expressed
as scattering parameters, Sii, Sa9, S12 and S3;. The most relevant parameter for
FMR measurements, is Ss1, which characterises the amplitude and phase of the
transmitted microwave signal between port 1 and port 2 of the VNA i.e. along
the length of the transmission line. Changes in Sy correspond to changes in the
microwave absorption of the sample. As discussed in Section 6.1, the resonance
condition is associated with a dip in the Sy; parameter. Therefore, by measuring
So1 as a function of frequency at each external field value, the resonance frequency
can be identified as the point where the strongest absorption occurs. For each
external field value, the frequency was swept between 0-20GHz, in 4MHz steps.
To improve the signal-to-noise ratio, the in-built averaging function of the VNA
was used, with averaging set to 50.

The external field was was controlled by using a KEPCO BOP 100-10MG power
supply in constant current mode. As the magnet was not water-cooled, the maximum
power supplied to the coils had to be capped at 0.5kW to prevent overheating. This
limited the maximum field that could be generated in the electromagnet to 0.3T.
For each sample, the field was swept in the range 0T < B.y < 0.3T in intervals

of ImT. The sample was mounted on the stripline and secured using insulating
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Kapton tape to ensure good contact with the stripline throughout the measurement.
The stripline was then mounted onto a stage positioned directly in the centre of
an electromagnet and two flexible coaxial cables were fastened to the end launch
connectors to supply the microwave current to the stripline. A schematic diagram of

the experimental setup used is shown in Figure 6.3. For all samples in the CosMnSi
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Figure 6.3: Schematic of the FMR measurement setup. A vector network analyser
(VNA) is connected to a stripline to deliver and detect microwave signals. The sample is
placed on the stripline between the poles of an electromagnet, with the magnetic field
controlled by a power supply operating in constant current mode.

(20nm)/Cr (tcy)/CooMnSi (8nm) series, the FMR spectrum was measured for the
case where the external field is applied in-plane, parallel to the current direction,
Oy = 0°. However, for four of the samples with tc, = 2.017, 2.2410, 2.689 and
3.137nm, the angular dependence of the FMR spectra was also investigated. For
these samples, the angle between the external field and the stripline was varied

between 0y = 0 - 90°, in 15° intervals. The angle between the stripline and the
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sample remained constant, and hence the angle between the applied field and the
sample edge was also 0. For each angle, 0y, the FMR spectrum was measured.

The experimental data from these measurements will now be presented.

6.3 Experimental Results

Figures 6.4a & 6.4b show the measured FMR spectra, for the sample with tc, =
1.120nm, where the intensity of each pixel represents the real part of the normalised
So1 parameter (Figures 6.4a) and the imaginary part of the normalised Sy, parameter

(Figures 6.4b). This normalisation was performed using the following equation,

_ Sa(f, B) = (Sa(f))s
SQl,norm(f? B) - <521 (f)>B ’

where (S21(f))p represents the background spectrum, which is calculated by

(6.1)

averaging the measured Sy; value across all applied field values, for each frequency

point. To aid visualization of the FMR spectra, the colour maps of the derivative of

6321,rea1 8521,imag
o and —5

in Figs. 6.4c & 6.4d, respectively. Representing the data in this way makes it easier

the real and imaginary parts of the Sy; parameter, , are shown
to identify the resonance frequencies, f.es, as they correspond to the regions where
the derivative is a minimum, or where the derivative crosses zero, for the real and
imaginary parts of the differentiated Sy; parameter, respectively.

In order to analyse the FMR spectra of the sample series, the values of f,c
for each external field value, B. had to be extracted from the experimental data.
This was done using the derivative of the real part of the Sy parameter, ngeal.
For each field value, the frequency corresponding the the minimum value of Sgueal
was extracted. The resulting fres(poH) curves for the samples with tc, = 0.224,
1.120, 2.017, 3.137, 4.705 and 6.498nm are shown in Figure 6.5, where they are
overlaid on top of the colour map to highlight how well the extracted f..s values
match the measured resonances.

As discussed in Section 2.3.3, it expected that the FMR spectra of exchange
coupled trilayers will contain excitations from both the acoustic and optic mode.

From Figure 6.5 it is evident that, within the measured field range, both modes are
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Figure 6.4: Colourmaps showing the measured S; parameter as a function of frequency
and applied magnetic field for the sample with tc; = 1.120nm. The colour intensity
represents the magnitude of the So; parameter. The four panels correspond to: (a) real
part of So1, (b) imaginary part of Sa1, (¢) derivative of the real part, and (d) derivative
of the imaginary part.

excited for certain Cr interlayer thicknesses. In particular, this behaviour is observed
in the samples with t¢, = 2.017 (Figure 6.5¢), 2.241, 2.689 and 3.137nm, where the
extracted fres(poH) curves for tc, = 2.017nm, 3.137nm are shown in Figure 6.5¢
& 6.5d, respectively. However, for the majority of samples in the Co,MnSi
(20nm)/Cr (tcy)/Co2MnSi (8nm) series, only one of the modes is observable in
the measured FMR spectra. Therefore, before proceeding with the analysis of
the fres(poH ) curves, it is first necessary to identify which of the two modes this
observed resonant mode corresponds to.

