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Abstract

Highly spirpolarised méerials show great promise in applied spintronias spiAfilters andspin
transfer torguemagnetic randorraccess memorgevices fordata storageHowever, controllable
magnetisation switching requires materials wighlow Gilbert damping parameterand stable
magnetic properties at room temperaturdwo highly spirpolarised magnetic materialaith

critical temperatures well above room temperatusge characterised using a series of structural
and magnetic analysis techniques. Correlation between the magnetic damping and microstructure
is observed in both &, and @,FeAl;sSy5 samples and both are seen to improve structurally
and show more favourable damping parameters vatinealing.

Annealing F¢0, in CO/CQis shown to reduce the antiphase boundary density and decrease the
two-magnon scatteringdike extrinsic dmping effectsThe quality of the sample structure and the
stoichiometry is also seen to improve considerably after the annealitgpugh the defects are

not completely eliminatedAn anomalous peak in the damping of the annealed film is observed at
10GHz

Co,FeAlp 5905 grown ongermanium and silicon substratesis seen toalsoimprove withthermal
annealing. The Gilbert damping is seen to be lower in thgraen scheme using thalicon
substrate butgreaterreductionof damping postainnealing is seenn germanium In both cases
the B order is observed in thedgFeAly 590 5 thin films, and intermixing between the sample and
substrate observed above 5WD is sufficient to disrupt the crystal structure and introduce
significant extrinsic damping effectshigh increase the total dampingThis prevents the
Co,FeAly 5905 from reaching the more desirablgilstructure.
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Chater 1: Introduction

1.1 Project Introduction

In recent years, the field of spintronics has shown great promigédandevelopment of highly
efficient spinbased electronic devices.idtly spinpolarised materials are predicted to be useful

in realising tlesenext-generation data storage and computational devicEse originakpintronic

device, the spirvalve [1], opened the door for spitransfer devicesThis simple GMR based
device comprises two ferromagnetic (FMyers separad by a noAmagnetic spaer. OneFM
layerist ST WTF NB @0rented 8B IS {ird D Sl 2 (FK Syer21ii tKeSpisidalleh LIA Y
alignment,spinup electrons an pasdetween the layerslue to low resistivitywhile in the anti
parallel state the scatterings observed irboth spirup and spirdown electrons resulting in a
high-resistivity state.

Recently, a variety of other devices have been proposed which are based oninkbiplprof spin
transfer electronics.Magnetic tunnel junctions, spifiters and spircurrent generators are
theoretically highly energyand scaleefficient compared to modern chargeased electronigs
potentially allowing the transfer of information using a spurrent rather than a charge current
[2,3]. Spintransfer within magretic multilayer gstems offersa promising candidatdor next
generation electronigswith high efficiency, lowower consumption and rapid spswitching
being highly desirableSpintransfer torque devices are field of great interest for this purpose
Spinpolarised carent switchinghas been proposed for use STIMRAM driving the switching of
the magnetic free layer in order to change the bit state. Fast, efficient switching using an applied
current rather than an applied field would be idear fthis type of appliation. As such,
investigation into controlling spin reversal behaviour using techniques like ferromagnetic
resonancehas seen progress in recent yept$,q.

In each of these applications, fine control of the sgivitching though magnetisation dynamiiss
crucial to the development of the next generationatdrials research itherefore an important
stepin developing these technologiesincethoroughunderstanding of the magnetic behaviour is
required before practical applicatiocan be achievedTwo possible candidates for this type of
application are the welknown ferrimagnet magnetite (FeO,) and the recently developed
quaternary Heusler AlloyogFeAlysSos (CFAS)Both of these materials display-6b f f S-R Wi
aSitlfQ 685K IthéokefadNBY% spifpdiisation at the Fermi level as a resultao$pin
split density of state$7,8,9,1Q. This propertymakes both of these materialédeal for application
to spinfiltering and spircurrent generationWhether or not magnetites a true halimetal is still
a matter of some debate, although itsigh predicted spin polarisation & great interest for
practical spintronic applications.

While naturally abundant and cheap to produce, the practical application of magrnetitdoeen
hindered by is tendency to developefects like antiphase boumdies[11,13, which render the
saturation of the magnetisation difficuland induce large danping effects The recently
developed CFAS also shows promise, and dissbeen observed to form significant ddts
during growth although in less significant quantities relative to magnetjie]. Further
investigation of this new material and its interaction with technologically relevanttgtbs is
required before a complete understanding can be reachétk purpose of the work presented
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here is to better understanthe magnetisation dynamics of these highly spolarised metals
andto examinehow the crystalstructure affects the magnetic propertiés systems analogous to
technologically relevant applicatis

In order to inducespinflipping in a free magnetic layer, a critical current densifynjust be
achieved[14] which isgoverned by the ulliere equation(equation 1.1) As the critical current
density is lowered, the spiflip process can be drivemore energyefficiently. For the purposes
of this thesis, the key term is in where I is the damping and P the spin polarisation. The

remaining parameters are either tied to local parameters or intrinsic to the matdre critical

current den@ty canbe lowered by minimising the damping or maximising the guilarisation

(P) Given thetheoretical 100% spin polarisatioof both FeO, and CFASP is expected to be
maximised in these material$he next step in minimisingis thereforeto reduce the damping

5 . 4
Q - — 4 3 9 — (1.1)

u
GKSNB S La K S;isSHe Soalida@yig, tOKtheNEEhEss 6f the free magnetic
fF@SNE t Aa (KB thévabuyn pedddabiliywg id thaisht@rafidn magnetisation,
H is the magnetic field strengthH., is the shape anisotropy field, and.; is the effective
magnetisationThe effective magnetisation is given [y

A r  — (1.2)

where K is the out of plane anisotropy constant.

The aamping of the magnetisation dynamics tiserefore key to the undertanding of these
materials, andto applying them topractical spintronics.In a highly damped system, increased
energy is required to flip the spin states and this is inefficifirthe system is overdamped, the
spirtflip may not occur. Converselyf,the system is underdamped, the precessional behaviour
risks charging spin states continuously upon excitatiomhich gives rise tdnstability in the
system For data storage applications in particuldhis instability risks the corruption and loss of
data. An understanding of the damping behaviour is therefore ctuciathe development of
devices.The application to devices is beyond the scope of this thesis but highipasiairised
materials will play a significant role in the next generation of sjiventechnologiesin order to
understand the behaviour of theshighly spirpolarised materials, thin films of k&, and CFAS
have been grown in UHV conditions and annealed. A series of experilmréseerperformed

to ascertain the magnetic and structural properties of each sample.

The work presentedn this thess concernsthe observation of the correlation between the
microstructureof a series of thin filnsamples and thie magnetic behaviour. @, is improved by

a recently publishedannealing proces$l6] and this improvementis observedin both the
microstructure and the magnetic behaviour of the sampléhe postannealed structure shows
improvement in the damping as a result of the decreased defect dengltich is confirmed bg
reduction in the extmsic dampingFitting values to this data is difficulbowever: the broad
nature of the resonance peak in the nannealed sample makes fitting to data measured at
frequencies below 7GHz impossible. Anomalous behaviour in the annealed film also makes fitting



this data using conventional methods difficulthe defects are not completely eliminately
annealingasthe postannealed film still shows a dominant extrinsic damgiedaviour

In the CFASt is observedhat the damping is dominated by the intrinsic effects in thegemwvn
samples, and that it is inmpved with annealing up to around 580. At this temperature
intermixing between the substrate anthe thin film is observedwhich distortsthe crystal
structure and increasethe damping considerablyThe increase in damping arises duethe
introduction of two-magnon scatteringlike behaviour from the sample defecté/hile the as
grown GAS samples show better damping on the silicobsstate 6 P ' “hinP@FASS,
compared to 5.6x18in CFAS/Gegreaterimprovement isobserved in the posanneal samples
grown on the germanium substraté h I *HnbGFESIGe annealed at 860 compared to
4.1x10% in the CFAS/Si annealed at 46)

1.2 Thesis Structure

This thesis is separated into seven chapters, including this introduction. Chapter 2 focuses on the
physics behind theroject, and the effects which give rise to tdata presented in this thesis.

This section of the work discusses theinpiples of magnetism, the physics required to
understand the data presented in the later chapters and a discussion of the well understood
features of materials examined in this thesis.

The techniques used to examine these materials are discussed inectBapA variety of well
known experimental techniques have been used to examine both the structural and magnetic
properties of the thin films in this thesis. Each of these techniques is outlined here, including a
description of the physics behind each erp®ent, and an explanation of the useful data which
can be extracted from each.

Chapter 4 presents the design, construction and testing of a bespoke Ferromagnetic Resonance
Spectrometer, which is key for the acquisition of some of the key data presentbiithesis. A
discussion of the practical application of each component is provided, as well as test data from
the apparatus which confirms that not only is the equipment functioning correctly, but that the
data collected shows good consistency with botipeated measurements from the equipment

and the values recorded in the literature.

Thefifth section of this thesis presents the data acquired from a serienagnetite thin films,
discussing both the structural and magnetic analysis and how the twoaarelated. The effects
of annealing this material on the structure are also explored, and a comparison of thanure
postannealed samples is presented.

Chapter 6provides a discussion of the magnetic and structural properties of a series of CFAS thin
films grown on both germanium and silicon substrates. The differences between the two are
compared both in the agrown state and after annealing over a series of different temperatures.

The final sectiorof this thesis is chapter 7, which includesiscussion of the outcongeof each
experiment andhow this data fits into the wider context of applied spintronic materials. A
discussion of further work is also presented, considering where the project might be taken next
and discussing possible follawp experiments that might widen the communal understanding of
these highly spifpolarised materials.



Chapter 2. Background Theory

2.1 Introduction

In this chapter, a discussion of the background theory behind this project is presented. Particular
focus is gign to ferromagnetism and magnetisation dynamics, and thelie in Ferromagnetic
Resonance.