To identify the observed mode, the coupling strength between each mode
and the stripline was calculated for various combinations of J; and Js, following

the procedure outlined in Section 2.3.3. For a given combination of J; and J,



6. Ferromagnetic Resonance Characterisation 138

20.0 2e-04 20.0 2e-04
17.5 le-04 17.5 le-04
15.0 le-04 15.0 le-04

3 ]

© 12,5 5e-05 ~ {5 12.5 5e-05 —

g > g =}

> - > :
9'10.0 0e+00&  T'10.0 0e+00 &
g 3 g 2
& 75 Se-05" & 7.5 -5e-05
i =
5.0 -le-04 5.0 -le-04
2.5 -2e-04 2.5 -2e-04
: . : -2e-04 - T T T -2e-04
0.1 0.2 0.3 0.1 0.2 0.3
Applied Field uoH (T) Applied Field uoH (T)
(a) (b)
2e-04
8e-05
le-04
6e-05
46-05 le-04

3 3

e 2e-05 ~ © 5e-05

> 25 3

5 0e+00 & § 0e+00 &

;T 2e-05 W ;;J -5e-05 %

w [

-4e-05 le-04
-6e-05
-2e-04
-8e-05
g g g = T T T -2e-04
0.1 0.2 0.3 0.1 0.2 0.3
Applied Field poH (T) Applied Field poH (T)
(c) (d)
20.0 = 2e-04 200 2e-04
17548 | F1e04 175 le-04
15.0 _____F le-04 15.0 1le-04

N ; — . = N

G125 sl 505 — 5125 5e-05

= 3 = s T S

> - > :

2100 f 0e+008  £10.0 - 0e+00 8

g I g = s

3 ) 2 )

s 715 s -5e-05 & 75 -5e-05

& i
5.0 - -le-04 5.0 -le-04
2.5 -2e-04 2.5% -2e-04

- : . -2e-04 : " " -2e-04
0.1 0.2 0.3 0.1 0.2 0.3
Applied Field uoH (T) Applied Field uoH (T)

(e) (f)

Figure 6.5: Colourmap of the derivative of the imaginary part of the Sy; parameter as
a function of frequency and applied magnetic field. The overlaid blue points show the
extracted resonance positions. Subplots correspond to: (a) tcy = 0.224nm, (b) 1.120 nm,
(c) 2.017nm, (d) 3.137nm, (e) 4.705nm, and (f) 6.498 nm.
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Figure 6.6: (a) Normalised coupling strength of the acoustic and optical modes as a
function of applied magnetic field poH for J; = —1x107°J/m? and Jo = —1x1073 J/m?2.
The angle between the stripline and the applied field direction is 0°. (b) Critical field
B.it at which the coupling strength of the optic mode exceeds that of the acoustic mode
as a function of —log;((J2).

the coupling strength of each mode varies as a function of the applied external
field. This variation is illustrated in Figure 6.6a for the example case of J; =
1x10° J/m? and J, = 1x10° J/m? At low fields, the acoustic mode exhibits
stronger coupling to the stripline than the optic mode. However, above a certain
critical field, Bey = poHeit, the relative coupling strengths invert, and the optic
mode becomes more strongly coupled.

The value of this critical field, B, where the coupling strength of the optic
mode exceeds that of the acoustic mode, varies with the strength of the biquadratic
coupling constant J,. Figure 6.6b shows the variation of B, as a function of
Jo, with Jy plotted on a logarithmic scale for clarity. In these calculations of the
coupling strength, J; was held constant, since as discussed in Chapters 4 & 5, the
biquadratic coupling term is the dominant interlayer exchange coupling mechanism
in this sample series. Therefore, the value of J; plays a negligible role in determining
the magnetisation dynamics. Note that all values of J, were taken to be negative,
since the results from both the magnetometry and magnetoresistance data indicate
that J; is negative in this sample series.

Analysis of Figure 6.6b reveals that for values of —log(Js) < -4.1 J/m? (J,
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< -7.9x10° J/m?), the optic mode dominates at all fields greater than 10mT,
whereas for —log(Jy) > -2.7 J/m? (J, > -2.00x10® J/m?), the acoustic mode
dominates for all fields below 0.3T. Using this observation along with the average
values of J, extracted from the magnetometry and magnetoresistance data given
in Tables 4.1 & 5.1, respectively, it is possible to identify the observed mode in
the FMR spectrum of each sample.

For samples with to, = 0.224, 4.705, 5.154 and 6.498nm, J, < -7.9x10° J/m?,
indicating the observed mode in the FMR spectra is the optic mode. Additionally,
for samples with ¢, = 3.585 and 5.826, the calculated critical field values are By =
0.027 and 0.03T, respectively, and therefore, since only one mode is clearly observed
in the FMR spectra of these samples it is assumed to be the optic mode.

For all other samples, both modes are theoretically expected to be observable
within the measured field range (B = 0-0.3 T). However, two distinct modes
are only observed in the experimental FMR spectra for samples with ¢, = 2.017,
2.2410, 2.689 and 3.137nm. For the remaining samples with tc, = 0.448, 0.672,
1.120 and 1.568nm, it is assumed only the acoustic mode was observed. This
assumption was made based on the fact that for these samples the values of J,
extracted from the magnetometry and magnetoresistance measurements indicate
that Jo > -1x103J/m™? and from Figure 6.6b it can be seen that for this range of
Jo the strength of the acoustic mode dominates, since B > 0.15T in this case.
Therefore, since one continuous mode was observed in the FMR spectra for these
samples it was assumed to be the acoustic mode as the coupling strength of the

acoustic mode dominates over the field range studied for J, > -1x1073J/m™.

Fitting the experimental data

The interlayer exchange parameters, J;, Jo as well as the anisotropy constants,
K., K,, the saturation magnetisation My and the gyromagnetic ratio v were all
extracted by fitting Eq. 2.87 to the experimental data. However, as discussed in

Chapter 5, appropriate bounds for these parameters first had to be determined.
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For the interlayer exchange constants, the upper and lower bounds were de-
termined using the errormap method discussed in Section 4.3 & 5.4. For each
combination of J; and J, in the range —1x1072J/m*> < J; < 1x1072J/m’

—1><10*2J/m2 < Jy < 1><10’2J/m2, the saturation magnetisation was extracted

by fitting Eq. 2.87,
w)’ a a0\’
2 0 0
04 =1 = 6.2
res (’y) 2 <2> o (6.2)

to the data, where ay and ¢y are defined in Section 2.3.3. The error between the
resulting fres(poH) curve and the experimental data for each J;, Jo combination
was then calculated by performing a least-squares fit. The values of the anisotropy
constants and v were not fitted in this process, but instead for each sample, the
anisotropy constants extracted from the magnetometry experiments were used
and the gyromagnetic ratio was set to 7 = 28GHz/T. The justification for only
fitting M, for each of the Jy, Jy contributions was that the value of M, has a
much more significant impact on the fit, since it sets the gradient of the curve
for fields above saturation.

Figure 6.7 shows the resulting errormaps for the six samples, with t¢, = 0.224,
1.120, 2.017, 3.137, 4.705 and 6.498nm. Darker regions correspond to areas of lowest
error and hence indicate the best fit between model and experimental data. As seen
in the errormaps produced in the fitting of the magnetometry and magnetoresistance
data, for the majority of samples, the dark region is confined to a narrow range
of Jy values. However, for the sample with ¢, = 1.120nm (Figure 6.7b), the dark
region is much broader, indicating that the errormap method is not suitable for
determining bounds for this sample. The most likely reason is that, for this sample,
the maximum field measured was well below the sample’s saturation field, making
it difficult to accurately fit the FMR data as the model cannot uniquely constrain
J1 and Jy parameters below saturation. This behaviour was also observed in other
samples with ¢, = 0.448, 0.672 and 1.568nm that have saturation fields well above
300mT. For these samples, the bounds for J; and J; were instead set using the

values extracted from the other two measurements, by calculating the average values
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Figure 6.7: Errormaps showing the least-squares fitting error between simulated and
experimental FMR, data as a function of the bilinear, J;, and biquadratic, Jo interlayer
exchange coupling constants. FEach subplot corresponds to a different Cr interlayer
thickness: (a) tcy = 0.224nm, (b) tcy = 1.120nm, (c) tey = 2.017nm, (d) tey = 3.137 nm,
(e) tcy = 4.705nm, and (f) tc; = 6.498 nm. Darker regions indicate lower fitting error.
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of J; and J; and defining the bounds as J;+ |J;|/2 and Jo+ |J2|/2. However, for
all other samples where the maximum field measured was close to the saturation
field, the bounds were extracted directly from the colour maps by identifying the
combinations of J; and J; that minimise the error, and using this range as the
upper and lower bounds for the J; and .J, parameters.