2.2 Ferromagnetism

Magnetism appears in specific materials as a result of the quantum mechanical interactions

between unpaired electrons in neighbouring atofng.! y S YIF3ySGAO Y2YSyid o6>0
the orbital and spin angular momenta of each of these electrons. In most paramagnetic materials,

these spins are randomly oriented as a result of thermal effects unless an external magnetic field

is applied. Howeverin certain materials such ason, cobalt and nickel as well as some of the

heavy rareearth metals, the spin moments can align in parallel, giving rise to-zeom

spontaneous magnetisation even in a zero applied field. This behaviour is known as
Ferromanetism(figure 2.1.a]18,19.

2.2.1 The Exchange Interaction
Two electrons with spins; &nd SandA Y RA @A Rdzl f  4F @ 8afh be/efpieksBd/ad a O -
product of the individual waefunctions when the two overlap18,20,21,22 The total
wavefunction of the system must be antisymmetric fermions In this simple tweelectron
model, each electrorsiassigned a spatial -@rdinate .. The state of each electron is described as
[ i electron states, and the combined state of two electrons can be written as the product of
the individual statess 1 [ i . Given that eghange symmetry must hold true, two
possibilities arise: either the wavefunctions are spatially symmetric resulting in a singlet state with
zero spinfys), in which case thepatialcomponentof the total wavefunctioris additive équation
2.1), or the aligment is spatially antisymmetric, giving rise to a triplet state with a total spin of 1
(wy and thetotal spaial component is subtractivequation2.2).

w —¢ i ¢i ¢ici .. (2.1)
W =S i1 ¢ ¢ ¢ i .. (2.2)

% K S NBescribes the spin of the corresponding electron state n. The electrons each induce a
Coulomb repulsioras a result of their charges, and they each occupy-degenerate quantum
states as a consequence of the Pamtclusion principle. The local charge distribution and
subsequent spin arrangement are governed by the resulting electrostatic energy difference,
known as theexchange energyor simplicityit is easier to think of the exchange energy as arising
from an effective interaction between two spins.

In this approach, the exchange parameter J is an energy term which is defined such that

T SUe | (2:3)



When a series of electrons are used instead of a single pair, this energy can be generalised to the
sum over local pairsand j in the Heisenbgrmodel équation2.4). It is well known, however, that
GKAa SEOKIy3S STFFSOG Aa t20FftArAasSR 0Sis6SSy al
nearest neighbouring electrons. Assuming that this is the case, and that the lattice in a given
materid is uniform (and therefore the exchange is isotropic throughout) this interaction can be
simplified further équation2.5)[18].

T B i 0s] I (2.4)
+ 0B 7 4 9 (2.:5)

The effect of eachexchange is local, but each exchange pair will have an effect on their
neighbours, resulting in a lomange ordering of all of the spin moments throughout the material.
When J is positive, the spins align parallel and the material is ferromagweétcall the electron

spin moments aligned in parallel even when no magnetic field is appliegrgfil.a). This
differentiates it from paramagnetic materials which only align as a consequence ahaikte
applied magnetic fieldgl9].

Instead of treating may spins at once, it is convenient to work with a single vector representing
the sum total of moments. This is represented using the moment per unit volume, known as the
magnetisation(M). If all the spins are perfectly parallel, M takes the value of dueiration
magnetisation (M) [19). In ferromagnetic materials, the parallel alignment of all the spin
moments throughout the material gives a uniform alignmentossthe whole sample.Thelong

and short range interactions often overlap to a point wherstidguishing between them is
difficult. It is therefore convenient to model the system using a continuum approximation
which the total magnetisation is treated as one uniform magnetisation such that

i doir (2.6)

where O is a unit vector in the direction of the magnetisation (known as the reduced
magnetisation) and>denotes the position vector within the crystal structure. Assuming a uniform
density of thecrystal structure, a volume integral can be used to describe the exchange energy
density (egiation2.7) in terms of the exchange stiffness (A)U&iipn 2.8). The exchange stiffness

is a material parameter which can be used to describe the whole of a rmkateather than the

local exchange parameter.

o\ »s 2.7)

-l

5 — (2.8)

where S is the electron spin, C describes the neinds sites per unit cell, and a is defined as the
distance between nearest neighbouring sites. Duthformation ofdomains and defects in real
ferromagnets, a sufficiently large external magnetic field must be applied in order to saturate the
magnetiation in the field direction. However, the simplified picture holds up well under these
conditions.

Each ferromagnetic material has a critical temperature limit known as the Curie Temperajure (T
[18,19. In the Ising model,.Ts directly related to thexchange parameter by equation 723.
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Y — (2.9)

where z is theaumber of nearest neighbouring atomandKg is the Boltzmann constant. Above T
the magneticordering is destroye@s thespin states orient randomjyeaving only paramagnetic
effects within the sample. A high ® essential to the application of ferromagnetic devices in

order to preserve spin moment alignment during device operation. All ®htlaterials examined
in this thesis have a. >300K.

[oolololofiololololofofelololo
ooJolologfolojololopgolefolelo

Figure2.1 A schematic diagram of electron spin moments aligned faredmagnetic, b) anti
ferromagnetic and c) ferrimagnetic order. In each case, the magnitude of the spin moment is
proportional to the size of the arrow.

2.2.2 AntiFerromagnetism and Ferrimagnetism

A variant of ferromagnetism can occur when the exchange constant J is negative. In this case, the
preferential alignment of the two spin moments is guarallel and therefore one of the spin
moments acts directly against the other, reducing the total magnetisaion.a two site system

this antiparallel arrangement can have one of two outcomes: eitherajwgosing pin moments

on sites A and Bre equdin magnitude, thus cancelling each other ¢figure 2.1b)r sites A and

B are inequivalent and the opposing spins are uneduahe case where the moments are equal,

no net magnetic moment is observed over the system. This is knovantaserromagneism

(figure 2.1.b) [18,24,23. In the second case, whetiee momenton one siteis larger in magnitude

than the other, there is still an observable magnetisation at zero applied field like a ferromagnet,

Figure 22 A schematic diagram of the different arrangements of simple cubic
antiferromagnetic lattice, including the a)}Pype, b) @ype, c) Gype and d) BEype order
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though it is smaller than théotal moment when boh spins align in parallel. Thiskaown as
ferrimagnetism(figure 2.1.c).

For the purposes of macroscopic analysis, the ferrimagnetic system can be apgisakias a
ferromagnet of small net magnetisation. Thieeltemperaturein antiferromagnets is anagous

to the Curie temperature in ferromagnets: above this temperature the spin alignment is
overcome by thermal effects and the magnetic ordering is destroyed.

Depending on the ordering of magnetic ions within a lattice, antiferromagnetic materialbecan
categorised into different types of antiferromagnet. Four different arrangements, known as types
A, C, E and G are observed in simple cubic strucfugeZy. The simplest of these types are the A,

C and G type orderinffigure 2.2a, b and c respectiyg which have antiferromagnetic coupling
between the ions arranged in adjacent (10@110) and (111) planes respectively. Thet¥pe
order is similar to the Aype, but with the ions in one corner of each unit cell revergigure
2.2.d)

Three typesof antiferromagnetic ordering are possible in body centred cubic crystals. In the first
case, the central ion in each cubic structure is antiferromagnetically aligned with the surrounding
ions at the cubic verticeffigure 2.2.a) The second has antifemagnetic alignmenbetween
adjacent (101)planes(figure 2.2.b) The third and final type follows a similar pattern to the
simple cubic type G, with antiferromagnetic coupling between each adjacent atom in the cubic
lattice sites, with the sublattice ofdaly-centred sites also antiferromagnetically aligned between
adjacent sitegfigure 2.2.c)

Figure2.3 A schematic diagram of the bodgntred cubic antiferromagnetic lattices



2.2.3 Superexchange

In structures where a nemagnetic atom separates two magnetic atoms, the overlap of local
wavefunctions (electron orbitals) can giveeito interactions between the magnetic atoms which

are mediated by the shared interstitial atofn8,27,28,29. This is known asuperexchangéor
indirect exchangeand occurs often in ionic crystal structures such as magnetic oxides. Along with
the doubk exchange process, discussed in section 2.2.4, superexchange is particularly relevant
when considering the behaviour ahagnetite [30], where the exchange interaction occurs
between magnetic iron sites through the interstitial oxygen ator@sperexchangalso occurs
across the noamagnetic Al and Si ions which separate some of the Co and Fe sites in the ordered
phases of the CFAS structure. Both of these crystal structures are diddnse®ore detail in
section 2.6.

i1l \ <0 5 \
anzch>~&ﬂaq)kh

(i) (i) (i)
\ l[ ] \ \ ]] \ \]l ll \
Il [ '.Liiijﬂ%hh ’tf ;(/___

J J J I

Figure2.4 A schematic representation of the electron state combination in a Argtistitial-metal
ion system in (i) the antiferromagnetic and (ii) the ferromagnetic electron arrangeffieatarrows
represent the spin states (up or dovaf)the electrons contributed by the metal (blue) and interstit
(orange) ions.

The unpaired eklectrons in the transibn metal ions interact with each other through the valence
shell of the interstitial ion. The valence electrons in the interstitial ion form covalent pairs with
the unpaired electrons from the metal ions. As in the case of direct exchange, the resulting
alignment between the metal electrons determines the magnetic behaviour of the compound. In
the initial state of a linear system, theeadectrons of the metal ions are isolated on the metal ions
(figure.2.4a) and could occupy either an antiferromagnet)of ferromagnetic (iii) alignment.