The range of M, values obtained from the magnetometry data, summarised in
Table 4.1 were used as the bounds for the M, fitting parameter hence the upper
and lower bounds used were 990 kA/m < M, < 1100 kA/m. For the anisotropy
constants, the range of values extracted from the magnetometry data for the
cubic anisotropy constant were used to inform the upper and lower bounds of K.,
but a wider range was used, since constraining the K, fitting parameters to the
ranges found in the magnetometry experiments did not give visually good fits.
In addition to the cubic anisotropy, uniaxial anisotropy was also investigated in
the FMR measurements. The the upper and lower bounds used for K. and K,
fitting parameters were, 3000 J/m® < K, < 8000 J/m® and 500 J/m® < K, <
3000 J /m3, respectively. The motivation for including the uniaxial anisotropy
in the fitting was to investigate the relationship between the cubic and uniaxial
contributions, to determine which term is dominant. FMR was particularly suited
to this analysis, as angular-dependent measurements were performed, allowing
anisotropy to be probed as a function of the angle between the sample and the applied
field. Since uniaxial anisotropy is defined relative to a specific crystallographic
axis, its contribution is more clearly resolved when measurements are performed at
multiple field orientations, making angular-dependent FMR especially effective for
separating overlapping anisotropy terms. The upper and lower bounds used for the
fitting parameter v were 26.9 GHz/T < vy < 29 GHz/T, which were based on the
range of values of v reported for CooMnSi in the literature [154, 191, 192].

Once the appropriate bounds had been determined for all the fitting parameters,
Eq. 6.2 was used to fit the experimental data and extract the material parameters.
Eq. 6.2 describes both the acoustic and optic modes of the system, however since

only one mode is observed in the measured FMR spectra for the majority of samples,
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it was important to ensure the correct mode was fitted to each sample. For samples
where both the acoustic and optic mode were observed, the acoustic mode was
fitted to data in the low-field region, while the optical mode was fitted at higher
fields, since the resonance frequencies of the optic mode are higher than those of
the acoustic mode. The field at which the dominant mode transitions was identified
by a distinct change in the slope of the frequency-field dependence, as illustrated in
Figure 6.5c and 6.5d. The equilibrium angles, ¢, ¢o were calculated by minimising
the total free energy, given in Eq. 2.47 and the values of J;, J5, K., K,, M, and
~v were then optimised to minimise Eq. 6.2.

Figure 6.8 shows the fits to the experimental data for samples with tc, =
0.224, 1.120, 2.017, 3.137, 4.705 and 6.498nm. For the samples where two modes
were fitted, the solid line corresponds to the acoustic mode, while the dashed line
represents the optic mode. The frequency gap between the two modes arises from
the different layer thicknesses of the two Co,MnSi layers; for Co,MnSi layers of
the same thickness no gap is observed in the fies(poH) curves simulated using
Eq 6.2. The saturation field B, was calculated using the equilibrium angles, ¢y,
@2, by finding the field where the two angles are equal i.e. the field at which the
magnetisations, My, M, are aligned. The values of the fitted parameters, J;, Js,

K., K., M,, v and Bg, are summarised in Table 6.1.
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Figure 6.8: Fits to the experimental FMR data for: (a) tc; = 0.224nm, (b) tcy = 1.120nm,
(c) tey = 2.017nm, (d) tey = 3.137nm, (e) tcy = 4.705nm, and (f) tc, = 6.498nm. The
acoustic mode was fitted for ¢, = 1.120nm, the optic mode for tc, = 0.224, 4.705 and
6.498nm and both acoustic and optic modes were fitted for ¢, = 2.017 and 3.137nm. In

the case where two modes were fitted to the data, one of the modes is plotted as a dashed
line.



tCr ’Jl 'J2 Kc Ku Ms v Bsat
Sample name
nm J/m? J/m? J/m* J/m* kA/m GHz/T T

Q221002
2 0.224 6.03x10°% 9.80x10°¢ 4056 1280 993 27.99  0.004
4 0.672 1.13x10* 1.55x103 6764 2342 990 27.65  0.568
6 1.120 1.57x10* 1.50x10% 6767 1797 1004  27.75  0.549
8 1.568 6.49x10* 1.23x103 3027 519 1011 28.40 0.536
10 2.017 5.67x10* 1.02x10° 7839 635 1063 28.01  0.429

Q221101
3 0.448 -6.03x10° 1.69x10° 7958 2932 1070 28.74  0.541
20 4.257 3.73x10° 5.88x10° 3587 1402 1040 28.51  0.021
22 4705 2.69x10° 3.14x10° 3583 1279 1000 28.93  0.006
24 5.154 -1.38x107° 4.78x10° 5841 646 1058 28.21  0.009

Q221201
11 2.241 6.83x10"*  7.61x10% 7930 2964 1084  28.95 0.355
13 2.689 -8.60x10% 1.18x10° 7930 2998 1087  27.68 0.241
15 3.137 -1.65x10"* 4.25x10%* 3008 3000 1079 28.06 0.111
17 3.585 1.27x10° 1.17x10* 5335 3000 996 29.00  0.040
27 5.826 5.66x10° 4.80x10° 6819 2786 1077  28.22  0.012
30 6.498 -2.41x10° 5.62x10° 7587 2318 1075 28.03  0.010