However, the energy of the system can be reduced by delocalising and sharing the electrons
between the metal ions and the interstitial. In the antiferromagnetic casaur@i@.4.b(i), fig
2.4.c(i)) these shared stateare allowed The electrons can therefore delocalise across the

/\ /\
R RIS N
@I O on@om
P! et P!
s s

Figure2.5 A Schematic diagram of the superexchange effect between the unpagred :
electrons in tworansition metal ions (M) and theqrbitals of a normagnetic interstitial
ion (1)
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interstitial ion and reduce the total kinetic energy of the systerh.tHe electrons are
ferromagnetically aligned (figes 2.4.b(ii), 2.4.c(ii)) the shared states are prohibited by the Pauli
exclusion principle. Since the ferromagnetic combination does not allow the sharing of these
electrons, the higher energy state would need to be maintained in this arrangement. The
antiferromagnetic alignment is therefore energetically favourable. Theltiagushared electron
state is shown in figur@.5. Since the metal ions still carry a net spin moment, the magnetic
behaviour is not suppressed. A different form of the exchange interaction must be used to
describe this process, since the exchange intéwacis now modified by the charge transfer
between the ions. A new effective exchange constaftigdefined, such that

O 0 (2.10)

GKSNB < A& Iy FNBPAGNINER O2yaidlydz W A& GKS
second exchange constant which arises from the charge transfer. r@$dting exchange
interaction has the form

+ o 1)

It should be noted that different outcomes may arise based on different initial electron
arrangemens in the metal ions: so far they have been assumed to be identical. If, for example,
one of the metal ions has a filled valence shell, and the other an empty valence shell, the
electrons from the filled metal ion can make use of the delocalisation toat@gio an empty
2NDAGIE 2y GKS 2GKSNJ YSGIFt A2 yi@3] @K thaele@rén® dzZNA
attempt to maximise the total spin. The net result of this behaviour is a ferromagnetic compound,
albeit with a weaker superexchange couplihgn the antiferromagnetic case explored initially.

The effect also becomes more complicated when multiple overlapping orbitals are present. Care
must therefore be taken when characterising this behaviour in complex crystal lattices.

2.2.3.1 Goodeough-KanamoriAnderson Rules

While the simple case shown in section 2.2.3 leads to antiferromagnetic alignment, there are
other ways in which superexchange might occur. Since the overlap of the orbitals is key in
facilitating the superexchange processgetlengthof and anglebetween the metatinterstitial-

metal bondsare critical in determining how the interaction behaves. The number of available
valence electrons is also known to impact the superexchange effect, since it relies on the
minimisation of thesystem energy by forming effective electron pairs: the number of occupied
YR SYLXWie aidl GdSa A gth&dfokfgred yebdand@l t Sy 0OS aKSft f




The combination of these effects leads to either a ferromagnetic or antiferromagnetic coupling,
deperding on how the electrons behave. These interactions are described by the Goodenough
KanamorAnderson (GKA) rulg¢$8,20,32. These rules concern the sign of the exchange coupling

constant and can therefore be used to determine whether a given struceselts in a positive
(ferromagnetic) or negative (anterromagnetic) value ofgJThe first of the GKA rules state that
for a bond angle of 180 degrdeso halffilled d-orbitals coupled by the same-qrbital) the
superexchange coupling is strong andimtomagnetic. This is the simple case outlined in the
previous section. The second rule states that for a bond angle of 180 degrees, offidedalf
orbital will interact with an orbital which is either empty or full in the samerbital, and that the

resulting superexchange coupling will be weak and ferromagnetic. This corresponds to the
imbalanced case touched on at the end of the previous section. The third rule states that for a 90

degree bond angle, two hdlilled d-orbitals must couple using diffent p-orbitals, and that this
results in a weak ferromagnetic coupling. Each of these three cases is shown i2 figure
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Figure2.6 A schematic diagram of the GoodenotiganamoriAnderson rules, showing a) the first
b) the second and c) theitd of the GKA rules governing Superexchange coupling in ionic sol

2.2.4 Double Exchange

In magnetic materials like magnetite, the mixed valency of the diffenemt sites gives rise to a
secordary exchange effect known a@suble exchanggl8,33. Double exchange occurs when the
magnetic ions within a metal are of the same element, but have different valdocexample,
between the F& and Fé' sites in FgO,. Neighbouring sites can share eti®ns by hopping, as
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long as an empty site is available with the corresponding spin: sincdligpagannot occur during

this process, the neighbouring sites must be ferromagnetically aligned in order for this to occur.
Since it is energetically favouralto share electrons by this hopping process, and unfavourable to
align the sites antiferromagnetically, the parallel configuration is preferred. The sharing of
electrons between these sites also enables hopping conduction between the magnetic ions.

2.3 Contributions to the Magnetic Free Energy

The exchange energy is useful for describing interactions between isolated pairs of electrons,
although it does not define the preferred orientations of the magnetisation along certain
crystallographic direction®\dditional interactions, particularly with the structural lattice, give rise

to magnetic anisotropies which are discussed below.

2.3.1 The Magnetic Free Energy Equation

The Helmholtz magnetic free energy of a crystal lattice is made up of a numipararheters,
such that[20,34,3536,37,38,39

T T T T T T (2.12)
where U is the total magnetic free energy and éaof the constituent terms represents a
different contribution to the total: these are the Zeeman, exchange, magnetocrystalline,
magnetostatic and magroelastic energies respectivehAs the materials studied in this thesis
have reasonablysmall magnetosiction constantsand isotropic strain in the samplgane, the
corresponding energy terris treated as a small isotropic effect and therefore has a negligible
impact on the shape of the free energy surfad&e magnetostriction constants are given oy
GKSNB | i NP 2 YresoirSI6ASNIR thelZN plane and +9.06x10in the (111)
[40].While a value forcradis difficult to find in the literature, values for the similar fbkusler
alloy CFA are of comparable magnitude to that obsemdea0;, (<cea= 1.38x106)[41].

The energy densityerms are typically defined in spherical polar@alinates and plotted as a
Fdzy OliAzy 2F GKS Fy3atSa ° |yR . 4 plhéresNdctiveygt S
to define the magnetic fre energy surface, as described in fig@ré The definitions provided in

the figure will be used throughout this thesis for consistency. For the purposes of defining the
magnetic free energy surface, the spin moments will be treated as acting uniforndgr un
magnetic saturation and as such a macrospin model will be assumed.

11
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Figure 2.7A schematic of the geometry relatihg, * v, . v, ' Hand. yin a general model
of magnetisation dynamics

2.3.1.1 Zeeman Energy
It is well known that spin moments in a magnetic field are driven to align in parallel with the
applied magneticfield (sometimes known as théeema or biasfield) [19,21]. This is a result of
the Zeeman energy term, described as

— 1oy (2.13)

g K S N theepermeability of free spachlis the saturation magnetisation’ﬂfs the unit vector

in the direction of the magnetisath and H,ppicq is the applied magnetic field. This energy is
minimised when the reduced magnetisation and the applied field are in parallel, leading to a
natural alignmentbetween the two vectorsAt saturation, the magnetisation of a ferromagnetic
material will therefore try to align in parallel with an applied bias field if no other energy terms
are considered. As the magnitude of the applied field increases, the Zeeman term dominates the
magnetic free energy surface. This results in the deformatiohefitee energy surfacéorcinga

free energy minimunto be inducedalongthe direction of the bias field

2.3.1.2 Crystal Field Effects

Variations in thelocal electronenvironmentscan distort the electronic structureCoulomb
repulsion betwen electronsn nonspherically symmetric orbitals adis minimise the energy of
the local environmentThis results in an additional electric field known as ¢hestal field[18,19.
This additionalfield removes the degeneracy of the orbitals by intumthg an energy gap
between orbitals of different characteyE;and t2,. Distortions in the lattice also give rise to shifts
in the crystal fieldifting the degeneracy furtheror the purposes of defining the magnetic free
energy sirface, the crystal éld term is accounted for within the magnetocrystalline anisotropy
energy term.

Crystal field effects eliminate the orbital degeneracy in transition metal ions, which quetiehes
orbital angular momentunj18]. A nondegenerate ground state (J0>) must bes@rmined by a
real wavefunction. The total angular momentum operators Hermitian so <QJ|0> must be
purely real. However, the operatdris purely imaginary. The only value which can meet both of
these requirements i€ = 0. In a real crystal structura small spirorbit coupling may occur and
the orbital moment may not be entirely quenched. This can producdeator where the spin

12



contribution of g = 2 is bolstered by an additional component which is proportional to the orbital
angular momentum camibution.

Energy
A
d, d, d,.
A | |
d
............................................... A,
|
df 2 d12
Free Atom Tetrahedral Lattice Site

Figure 2.8A schematic of the energy level splitting in tetrahedral lattice sites arising from tl
crystal field

2.3.1.3 Magnetocrystalline Energy

The crystal structure of a ferromagnet will also introduce an energy term to the system as a result
of spintorbit coupling. This is the result of interaction between the spin angular momentum of the
electrons and their orbital angular mom&im within the crystal latticd19). This coupling gives

rise to an energy term which minimises the electrostatic repulsion between electrons. The result
of this realignment is often that the free energy is no longmtropic, and that energetically
favourable directions for the magnetisation now exist. This directional dependence is known as
magnetocrystalline anisotropfMCA)[19,20,23. Since all of the materials examined in this thesis
have cubic crystal structes, only the cubic form of the magnetocrystalline anisotropy needs to
be considered.