UOLIDSILITODADY ) OUDUOSIY O?lQUﬁDWOJJQj 9

Table 6.1: Overview of the extracted material parameters for CoaMnSi (20nm)/Cr (tcy)/Co2MnSi (8nm) series measured at 7' = 300K.
The values of the interlayer exchange coupling constants, Ji, Jo, the anisotropy constants, K., K, the saturation magnetisation, My and
the gyromagnetic ratio, v were all obtained by fitting Eq. 6.2 to the experimental data. The value of Bgyy for each sample, was extracted by
finding the applied field value where the equilibrium angles, ¢; and ¢ are equal.

Irr
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Figure 6.9a shows that the saturation magnetisation, M, does not vary signifi-
cantly as a function of Cr interlayer thickness. This is consistent with the values of
M, obtained from the magnetometry measurements (see Figure 4.4b) and supports
the conclusion that the differences in the observed magnetisation behaviour are not
due to magnetisation losses with the samples. Furthermore, the value of v exhibits
little variation across the range of Cr interlayer thicknesses investigated, as shown in
Figure 6.9b.The extracted value of  ranges from 27.65 GHz/T < v < 28.95 GHz/T,
corresponding to a Landé g-factor in the range 1.98 < g < 2.07, close to the free
electron value g = 2. The small variation in the extracted values of 7 is most likely
due to uncertainties in the fitting procedure, as no trend is observed between v and
the Cr interlayer thickness. Since 7 is an intrinsic property of the ferromagnetic
material, any significant change in the magnetic characteristics of the CMS layers
would be expected to produce much larger deviations in 7. The absence of such
large deviations provides further evidence that the observed variations in the FMR
spectra do not arise from drastic differences in the CMS layer.

The extracted values of the anisotropy constants, K. and K, are shown as a
function of Cr interlayer thickness in Figure 6.9c. For the majority of samples
the cubic anisotropy constant is found to be 2 - 4 times greater than the uniaxial
anisotropy constant, indicating that cubic anisotropy is the dominant form of
anisotropy in this system, which supports the assumption made in the magnetometry
analysis, where only the cubic anisotropy was included in the fitting. The magnitudes
of both the cubic and uniaxial anisotropy constants extracted from the FMR
data are systematically larger than the values of these constants extracted from
the magnetometry data. One possible explanation for this is that the sample
mounting during the FMR measurements introduced additional strain, as the
samples were firmly fixed onto the stripline to ensure good contact. However,
such firm mounting can induce mechanical strain, which has been shown to affect
the measured anisotropy constants [193].

Figure 6.9e shows the strength of the biquadratic coupling constant, J,, varies

as a function of Cr interlayer thickness, with a peak in the coupling strength
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Figure 6.9: Extracted material parameters as a function of chromium interlayer thickness,
tcy: (a) saturation magnetisation Mg, (b) gyromagnetic ration -, (c¢) anisotropy constants
K. and K, (d) bilinear coupling Jp,(e) biquadratic coupling Jy and (f) saturation field
Bgat- Data are shown for three sample wedges
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Jo = 1.68x103 J/m? observed for tc, = 0.448nm. This correlates with the
magnetoresistance data, where the peak in the J; coupling strength was also
observed at this thickness of the Cr interlayer. The overall trend of the biquadratic
coupling constant is the same as that observed in both the magnetometry and
magnetoresistance data, however, a secondary smaller peak at tc, = 5.826nm is
not observed in the J; values extracted from the FMR data. The magnitude of
the extracted values of Jy are systematically greater than the magnitude of the
bilinear coupling constant, J;. Furthermore, the sign of J; varies as a function of
Cr interlayer thickness, as shown in Figure 6.9d. This is again consistent with the
magnetoresistance data, which confirms that biquadratic coupling is the dominant
coupling mechanism in this system. The extracted values of the saturation field,
Bg.t, as a function of Cr interlayer thickness, are shown in Figure 6.9f. However,
for most of the samples, the extracted value of By, was outside the field range
studied, and hence larger errors are expected on these values.

Note that damping was not included in the fitting due to the difficulty in
accurately extracting the linewidths of the resonance peaks. In many cases, the
amplitude of the FMR signal was low, making it challenging to reliably determine
the full width at half maximum of the peaks. As a result, only the resonance field

positions could be confidently identified and used in the fitting procedure.