TheMCAhas a directional dependence which is governed by the structure of the crystal lattice.
The anisotropy can be described using an energy detdity£ocrystaiic) related to the directional

O 2 a A y) Seiweeh the magnetisation and the principal crystallographic aMgswhere u; =
[100], u, = [010], uz = [001]). Considering a cubic crystal structure, the magnetocrystalline
anisotropy energy is defined §0,42]

= O O 6 e e 8 o 8 O 8 6 8 8  (2.14)

where K; is the I" order cubic anisotropy constant, an energy density pagter which varies
depending on the materiat KS G SN a Ay h 02 NNEBaLJR2yRdefined (G KS
as| AT O OE+ || OEsd OE+ and] A1 © 8Given that the 8 order
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term has nodirectional dependence, it does not contribute to the overall anisotropy. Second
order terms and higher are usually of small magnitude, and therefore have minimal impact on the
anisotropy. The magnetocrystalline energy term in a cubic crystal is thene$oialy simplified to

= O 6 8 6 6 6 8 (2.15)

when the cosines are inserted, the expression simplifies to
- O -i QFe i Q& wéi— | Q& (2.16)

The sign of the cubic anisotropy constant also determines the shape of the anisotropy. When the
sum of the free energy terms shows naaro anisotropyM moves to minimise the energy and
therefore points along the free energy surface minima, which are designatedssaxeg$19].

The maxima, known asard axes require extra energy foM to align along the direction in a
stable state, which requires ¢ghapplication of a bias field of sufficient magnitude. When the
anisotropy constant is positive the easy axes are aligned along the cubic axes and the hard axes
along the[111] directions For negative values of #ie axes invert, moving the easy axeshe

[111] directions and the hard axes to the cubic directions.

In thin film samples which are subject to strain as a result of lattice mismatch, tetragonal
distortions can lift the cubic anisotropy and give rise tocat of planeuniaxial anisotropy in
addition toan in-plane cubianagnetocrystalline anisotropy.

The measurement of this anisotropy using magnetic spectroscopy techniques can therefore be
used to examine the magnetic free energy surface and provide insight into the crystal structure
under examination.

2.3.14 Magnetostatic Energy

Since the magnetic dipoles associated with each individual lattice site also induce a corresponding

magnetic field, an energy term must therefore arise as a result of these moments interacting with

the magnetisation. This interaction always acts in opposition to the magnetisation, and therefore

the field responsible is known as tdemagnetising field19,21. Each magnetic site in the crabt

fF0GAOS KFra F O2NNBALRYRAY3I YIIYySGAO Y2YSyid o6>0 6K
given by

1 - COr > > > (2.17)

> »3 > »3

at the i" lattice point, wherer; is the position of the site in the lattice. This magnetic field gives
rise to a corresponding energy)(Eas described in equation 81 Since this expression only
accounts for one lattice site, it is useful to treat this enesgya summation over the whole
system, which is given in equation 2.1

roo 3 (2.18)

F BB ‘| (2.19)
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It is useful here to imbduce the demagnetising field term here, described in equati@®,2as it
simplifies the treatment of the magnetostatic energy term. It can now be expressed in terms of a
single convenient sum over the moments in the lattice structure, as seen in equafih

ﬂ B | (220
s —B ' 3 (2.22)

This expression is still depdent in part on a treatment of individual lattice sites. In many cases,
is easier to treat the demagnetising field as a continuous field term: it is then no longer necessary
to treat each lattice site individually and the expression can be appliftbigeneral casedy may
therefore be rewritten as in equation 22
> > > , > > > .
T . T Qw o s QY (2.2
% K S NB y R represent the surface and volume magnetic charge densitigsectively. This
treatment also has the advantage of simplifying the system in the case where the magnetisation is
uniform across the whole sample, since the volume integral goes to zero, leaving
> > >

a —. —Lrov (2.23)

> »3

and the corresponding energy density may be written as

. — oy (2.20)

The remaining integral term in equation 3.Ras the form of a uniaxial anisotropy, and depends
only on the magnetisation direction and the shape of the sample. As a result it is commonly
known as theshape anisotropyig]. In the case of magrtie thin films, the shape anisotropy tends

to align the magnetisation in the film plane in order to minimise the energy. All of the samples
examined in this thesis are thin films and are therefore expected to show this property. The
combination of the reslting uniaxial anisotropy with the magnetocrystalline anisotrapsy be
obsenedwhen measuring the total anisotropy in the plane of the film.

The magneticfield induced by these dipole moments extends beyond the boundaries of the
sample, but under theseircumstances no longer has a significant effect on the magnetisation of
the sample. It is therefore useful to define a separation between the two components of the
dipole field: inside the sample it is still referred to as the demagnetising field, whéheas
external component is called thetray field

In thin film geometries, the demagnetising field can be approached morehginThe
discontinuityin the magnetic fieléit the sample facesan be written as

g, ngl (2.25)

Given that the opposite charge is induced at opposing surfaces, this can be tesateeffective
magnetic dipoleThe demagnetising field arises in response to the magnetic dipole which forms
across a sampldf the magnéisation is aligned out of the plane of the sample, the magnetic
dipole forms between the upper and lower faces of the sample, and follows the[fdray
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= -4 oe - (2.26)

If the magnetisation is aligned in the plane of the sample, however, the dipole which induces the
demagnetisation field forms at oppositgdes of the sample. In the case where the sample width
>> the samplethickness this can be treated as an infinite separation and therefore the
demagnetigng field induced tends to zeija§g].

2.3.2 The Magnetic Free Energy of a Cubic Crystal Steuctur

All of the free energy termi section 2.3.Icollectively define the total shape of the magnetic
free energy surface. It is useful to calculate this free energy surface in order to determine the
anisotropy of the system. In this thesis, two differentterials with cubic structures will be
considered: it is therefore prudent to calculate the free energy surface for a cubic crystal in order
to set some expectations for the anisotropy. In accordance with equation allL®f the free
energy terms for aubic crystal structure are collectéd describe the surfacédowever,for the
purposes of determining the shape of the anisotrofiyis can be simplified bgonsidering only
those terms which have a directional dependence. Since the other terms onlyt dfffec
magnitude of the free energy surface, only the metpcrystalline (equation 2.16) and the
demagnetising (equation 2.2&Yill be used Isotropic terms only affect the magnitude, not the
shape, and are therefore all effectively described by a consteot. ease of descriptigrthe
Zeeman term is set to zerdn this case, e shape of the free energy surface can therefore be
modelled using aimplifiedexpressiongiven in equation 2.27.

= O6éeeioptd dei— 0 -i Qe i Ve 0Ei— | Q&
(2.27)
Since the crystals investigated in this thesis are aligvigii the [111] crystal directionit is useful
to rotate this expression from the [100] into the [111]. Under the correct transformation,
equation 2.27 becomes

_
6Eti OD@ME — M Al Owéor i 80— -0vi&ga— -4 UG —
QAT GAT S cqdedi » OELOEL (2.28)
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Figure2.9 A model of the magnetic free energy surface for a cubic crystal yith a
negativek; and b) a positive K

With the system sufficiently simplified, thehape of themagnetic free energy surface can be
calculated for a cubic crystal. Theagnetic free energgurfaceof alll-alignedcubic crystal with

a negdive K is plotted in figure2.9.a, and a positive Kin 2.9.b A significant difference is
observed in the energy surface depending on the sign of the cubic anisotropy constéMdg is
aligned perfectly with the planehe anisotropy exactly in the plane is isotropidowever, the
easy axiglong[1106is not exactly in the plane of the thin film. It can be observefiguare 2.9a
that the easy axis is not perfectly aligned in the sample planmgce the [111] and []] are
separated by 70.63an offset 0f 19.37 is observedrom the plane(shown n figure 2.9.a) This
leads to a slight oubf-plane alignment in the free energy minima. In the case where the
magnetisation or the shape anisotropy @reater the magnetocrystalline anisotropythe
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Figure2.10A comparsonof the magnetic free energy surfacat various polar angles for a 111
alignedcubic crystal with pa negativeK; and b) a positive K
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magnetisationis pulled into the plane of the filnby the demagnetising fieldHowever,in a
structure such as magnetite, with a relatively small magnetisation, a competition arises between
the demagnetising effects, pulling the magnetisation towards the film plane, and the
magnetocrystalline energy, pullind.; towardsthe <111>directions This results in an effective
magnetisation slightly out of the plane of the thin filis the M is rotated, the free energy
surface moves and the easy axes switch from aboveliduee to below the plane, draggimdes; in

an oscillating path around the free energy surfagéis slight deviatioraway from the plane
results in the isotropic behaviour beisgperseded by cubic anisotropyThe freeenergy surface

has a sixold anisotropyin the (111) plane. As.kkhanges gin, the easy and hard axasthe free
energy surfacanvert and the corresponding pealtsade positions as observed in figure 2.10
Given that each of the samples presented in this thesis have been grown aligned with the (111), it
is therefore expectedhat the easy axes will align with the <111> directions whe&® l&nd with

the <100> directions when¥0, ifthe shape anisotropy term ismall

2.4 Magnetisation Dynamics

Measurement of magnetic behaviour under static conditions is useful for struapyaications,
but recently devices have begun to emerge based on dynamic magnetic behaviour.

¢KS YI3IySGAO Y2YSyld 27F | yotalSahgblér imhBeyitumd>by theh & NBf | G4 SR
expression

H rt (2.29)

where ! is a constant known as thgyromagnetic ratio[18,44. This ratio is arimportant
component of many of the magnetic properties of magnetic systems, and is a useful value to
extract from magnetic spectroscopy.

Another key term to be considered is thieandé g-factor (g)[47], which is a proportionality
constantwhich relatesthe spin and orbital magnetic momentd the electronto the magnetic
dipole moment The free electron value gf ¥ is1 observed inin most mateials, but varies in
magnetically ordered materials depending on the ratio between the spin and orbital magnetic
moments. The dactor is directly related to the ratio of spin and orbital magnetic moments in a
magnetic material by equation 20748]. Gammamay also be extracted from g, and vice versa,
since they are related by equation3®.

Q ¢— p (2.30)

= (231)

The gfactor is also important in the Zeeman &dt since it determines the magnitude of the

energy separation between spup and spirdown states (equation 32). In the transition

metals, ES coupling occurd 8,49 and the total angular momentum (J) is defined by the sum of

the spin angular momentur(S) and the orbital angular momentum (L)he valence shell is less

than half filled, or by Ig S if the shell is more than half filletHowever, in transition metal

a23GS8Svyax GKS 2NDbAGIE O02YLRYySyid Aa 3ISYySNIrftfeée 1jdsSy oK
W F { Ol ¥is thefeforé bisR@l t extraaj using magnetic spectroscopy techniques, in

order to describe the magnetibehaviour of different materials.
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Zeeman splitting of spin states in a magnetic field provig® discrete energy levels which are
occupied by the sphdown and spirup electrons. Excitation of the electrons at the frequency
corresponding to this energy difference can therefore be useddtive magnetic dipole
transitions, as long as an empty spin state is available to accommodate the transition. Driving the
electrons between these spin states induces motion in the magnetisation which has well
understood dynamic behaviour governed by the magnetic parameters of the system.

2.4.1 The LandalifshitzGilbert Fjuation

Measurements of the dynamic behaviouarc therefore be used to extract useful magnetic
parameters in order to classify and compare the properties of magnetic matetigisg a
macrospin model, the magnetisation dynamics can be described by the Laifdhitz Gilbert
equation. It is weltknown that the precession of spin magnetic moments in ferromagnetic
samples can be described using the LandéishitzGilbert equation équation 233) [48,50,51.

— 45 4 — (2.33)

whereM is the magnetisationMsA & G KS al GdzNF GA2y YI 3y S iaad (A 2
Het is the effective fieldwhich arisesas a combination of several contributions including the bias
field, the demagnetisation field, the magnetocrystalline anisotropy and the magnetoelastic effects
within the crystal structureThis model of the precessing magnetisation provides a usefuladeth

with which to quantify the magnetic damping behaviour (equatiorp.3

T T T T I L (2.34)

The MxHe; term describes the torquexerted onHg; by M and the second term describes the
dampid 2F (GKS LINBOSaaAz2ylf Y2GA2yd ¢KA& (GSN¥Y
is a scalar quantity which describes the amount of intrinsic damping that affects a dynamic
magnetisation. This parameter and the magnetic damping phenomena are cowveneore detalil

in section 2.5.4.

2.5 FerromagnetiResonance

If a magnetic field is appligt a series of magnetic moments, they will tend to line up parallel to
the field, because this minimizes their magnetostatic energy. In this configuratiomageetic
moments can be considered as a single macrospin. If the macrospin is taken away from

H

o
' . /" /

Figure2.11 A schematic representation of the FMR effect in a sample subject to a magnetid.dfie
and a transverse RF excitatibip. The precession is drivenMyxHe 0 G KS FNBIj dzSy
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equilibrium, by a small perturbing field pulse perpendicular to the bias field, it will trgtton to
equilibrium through the torqueexerted by the magnetic i€ld. If the perturbing field Hy) is
applied at a specific frequency such that it matches the Larmor frequency of the magnetic
moment, the macrospin can precess resonantly about the equilibrium direfi®s3. Resonant
precession of the magnetisatioabout an applied field is known as Ferromagnetic Resonance
(FMR). The LLG equation describes the #welution of the magnetisation in a ferromagnet in an
external magnetic fields1]. The precession varies with the frequency of the applied RF wave and
resonates at a criticgfesonancejfrequency. In a magnetically ordered system this occurs in all of
the electrons simultaneously, so the magnetisation is seen to precess about the axis of the
external magnetic field. (figur2.11)

2.5.1 The ClassitRicture

The original treatment of the FMR effect was a classical picture developed by Kittel if52948
this model, the magnetisation is treated as a macroscopic vector aligned with the bias field, in
which a small precession about the bias fietth de induced by an RF excitation. A Larikar
precession is then observed when the resonance condition is met, as the RF drives the
magnetisation to precess about the bias fielthis behaviour is described as agnetic torque

(Lo )

An aditional termdescribing the magnetic dampirg needed in order for the magnetization to
align with the bias field when there is no RF pras@iis is providedy the damping term in the
in the LLGzquation.

Figure2.12 A schematic representation of the Larmor precession in the classical pictur:
FMR

2.5.2 The Quantum Picture

The FMR effectnay also be considered using a quantum mechanical pid&#le When the
photon energy U is equal to the Zeeman splitting energy (equation2p, &nexcitation from
the low to high energgpin states is driven by the absorption of RF photdiee subsequent re
emission of the photon allows the electron to decay back to its original .stEtés switching
between states results in the precession of the magnetisation vector about the bias field.
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Figure2.13 A schematic diagram of the FMR excitation in the quantum mechanical moc
where mis the spin magnetic moment of the electron

v

2.5.3TheKittel Equation

The Kittel equation descrsthe field dependence of th&MRfrequency a typical FMR curve in
frequencyc field pace, commonly known as a Kittel Curve, is shown in figure 2tldwiias
fields, the curve displays ®O behaviour transitioningo a linear dependence at higher bias
fields. This equation is derived from combination othe formula derived by Kittel, which states
that the resonance condition is met wh§sp]

1 | (2.3)

Using the welknown results for cubic crystal structurgss]

ﬂ U ATO " q0éd - U AlT® ¢ (2.36)

where Kan is the cubic anisotropy constant parallel with the sample plagga.f$ the uniaxial
anisotropy constant parallel with the plane, is the relative angle of M im ande is the
relative angle of the uniaxial directiond .

I (2.37)
TO (e) Al’@ ‘ ﬂ(:)81 . < JJ—O JJ—D OET‘ .
where 0 is the uniaxial anisotropy constant perpendicular to the sample plartee
resonance condition can therefore be written as
. (2.38)

Depending on the sample geometry, these expressions can be considerably simplified: in the case
ofacubicstrud dzZNBE A GK GKS YIF3aySadAaalaazy FftAIYySR |
Iy R = 0.Thisreduces the expression to

— 70 1 0 TV 7 Y
(2:39)
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Given that the termi 70 can be condensed to using equation 1.2which is
multiplied by 4 when convering from Sto cgs unitya termint“ 4 is recoveredThe term in
70 describes the anisotropy field{) andthe 0 term is combined withthis to

becomethe anisotropy field* "O. In the simplified case wherthe uniaxial and @bic anisotropy
components are parallethey can be treated as a single combined anisotropy tdims simplifies
equation 239to the inplane Kittel equation (equation £0).

[ T T T B (240)

Varying the relative angle between the crystal structure of the sample and the bias field also
allows the anisotropy of the sample to be investigated, since the position of the Kittel curve will
shift depending on the field directiomlative to easy and hard axes in the crystal structure. As the
relative orientation approaches the easy axis, the resonance field is minimised at a fixed RF
excitation frequency. Converselypag the tard axis of a crystal structutbe resonance shifto

higher feld values at a given frequencyhis results fromthe additional anisotropy field
contribution to the total field acting on #hfree energy density and therefore the magnetisation.

C A G 0 M)yusIngFM& spectroscopylata can therefore be used to probe a number of useful

magnetic propertiessuch asthe saturation magnetisation, magnetic anisotrgpfield and the

gyromagnetic ratio. Other parameters may be extracted from FMR spectroscopy fhata

example, neasuring FMR can be used toprob&th DA £ 6 SNII RIF YLIA Yy 3 LI NI YSGSNJ
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Figure 2.4 An example of a typical Kittel Curve in frequency as a function of applied magr
field, measured from an FeGa test sample using-WMR
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2.5.4 FMR Damping

As the magnetisation precesses, it encounters resistance to the precessional motion known as
magnetic damping50,56. The damping is strongly dependent on the structure of the magnetic
material, and pys an important role in determining how the dynamic behaviour occurs. In
materials with high damping, large excitations must beduso drive resonant precessipand
therefore the manipulation of these highly damped spins is impractical. Converselyaldywe
damped system may be driven to precession andtfigodirection ofM, only to continue flipping

and return to its initial state. The control of the spin direction therefore necessitates a critically
damped system. Measuring the damping within a mieiis crucial to understanding the
magnetisation dynamics within materials and assessing their practicality for spintronic device
systems.

Magnetic damping effects in metallic ferromagnets can be divided into two categories based on
their source. These arintrinsic (Gilbert) dampingffects [50,57, which arise from interactions
within the crystal lattice, and extrinsic damping effects, which are a product of interactions
between precessional behaviour angrowth defects within the structurg56,59. Three major
mechanisms have been identified which give rise to intrinsic damping effects. These are magnon
phonon coupling59], eddy current$60,61, and itinerant electron relaxatiof$2,63. In the case of
magnetite, the relative immobility of the Fermiegltrons and poor electrical conductivity render
the itinerant electron relaxation and eddy current effects much smaller than the maghonon
coupling Although the Gilbert damping in CFAS has been-ewgllored, he daninant damping
mechanismis less weldefined in the literature Generally, it is accepted that itinerant electron
behaviour is the dominant cause of intrinsic damping, while eddy currentpraportional to the
square of the film thicknesf4,69 and in ultrathin films contribute a negilje amount to the

total damping([66], or those with a low electrical conductivity like magneti&ince all of the
materials measured in this thesis are either very thin (-20nm) or poorly conductiageddy
current effect is neglected.

2.5.4.1Intrinsic Damping Mechanisms
It is accepted thathe itinerant electron behaviours responsible forthe majority of intrinsic
damping effects in ferromagneic materials, although the mechanism by which this damping
arises is still a matter of some debatd number of differentheories have been put forward
[67,68,69,7], although no single theory currently describes the behaviour completely. A recent
review by Kamberski69] provides further details, and attempts to link existing theories, although
a conplete theory is still missing.