6.4 Angular FMR Data

The angular dependence of the FMR spectra was measured for the four samples,
where both the acoustic and optic mode were observed in the applied field range:
ter = 2.017, 2.2410, 2.689 and 3.137. Figure 6.10 shows the angular dependence
of the measured FMR spectra for the sample with tc, = 2.241nm. In each of
the six subfigures, the FMR spectrum is presented for a different value of 0y in
the range, 15° < 6y < 90°, where 0y is defined as the angle between the
sample (and stripline) and the applied field.

From Figure 6.10 it is clear that both the acoustic and optic mode are being

excited. However, as the angle 0y increases from 15° to 90°, the intensity of
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Figure 6.10: Angular dependence of the measured FMR spectra for the sample with
tcr = 2.241nm, as a function of the angle 0 between the sample edge (and stripline)
and the applied magnetic field. Each subfigure (a—f) corresponds to a different 0 in the
range 15° < 8y < 90°: (a) 15°, (b) 30°, (c) 45°, (d) 60°, (e) 75°, and (f) 90°. The vertical
dashed lines indicate the region 0.19 T < Bey < 0.21T.
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the two modes decreases, with the two modes being barely visible in the FMR
spectrum for 6y = 90°.

This observation indicates that the efficiency with which the stripline excites
the dynamic magnetisation strongly depends on the orientation of the applied
field. Figure 6.11 shows the calculated coupling strength between the stripline and
each of the two modes for the sample tc, = 2.241nm at B = 0.2 T, which was
determined using the model for the coupling strength presented in Section 2.3.3.
The model predicts that the coupling strength of both of the modes decreases
as Oy increases. This trend is clearly observed in the experimental FMR spectra
presented in Figure 6.10, where the region around to Be = 0.2 T, highlighted by a
dashed box, reveals a systematic reduction in the intensity of the two modes as 0y
increases. This good qualitative agreement between theory and experiment indicates
that the excitation efficiency is governed primarily by the geometrical projection
of the microwave field onto the dynamic components of the magnetisation. The
FMR spectra for the other three samples are not presented here, however a similar
reduction in the coupling strength was observed as the angle 65 was increased.

For each of the four samples, the Kittel curves were extracted for each value
of fy using the same method as outlined in Section 6.3. The extracted curves for
the sample with tc, = 2.241nm are shown in Figure 6.12, for the seven different
values of #y that were investigated. A clear frequency shift in the Kittel curve is
observed, confirming the presence of anisotropy in the system.

In order to characterise the magnetic anisotropy, the angular dependence of
the resonance field, B..s = poHyes, was investigated at a fixed frequency. This
analysis was performed using the optic mode, as the resonance fields of this mode
occur at higher applied fields, making it more reliable and better suited for fitting
due to its closer proximity to the saturation field. For each sample, the resonance
field was extracted from the Kittel curve at a frequency of f,s = 19.2 GHz, as a
function of the field angle . The angular dependence of these resonance fields
was then fitted to extract the anisotropy constants K. and K,, as well as the

angle of the uniaxial anisotropy axis, 6,.
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Figure 6.11: Calculated normalised coupling strength between the stripline and the
acoustic (blue) and optic (orange) modes as a function of the angle 0 between the stripline
and the applied magnetic field, for the sample with tg, = 2.241nm. The calculation is
performed at a fixed external field of Beyy = 0.2 T using the theoretical model described
in Section 2.3.3. The coupling strength of both modes decreases with increasing 0, with
the optic mode consistently exhibiting a greater coupling strength than the acoustic mode.

The fit was carried out by first numerically minimising the total free energy per
unit area of the system (Eq 2.47) to determine the equilibrium angles of the layer
magnetisations, My, M, for each field value. The values of K., K, and 6,, along
with the interlayer exchange coupling constants J; and J; were then optimised
to minimise the error between experimentally measured values of B,.s and those
calculated using Eq 2.87, for all values of 0y for a given resonance frequency, fes-
The fits to the data are shown in Figure 6.13 and the values of K., K,, 0,, J; and
Jo extracted from the fits for all samples are summarised in Table 6.2.

Figure 6.13 shows that the resonance field, B,, is angular dependent across all
samples. For all samples, a peak in B, is observed in the range 45° < 65 < 60°,
with the magnitude of B, decreasing to a minimum at g = 0° and 90°. This
implies that cubic anisotropy is the dominant anisotropy in the system, since cubic
anisotropy has a period of 180°. This is also confirmed by the relative magnitudes

of the extracted anisotropy constants; K. is systematically greater than K, which
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Figure 6.12: Extracted Kittel curves for the sample with tc, = 2.241nm, plotted for
seven different values of the angle 8y between the stripline and the applied magnetic
field. The frequency shift of both the acoustic and optic modes with varying 0y reflects
the anisotropic nature of the system. These curves were obtained using the method
described in Section 6.3, and show a systematic evolution in the resonance field as 6y
increases, confirming the angular dependence of the magnetic anisotropy. The frequency
discontinuity observed at low fields for 8 = 75° arises from noise in the data, which
made reliable extraction of the Kittel curve difficult in this region.