Perhaps the most widely accepted currenbdelof the intrinsic damping effects is achievesing
KambersgQ a o NXBermi sukagedmodef71,72] In simple terms, lie breathing Fermi surface
model describes the transfer foangular momentum from Fermi level electrons to the crystal
lattice as a result of spiarbit coupling effects. The Bloch staté Fermi electrons is dependent on

the magnettc moment(>), and changinghe direction ofM changes theenergy of theBloch states

(as a result of spiorbit coupling)and therefore the energy of Fermi electrqrshifting the Fermi
surface[73,74. The Fermi surface is seen to shift over timeMaghangesdiredion, and these
RAAG2NIAZ2Y A | NB NIBHERNdaBIRONS r2lax intd thaksdv Midst vKilabed Q @
energy statesover a noal SNE (G AYS 06GKS Y2YSYydndzag bt khe | (G A
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instantaneous magnetisatiol.he spins relax toward¥ and transfer angular momentum to the

d-electrons, leading to damping of the spin moments. The phase lag, and therefore the damping,

Ad LINPLERNIAZ2YIlIf G2 GKS Fy3dzZ NI FNBljdsSyode . |yR
signal The mathematical desiption of this model is given in equatior42.

— _E B8 @8

| —Bg g - (241
where] g is the energy of thé"iBloch state with wavevectok, Tg isthe relaxation timeof the "
magnetic moment’ is the gyromagnetic raticy is the unit vector of the"i magnetic moment
and’g is theFermiDirac occupation number

Madifications have been shown improve the accuracy of this model, particularly to improve on

issues accounting for transitiorisetween electron bandswhich are corrected for by the

inclusion of the torquecorrelation model[69]. This additionquantifies the intefbandtransitions

which result from spirorbit torque andrepresentsboth inter- and intraband behaviourg73].

Combining thebreathing Fermi surface and torquerrelation models producesequation 242,

whichRSTAySa (KS StSySyida 2, GKS DAftoSNI RIFYLAYy3 (Sya

| -Bgigd g og (242)

where"Yg is the transverse torque operator between theiispi and jn the | direction and W is
a scaling (weighting) factaletermined by

Cog . —Bogog QI (243

where A, is a Lorentzian spectral function detemed by the scattering effects experienced by
the i" magnetic moment.

This additional effect can also be thought oflassicallyas accounting for the damping in the

precession of itinerantd) electrons which are coupled with their netinerant (s) neighlours.

These interactions are determined by thed sexchange field66] and as such show coupled
precessionHowever, the finite mean free path of the spin in the s electrons leads to a phase lag

between the two moments as they attempt to align with thdeetive magnetic field. As in the

breathing Fermi surface model, this phase lag leads to a transfer of angular momentum and
GKSNBT2NBE RFEYLAY3I 2F GKS aLAY Y2YSynanordJNBLER2 NI A2Y |
completetreatment of these models of itineranelectron behaviouis given in an hdepth review

by Erikssoffi73].

The magnorphonon coupling effect was recently described using the relaxation of the electrons
by phonon drag61,79. Assuming that the magnetisation and the ledtistrain are homogermais,

the Glbert damping arising from phonon interactions can be described in small geometries by
equation 244, as a result of the LLG equatiand lattice strain equations.

1 7— —— (244)

GKSNBZ ' Aa (KS$is thK gysordagnetid katioDR & ihé thagnetiastic shear
S2yadlyids A A& GKS t 24 323%0d7f dplai 22K AHYSR ' 9 AMA KK 2 N& d
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obtain, it can be found empirically in the microwave frequency range using transmission
experiments[76]. The remaining parameters can be easily obtained by other meth@&iace

1 is linear in. X  tHt& §amping (and therefore the FMR linewidth) will also show a linear
trend if the Intrinsic effects ardominant

In a perfect crystal structurehé general form of the damping is described by the resonance
linewidth ¢ n hsta function oingularfrequencyaccording to equation 25.

Va1 Vg moo - (245)

where H is the magneticfA St R aGNBy3IdKzZ h Aa GKS DAf o SNI
gyromagnetic ratio.The gradient, given bl describes the intrinsic damping behaviour of the
crystal structure, while the intercegtH(0) describes the extrinsidampingeffects arising from
structural defects. This is a combination of effects arising from two sources. The first is the
mosaicity wihin the sample, which broadens the linewidth by introducing a range of spin
alignments which subtly shift the resonandéhe second cause are differences in local effective
field caused by magnetic inhomogeneity, which give rise tpliEsing between locadpins and
therefore a decoherence within the precessiofs6]. Since these terms are usually small, no
further consideration will be given here.

2.5.4.2 TweMagnon Scattering

Nortlinearity in thedampingprimarily arises from extrinsic damping féects, chieflydue to two-
magnon scattering in the sampl&his adds a third term to the linewidth expression, as described
by equation 246 [56,58,7§. The scattering of spin waves (magnons) in ferrites is a key source of
extrinsic damping effects these materialsA uniformly precesing magnonwavevector kD O,
called the FMR mode) scatters into two or more spin wavestwimigst have the same frequency

0 . 0 n W) aB a resdlt of energy conservation. The magdispersion relation gverns the value

of g. The twemagnon scattering increases with increasingnsity of defects in the sample
structure: the magnitude of the scattering effect is directly proportional to the Fourier transform
of the magnetic inhomogeneities in the structure.

o G ] J (2.46)

GKSNE m Aa I RAYSyaAirzyftSaa LI NKNIYERI RSEONS K
0KS | y3dz I N sNBdieSyoOe | yR

T ™ A (2.47)
This 2magnon scattering behaviour gs rise to nodinearity in the linewidth[56]. If this term
dominates the damping instead of the intrinsic terms, the linear trengHi¢. ) will instead be

replaced with a characteristitwo-magnon dependence. The total damping in anfagnon
dominated scattering term is therefore better described using equatid8.2.

Y91 Y | — Yy (248)
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2.6 Maerials

Two different metals with high predicted sppolarisation will be the focus of this thesis:
magnetite and CFAS. High spin polarisation is desirable for device applications such as spin filters
The structure and magnetic properties of these saspias been wetlocumented.

2.6.1 Magnetite

The spinel group are cubic crystals with Fd3m space group and a chemical compositigB,0f AB

Each unit cell has 8 formula units and two sites of different coordination known as A and B sites.

Each sités defined by the configuration of the ions and the surrounding oxygen oS W! Q & A G S
KFa | GSGNY KSRNIXf | NNFYy3ISYSYy(d ¢KATT.ShegitksSareW. Q aAdsS 3
present in the structure in a ratio of 1:2, where 8 A sites are decugnd 16 B sites per formula

unit [20,77. A-site ions in normal spinels have a valency'efhile the Bsite ions are*. A second

class of spinels, known as inverse spinels which share the same structure but the site occupation

is rearranged. In an werse spinel, the Aites are occupied by 3+ ions and thsit is a mixed

valence of equal parts®’Band B*. The mixed valence of the B sites cavegise to competing

interactions between the sites and therefore considerably alter the ground statheofcrystal

compared wih the normal spinel structureMagnetite is an oxide ferrimagnet which crystallises

in the inverse spinel configuration. It has a high Curie temperatyeo{F860K[78,80,81, and a

predicted 100% spin polarisation at the Ferenrdl, which makes it a good candidate for room

(@  Octahedral (B) Sites

O Tetrahedral (A) Sites

O Interstitial Oxygen Sites

b)

Figure 2.15. A simplified schematic diagram of one quarter of the structure of magnetite view:
from a) a 3D perspective and b) in the 2D elevation only. The structure of the individual sites are
shown in c) the tetrahedral and d) the octahedral arrangemeris.uhit cell structure is achieved
by stacking four such units in a cubic arrangement, mirroring each adjaceffggjnit
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temperature spintronic applications. The chemical formula of magnetite E]MfE€ F&1BOA4]
where A and B denote two different sites within the crystal lattice. The A sites in magnetite are
occupied by F& ions with a 3delectron configuration and a spin (S) = 5(2= 0, J = 5/Zhe B
sites, in contrast, are occupied by two types of ion in a 1:1 ratio. These are thierFéelectron
configuration = 3§ S = 2L =3, J = &nd the F& ion as inthe Asites.

The density of t2g spidown electrons dictates the density of itinerant charge carriers at the B
sites in the crystal lattice of magnetif81,82,83. These charge carriers can move between sites
on the B sublattice by hopping conductifg#]. Shce the density of these charge carriers is low in
magnetite, however, this itinerant electron behaviour is quite limited. An electrical conductivity of
200-250 ohmscmi* [86,87 is commonly found in magnetitat room temperature, making it a
poor electrcal conductor relative to other metals.

Double exchange arises between the'Fand Fé" ions in the octahedral sites as a result of the
neighbouring sites of different valence, as discussed in section 2.2.4. This promotes ferromagnetic
alignment betweerthese ions within the structure. The tetrahedral®Fimns are not subject to

this interaction as a result of their place in the magnetite structure, instead undergoing
superexchange with the octahedral®*f®ns. This resultsn antiferromagnetic superexange, as
discussed in section 2.2.3. This results in the parallel alignment of the octahedral sites, with the
tetrahedral sites in antiparallel. The equal numbers of*fFens in each site results in their
corresponding magnetic moments cancelling outlyGthe tetrahedral F& ions have a noizero

O2y iNROGdzlA2Y G2 GKS YI3IySGAO Y2YSyds NB&dz G
well-known that the spin polarisation of k@, at the Fermi level is predicted to be 100%,
[88,89,9Q but whether this is real halfnetallicity is still a matter of some debaje1].