is consistent with the trend observed in the parameters extracted from the FMR
spectra with g = 0°. The values given in Table 6.2 show that the fitted value of
K. is consistent across all samples, indicating that the intrinsic cubic anisotropy
of the Co,MnSi is preserved across all samples. On the other hand, the values of
K, and 6, vary more significantly with across the studied samples, implying that
that uniaxial anisotropy is more sensitive to the Cr interlayer thickness. The value
of K, exhibits a general decrease with increasing Cr thickness. This trend may
be attributed to a weakening of interfacial strain in the samples with thicker Cr
interlayers. Furthermore, the value of the uniaxial anisotropy axis angle, 6,, also
varies significantly with Cr interlayer thickness, which implies that the easy-axis
of the uniaxial anisotropy is not linked to a specific crystallographic direction,

which could also be linked to differences in the interfacial strain or roughness
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Figure 6.13: Angular dependence of the resonance field Brs = poHres at a fixed
frequency of fies = 19.2 GHz for four samples with varying Cr interlayer thicknesses:
(a) tcy = 2.017nm, (b) tcy = 2.241nm, (¢) to, = 2.689nm, and (d) tcy = 3.137nm. The
resonance fields were extracted from the fitted Kittel curves using the optic mode. A
pronounced angular dependence is observed in all samples, with B,es peaking in the range
45° < 0 < 60° and reaching minima at 0 = 0° and 90°, which is indicative of dominant
cubic anisotropy in the system.

between the CooMnSi and Cr layers.

Overall, the fitted values of the interlayer exchange coupling constants J; and Js
are in good agreement with those obtained from fits to the FMR spectra measured at
O = 0°, as listed in Table 6.1. The biggest deviation from the parameters extracted
from the two measurements is for the sample with ¢, = 2.689nm, where the interlayer
exchange coupling constants J; and J, obtained from the angular dependence fit
are significantly smaller than those extracted from the single FMR spectrum at

Oy = 0°. However, as shown in Figure 6.9e, the value of J, obtained from the
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ZfCr 'Jl 'J2 Kc Ku eu
Sample name
nm J/m? J/m?*  J/m?® J/m?® deg®
10 2.017 4.03x10* 1.03x103 7850 1130 25.8
11 2.241 -4.44x10* 6.67x10* 8770 2980 21.8
13 2.689 1.89x10* 8.48x10% 8150 751  39.4
15 3.137 2.43x10*  3.40x10* 6440 655 86.23

Table 6.2: Overview of the material parameters extracted from the rotational FMR
measurements for the four samples with tc, = 2.017nm, 2.241nm, 2.689nm, and 3.137nm.
The values of the interlayer exchange coupling constants Ji, Jo as well as the anisotropy
constants K., K, and the angles of the uniaxial anisotropy direction, #,, were extracted
from fitting the values of Bies as a function of 0.

Oy = 0° measurement for this sample appears to be an outlier relative to the trend

observed across other samples. Therefore, the lower values of J; and J, obtained

from the angular dependence fit are considered to be more physically reasonable

and representative of the true interlayer exchange coupling strength of this sample.



Conclusion

In conclusion, biquadratic exchange coupling was found to be the dominant interlayer
exchange coupling term in the CooMnSi (20nm)/Cr (t¢,)/Co2MnSi (8nm) exchange
coupled trilayers, studied in this thesis. This was confirmed by all three of the
characterisation techniques used to investigate the static and dynamic magnetisation
of the Heusler-based ECT. The biquadratic coupling strength varies as a function of
Cr interlayer thickness, with the same trend in J; as a function of #¢, observed in
the results from all three measurement techniques, as can be seen in Figure 7.1. The
biquadratic coupling strength peaks in range t¢, = 0.448 - 1.120nm, falling close
to zero for to, = 4.257 - 5.154nm, with a smaller secondary peak in J; observed
at to, = 5.826nm. The large variation in J, observed over a small range of t¢,
highlights the high level of tunability within the system; by changing the thickness
of the Cr interlayer by approximately 3nm, it is possible to completely change
the magnetisation behaviour of the system.