At temperatures below 120K, a structural transition occurs in stoichiometric bulk magnetite,
changing from the cubic phase to a monoclinic structure. This is known as the Verwey transition
[92,93, and the crittal temperature is denoted as,.TDespite a number of studies, it is still
uncertain whether this process also initiates a charge ordering of theaRd F&* ions in the B

site sublattice in a process similar to Wigner crystallisa84,94. This strutural transition has

also been shown to induce a discontinuity in both the magnetisgar®3 and theresistivityd ~ 0

of magnetite, showing ®”  two orders of magnitude as a result of the®d- f f SR WTNEB S
of the hopping conduction effecflhis change is only observed in highly stoichiometrig, Gg
however. It has been shown thatlif § n @ sthvsnransition, and the corresponding changed/in
I'yR I A &9687¢# JFUNderaep&tR on the changing structure okBgsuggest thait

also exhibits ferroelectric properties at T<3RK], and aswitchable polarization of 11pC Ehis
reported at T< 20K

The Verwey transition alters the structure of the magnetite crystal and therefore the bond angle
between adjacent ions. This changd® superexchange interaction in J& and by extension
changes the magnetic ground state of the system, fromeleetricallyconductingmetallic phase
to an insulatingone. It may be possible to take advantage of this strong magnetic dependence on
superexchange: if small perturbations can be used to induce switching between magnetic ground
states, this may be a practical effect in applied spintronics. Combined with the higlattiral
abundance and high spin polarisation, magnetite is an ideal candidatapplied spintronics.
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Despite these qualities, however, the application of magnetite is still impractical as a result of
defects which arise during the growth process.

As a wdlknown, widely availablenagnetic mé&erial, the structure and properties ghagnetite
have been the subject of many studiedlany experiments on themagnetic properties of
magnetitehave been performed in the literature, with f&& having been grown oa number of
different industrially relevantsubstrates MgO and IV semicondctors like GaAsre common
choices, for example Improvements o the structure by thermal annealing has been pursued to
reduce the defect densityDifferent postgrowth annealing conditions have been explored,
including annealing under air, under vacuumdausing a gas mixtures in order to promote
improved stoichiometrj16,100101,102] In each case, the annealing of the films is observed to
improve their structural order. This should, therefore, show a measurable effect on their
corresponding magnetic pameters as well. However, care must be taken to prevent diffusion of
the substrate material into the thin film at higher annealing temperatytes].

Experiments on the damping behaviour in®ghavealsobeen presented by a number of groups.

For exampleSerraneGuisan et. alj104 measu6 R | @It dz8 2F h ' ndnot F2NJI GF
parameter in epitaxial thin films of E@/MgO in 2011¢ KA a O2YLJ} NBa ¢Sttt gAGK GKS
0.07 and 0.03 observed by Zou etglos] in FeO,/GaN films (of 6nm and 3nm in thickness

respectively) obsered in the same yeat.ater experiments by Nagata et.[806], in 2013 yielded

I @I f dzS 2 Ff-sputterBd epitéxialHmadnsfite filmsviore recent experiments on spin

orbit coupling in epitaxial K@, thin flms grown on GaAs by Huang et.[a0( have yielded a

gt dzS 2F hkBE ndbrmpo AW R YSY FAE YaAaX 46Kk ESEW0XYy ONBF asSa
4nm films.

(e

The reduction of the totalGilbert damping with the improvement of the & structure is
therefore well documergd, and as growt techniques improve and the defect density in@Ge
thin films is reducedf dzZNJII KSNJ A YLINE @SYSy G Ay h A& LINBRAOGSRO®

2.6.1.1 Antiphase Boundaries

It has been shown that antiphase boundaries (APBs) formed by growth defects contribute
strongly to the spin damping irmagnetite thin films [11,16,79107,108] and that these defects
contribute to the notorious tendency of magnetite to require high magnetic fields to reach
saturation APBsare regionsn the crystal structure where a mismatch between grhagundaries
leads to either a displacement in planar lattice site spacing or a 90 degree rotation between
grains.APBs commonly arise at the intersection of grains which are not perfectly structurally
aligned, for example if they nucleate separated bysaticei & dfan integermultiple of the
lattice constant).

APBd4istort the magnetic ordering and increase the electrical resistivity of the sygtesmo9]

and large magnetic fields are required to overcome the effects of these boundaries. The
disthAodziA2y 2F 1t. Qa KlFI&d 0SSy 20aSNBSR (2 06S RSyaSNJ
increased impact on thin film structures. These defects reduce the spin polarisation and therefore

must bereduced if the critical current densitys to be minimisd, as discussed in chapter [f

these APBs are the primary source of structural defects gF¢hen reducing the local APB
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density may provide a pathway to not only minimisjgdout also to aid in solving the problem of
the notoriously high saturatiofields of thin film FgO,.

2.6.2 CoFeAdsShs(CFAS)
CaoFeAdsShs (CFAS) is a waltudied quaternary Heusler Alloy with @redicted 100% spin
polarisationat the Fermi level. CFAS is a ferromagnet with th¢e2{full Heusler alloy structure,
where X and Y are transition metal species and Z is one or more main group elements. CFAS has
bulk lattice constant of 0.568nf110] and a high g, (1150°C.)[111] The saturation magnetisation
of GFAS is observed to be ~D6mucc’ [36,112,113,114]. Conbined with a small lattice mismatch
with technologically relevant substrates 1t8 Pon Ge(111)115], increasing to ~4% on Si(111))
[116], these properties make CFAS an excellent candidate for applied spintronics. Depending on
the growth conditions, CFA8rins either an 4 or B; ordered structure.

The L, structure is a bodygentred cubic structure in the Fam space group. It consists of 8
latticesstacked in a cubic arrangemefiti4,117]. The outer vertices of each cube are made up of
the X species whd the bodycentred ions form a cubic sublattice with the Y and Z ions occupying
alternating (111) planes.

The B structure is similar to theal, although the YZ sublattice is disordered in thestBucture.
The magnetic structure of Heusler Alloys fsoisgly dependent on the atomic arrangement
[117,118]. The haHmetallicity which gives rise to the high sginlarisation is a feature of thexL
ordering. This effect is significantly reduced in theoBlered state. If instead no order exists
between the X and YZ sublattices, the structure isofdered. It has been shown that the
difference in structure arises as a result of different growth and annealing condifigpécally
the structure grows in the Bphase, and transitions to the,lLphase with tlermal annealing
between 500700°C [119,120]. Direct exchange between the @b and F&o pairs result in a
parallel alignment of the spin momenif$20]. Discussions of the superexchange effects in CFAS
are not common in the literature. At first glancewbuld appear thastrong AFM couplingccurs

in the Ly; phase across the F&l/SiFe bond due to 180superexchangebut this is not the case
The Fe sites inlwould be expected talign antiparallel anthavetheir spin moments cancel out

@ ’ @ X Site (Co)
5\1 43\} )33 Y Site (Fe)
@ @ Z Site (Al, Si)
N sy e

Figure 2.5 The Full HeuslerXZ Structure, with the X (red), Y (green) and Z (blue) site:
highlighting e lp; Order. In B2 order, the Y and Z sites are disordered and the green and blue
sites become interchangeable

29



except the diect exchange between the Co and Fe sublattices is sufficiently strong to keep the
moments aligned in parallel

It has been calculatedsing spin dependent DFT that, in thg phase, a finite density of states
are present in the majority suband of CFASat the Fermi level, with no states in the
corresponding minority suband[13,121]. This is not the case in the Bhase, however, where
both spin sukbands have a nomero density of states. Indeeth this configuration the minority
spin subband has adrger occupancy, reversing the direction of the spin polarisation relative to
the Ly; phase. Irmixed phase CFA®&hichsometimesoccuisas a result of intermixing at interface
regions these effectscompete with each otherlowering the total spin polariation of the film

and increasing the magnetic dampiridjminating this competition between phases using thermal
annealing is therefore a research field of considerable interest for CFAS.

The difference between the,Land B structure can be observed ug XRay Diffraction (XRD).

The differentlattices give rise to unique diffraction peaks based on their structiings arises as a

result of the selection rules which are applied to the different structuiiée. structural (44%and

(400)reflectionsarise from the fundamental cubic structure arate therefore observed inall of

the phases of CFA®y, L,; and B). The structural peak arises from the fundamental reflections

from the cubic structure and the selection rules h+k+l=Ad &, k and kre alleven. Different

lattice arrangements give rise to additional diffraction conditionghe Ly; structure, reflections

are allowed ifh, kand lare allodd6 { y2 6y Fa (KS W2 RRaadirRdttiENd Ol A2y O2y |
and B, structures the reflections areallowed if h+k+l%4n+2[110120] 6 { Y26y Fta (KS WS@Sy
diffraction condition) As a resultpoth the l; and B, ordered films show (222and (200)

reflections [113], which are absent from Yordered films.A (111) peak is observeif the Ly,

structure is pesent, butisabsent from the Band A ordering types A similar effect is observeith

the [100] plane the (400) structure peak should appeardth CFAStructures,while the (200)

peak isobserved irboth Ly; and B ordered films and the (100) only gmears if the crystal hasiL

order. Depending on the crystal structure, different reflections can therefore be identified in XRD

measurements! Yy | y 3 & 54.7 2idgrees separates the (111) and (100) planes in the CFAS

crystal structurg113].

The curent state of research progress on damping in CFAS is limited due to the relatively recent
emergence of the quaternary Heusler Alloy as a prospect for spintronic device applications.
However,some priorinvestigatons into CoFeA} sShs, and its pecursa materials CgFeAl (CFA)

and CgFeSi (CFShow promising results

Tezuka[119] et. al. produced L,; ordered CFAS usindpermal annealingtechniques in 2006

though no damping measuremenwere performed at this timeNakataniet. al. [110] then

predictedan increase in spin polarization between the d&d L, statesin 2007 Experiments by

Baiet. al.[36] in 2012yielded a valudor the Gilbert dampin@fh ' w3dnpB, oftlered CFAS

grown on MgO(001)whichis in agreement with later experimentsn the same structureby

Ming-Loonget. al. [112] in 2014 Gaboret. al. [38] managed to further reducelphain Ly

CFAS/MgO(001p 1.X10°A Y HAamp® ¢2 (GKS I dzikKk2NRa 1y26fSRIAST GKA
Gilbert dampingn CFAS to date, and while wask CFAS on Ge(111) and Si(111) substrates is

now beginning to emerge, this is the first study of the damping behaviour in such films.
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Similar experiments performed on, BFAMgO(001)by Cui et. al. yieldetl = 2x10’in samples
grown by lon Beam Deposition and thermally annealed (either using standard furnace annealing
or rapid annealing in vacuum depending on the required temperatura)alde oft = 1.Xx10°

was reported in later experimentby Belmegenai [122] grown by rf sputtering and vacuum
annealed Thermal annealing bikumar[123 in 2017 was observed to yield,; CFA on Skith a
measured value of = 1x10. This is considerably below the value observed in CFAS in 2015,
suggesting that further redttions in the damping in CFAS may yet be possible under favourable
circumstances.