Results from the characterisation of the static magnetisation, using magnetom-
etry, revealed that the magnetisation of the system is highly dependent on the
strength of the biquadratic coupling constant. For samples with large values of
Jo, large saturation fields and highly rounded magnetisation loops were observed,
indicating that the magnetisation in the two layers rotates slowly with increasing

applied field. This leads to a large range of magnetisation states, allowing precise
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Figure 7.1: The value of the biquadratic coupling constant Jo extracted using each of
the three characterisation techniques: magnetometery (blue), magnetoresistance (purple)
and ferromagnetic resonance (green). The extracted values of Jo from each of the three
characterisation techniques all exhibit the same overall trend: a pronounced peak in Jo at
intermediate Cr thicknesses in the range to,. = 0.448 - 1.120nm followed by a decrease to
zero for Cr interlayer thicknesses in the range to, = 4.257 - 5.154nm. This agreement across
three independent techniques demonstrates the robustness of the extracted coupling values
and confirms the presence of strong biquadratic coupling within the CopMnSi (20nm)/Cr
(tcr)/Co2MnSi (8nm) system across a range of Cr interlayer thicknesses.

magnetisation selection over a large field range. Furthermore, investigations of
the remnant magnetisation at Be = dmT, confirmed biquadratic coupling as the
dominant coupling mechanism, as the ratio of the remanent magnetisation to the
saturation magnetisation was close to the expected value for pure 90° biquadratic
coupling over a large range of tq,.

This finding was further confirmed by the magnetoresistance measurements,
where angle between the layer magnetisations at zero field, &), was found to be
close to 90° over the same range of t,.. The magnetoresistance measurements

also confirmed the role the biquadratic coupling strength plays in determining
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how the resistance varies as a function of the applied magnetic field. As with the
magnetometery measurements, the magnetoresistance confirmed that the coherent
rotation of the layer magnetisations as a function of the applied field. The greater
the strength of the J,, the slower the magnetisation directions rotate to align
with the field, leading to greater saturation fields and a range of intermediate
magnetisation states. Furthermore, the negative magnetoresistance observed across
all samples, confirmed the transition from a high resistance state at zero field to a
lower resistance state at saturation, highlighting the reduction in spin dependent
scattering as the magnetisation directions rotate to align parallel to the applied field.

The dynamic magnetisation was also investigated using ferromagnetic resonance
techniques. Again, the strength of the biquadratic coupling was found to play
a key role in determining the dynamic magnetisation properties of the sample
system. Firstly, it was found that the strength of the biquadratic coupling is key
in determining the FMR mode that is dominantly excited, making mode selection
possible by engineering the Cr interlayer thickness to produce the desired value
of Jy. Secondly, the strength of the biquadratic coupling was found to influence
the relationship between the fis(poH) curves, in particular, the frequency gap
between the two excited modes. By controlling the value of J, it is possible to
control not only the dominant excited mode, but also the frequency gap between
the two modes for any given applied field range. Finally, results from the angular
dependent measurements, showed that the relative coupling strength of the two
excited modes can be controlled by varying the angle between the applied field
and the stripline. This could provide a method for controlling the dominant
excited mode within the same sample, providing a method to easily switch between
the two modes. Furthermore, the FMR results also revealed that the excitation
frequencies of CooMnSi (20nm)/Cr (t¢,)/CoaMnSi (8nm) exchange coupled trilayer
are within the GHz range, making this system suitable for the development of
CMOS compatible Magnonic devices.

Having characterised the relationship between the biquadratic coupling and

the thickness of the Cr interlayer, future work can now focus on developing
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CoyMnSi/Cr/CosMnSi exchange coupled trilayers for use in magnonic devices.
One possible avenue is a comprehensive study into the magnetic damping in this
exchange coupled trilayer, as low damping is essential for long-range spin-wave
propagation in practical devices. This could be achieved by patterning coplanar
waveguides onto the samples to enable FMR-based or BLS-based characterisation
of the damping properties. Such patterning would also allow the investigation of
finite wavevector (k # 0) spin-waves, thereby enabling the full spin-wave dispersion
and propagation dynamics to be studied. Additionally, it would also be interesting
to explore how surface acoustic waves (SAWs) could be used to excite spin-waves
in Co,MnSi/Cr/CosMnSi ECTs, which would require a piezoelectric layer to be
grown on top of the ECT and then interdigital transducers to be patterned on the
surface to allow the SAWs to be generated. The experimental characterisation of the
resonance frequencies of the system presented in this thesis provides the necessary
groundwork for the design of an optimal SAW-based spin-wave excitation scheme.

Characterising the full spin-wave dispersion is a key requirement for designing
functional magnonic devices. Notably, the demonstrated ability to selectively excite
two distinct modes offers a promising pathway toward more complex computing
architectures. For instance, mode-selective excitation could enable parallel magnonic
processing, where different logic operations are performed simultaneously using
separate spin-wave modes within the same sample [70]. Additionally, the concept
of multi-level magnonic logic, where information in the individual spin-wave modes,
could significantly enhance information density and enable more efficient logic
operations [82]. Finally, the observed ability to switch between modes by tuning the
angle between the applied field and the stripline, opens the door to polarisation-based
magnonic logic [102]. Such concepts have yet to be experimentally demonstrated
in exchange coupled trilayers, and this work provides the foundational dynamic

magnetisation characterisation, necessary for realising such devices.
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