This precedent of decreasing Gilbert damping constants correlated with structural impeovem
in Heusler Alloy thin films suggests that further work in this field may beuugefeducing the
magnetic damping in hathetallic materials. Further reduction of damping (and therefore lower
critical current density requirements) in highly squialarised magnetic thin films may be a crucial
step in the development of lomlamping sptronic materialsBased on the work of Kuerbanjiang
et. al.[115,116], excellent structural improvement is observed in therranhealed CFAS thin films
grown on l1lialigned Ge, so these filnfgovide an excellent candidate for the geibility of
further redudngh in CFAS.
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Chapter 3 Experimental Methods

3.1 Introduction

The experimental techniques that have been used to characterise two series of magnetic thin
films of FgO, and CgFeA} sSh s are discussed in this chapter. The characterisation techniques are
discussed in two distinct categories: the techniques used to characterise the magnetic behaviour
of the material, and those which have been used to investigate the structure of the samples.

3.2 Structural Characterisation Technigues

The characterisatiorof the sample structure is important in understanding the behaviour
observed in the magnetic characterisation of the samples under investigation in this project. A
series of techniques have been used to assess the microstructure of samples investighted in
project, including xay diffraction, and transmission electron microscopy.

3.2.1 XRD

Xrays are widely useih the structural characterisatiorof thin films especially in diffraction

techniques, due to their high penetration depth and short el@ngth. However, they make up a

broad region of the electromagnetic spectrum. It is often practical to separate the spectrum of x

rays into the higkenergy xNJ @ 8 | y 2 éNJ 81330 WKIRNRI KBS #agss\8Mld Sy SNHe& wa
the distinction between hal and soft xray regionsis not rigidly defined, it is a useful distinction

to make, since xays in the different energy ranges are often used for different investigative

techniques. For the purposes of this thesis, | have chosen to use the definitiwhitly the two

are separated at the Diamond Light Source facility: that is, that experiments usiyg &t higher

GKIYy H1S+ | NB -8 andyhGsRbe koafined KithiNR @kddd safety hutch. X

rays at lower energies, between 100eV ané2k | NB O2 y &rayRSNBR waz2fiQ E

X-ray diffraction is a useful technique for sttural analysi§l24]. Hard xrays emitted from dixed

sourcearereB OG SR & ALIKSNAOIE o1 dSa FTNRBY (KS al yvyLx S a2
above the criticat y 3t S F2NJ G201t NBFTE SOGAZ2Y

The critical angle— is related to the refractive index ) by[125]

— - (3.1)
The waves which are separated by a path length differesfcan integer multiple of the -xay
g @St SYyaJdK o6<0 Ay SNSEafididd frod2siyndad diysed) planddereférer o1 9S &
correspond to the constructive superposition of scatteredays and a diffraction peak is
observed. Constructive superpdsie y A d 20aSNWSR ¢gKSy . NIr3I3Qa g Aa

E_ Qi e (32)

GKSNBE y A& Iy AyiS3ISNE R Aa (GKS &L} OAy3 o0SiG6SSy |IF
incident xray. Wsing the Bragg equation, the spacing between planes (d) can be extracted. This
spacing in a cubic crystal structure is related to the lattice constant by

Q

. (33)
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Normal

Incident X-Rays

Lattice Planes

Figure 3.1 A schematic diagram of Bragg reflectedays from a series of crystal lattice p&s

where a is the oubf-plane (c-axis) lattice constant and h, k and | are the miller indices of the
plane.The outof-plane lattice constant can be measurddd A y 3 | & & Y Y Salihbkigd H °
in perfect cubic structures this gives access to the otlhatice constantsas well In the case
where tetragonal distortions affect the lattice structure, the eftplane lattice constant may be
increased or decreasectlative to the literature valug126]. Different scan geometries can be
used to investigatelifferent lattice constants. The grazing incidence diffraction geomstrgwn

in figure 32.a)can be used to perforrm-plane XRD. This is achievedsijtinga grazing anglef

x-ray incidenceand measuring theliffraction patterny  which arises due to structural order at

the surface{ Ol Yy Yy A Y B« al®usSHdJreeotery of a wavevector with and ycomponents,

a) b)

Figure 3.2 A schematic diagram of alternate XRD geometries. A) The grazing incidence X
geometry with the incident and specular beams shown in red and the diffracted beam in blue. B)
The inplane XRD geometry
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Detector

Attenuator

Slits

Sample Plate A
(Mounted on Goniometer)

Figure 3.3A schematic diagam of the XRay diffractometer

from which the reciprocal lattice (and therefore the real lattice) can be reconstructed

[127,128,129]. In-LJEf | YHBW 60 2NJ W O 2) diifftict®R@n as® beyperformed by fixing the
incident xray angle. s YR a0l yyAy3 GKS RSGSO(GRMS shaSN) GKS RAFT
figure 32.b) in order to measure a ditiction pattern from the planegperpendicular b the

sample fae and thereby calculate the iplane lattice constani128,130].

All of the XRD data presented in this thesis was recorded using a Rigaku Smadab X
S5AFTNI OG2YSiS Ndy solréeKThe corfespondingray -wavelength is thefere a
constant 1.5408. A 2bounce Ge(220)x2 monochromator was installed in order to eliminate
additional K and L reflections which are otherwise observed in the XRD. The sample is mounted
on a stage which can be rotated in five degrees of freedomudirad the x, y and z axes of
translation (where x and y are the dimensions in the plane of the stage and z is the vertical

Xxro= 0°

Figure 3.4A schematic diagram of theRXay Goniometer, showing the anglegol Y Reo -
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schematic diagram of the XRD regented in figure 3. The alignment of the XRD optics with the
sample was performed using the automatic alignment procedure programmed into the Rigaku
Smartlab control software. Manual adjustments were then made as required to account for tilt in
the sanple planeby F AEAY 3 GKS * |y3tS FtyR NRO{AYy3 Ay
was achieved. This offset was then accounted for in each subsequent measurement.

3.2.1.1 2Thet&dOmegaScans
The incident angle of thee-X €4 6.0 YR GKS8Syl¢gafS86 REFANHITE S
YSIFadaNBYSyl AY k.acans[12413428.yin (K& a1 ‘a GkARY SEy I S |
swept between preprogrammed limitss A G K . f g1 @ a4 & S Bcarnifig otel theF
H ‘angle allows access to the difframi peaks arising from the crystal planes within the sample
structure. Bragg peaks arising from ndorbidden reflections appear as intense peaks in the
reflected Xray intensity (measured in counts per seconial).the case of an epitaxial crystal, a
singlefamily of planes will exist to give rise tera§ reflections. The family of planes which are
observedis determined by the geometry of the sgaas shown in figures B.and 32. In the
a28YYSGONRO H reflectionz@esyram plafeS parallel with the face of the sample and
the spacing between these planes (i.e. the-oftplane latice constant) can be extractedh the
event that other peaks are observed, it can be irgdrthat the crystal structure is mulghase or
polycrystalline, depending on how many different families of plaaresobserved.

Depending on the crystal reicture under observation, certain peaks may be excluded by the
selection rules. These are knows forbidden reflectionsand they occur when the interference
between reflected waves are destructive rather than construc{i#s]. The type of structure
determines which reflections are forbidden and which are allowed based on inherent selection
rules. Structural information cartherefore be extracted from a combination of the peaks which
are observed, and which of the peafrom that family are forbidden by the structufand
therefore missing from a k .scan)

The selection rules for each material alissed in this thesis are governed by the cubic crystal
structures.In FeO, the basic fcc structure restricts the allowed reflections to those cases where
h,k and | are either all odd or all evdn CFAS)+k+I=4n and h, k and | must all take even values
as a result of the bcc structure. Further rules are imposed depending on-thdigorder: as
discussed in section 2.6.2, h, k and | are all odd if the CFAS crystallises insthecture and
h+k+l = 4n+2 if the film has, Brder [110,113]. Peaks in tb XRD were identified using predicted
values calculated using the INDX software packagg with space group and lattice constant
information from the literature. Oubf-plane lattice constants of the samples under test were
then calculated usingquations 32 and 33 and compared to the accepted value.
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3.2.1.2 Rocking Curves

Once a diffractiorpeak has been observed in thek .scan, the relative structural quality of a
sample can be assessed by measuring a rocking curv@l@ICRocking curves are measured by
fixingthe2  y3t S yR a0lyyiAy3 . | NRdzyR 5 THeFWHMof y SEI Y LI S
the rocking cure is related to the quality of the thin film, with increased defect density resulting
in increased broadening of the RTarrower curves arise from more coherent structures of higher
quality. Converselythe curve is broadened by defedike misalignmentbetweengrains, known

as mosaicity and other effects such as dislocations, sample curvature and gtrath Some
instrumental broadening is also a factdihe discrepancies betwa the planes give rise to small
differences inplanar alignments, shiftinghe angle of thé& correspondingreflections and

OKI y3aay3a i &tSvhidhyha difBactibnypeak can be detectess the structural quality
improves, the msaicity is reduced anithe rockingcurve narrowsWhile the exact values are not
useful in islation, comparing the FWHM of two rocking curves allows a relative compasison
their structural quality. Further applications of the RC are available, such as applying the Scherrer
equation to determine the size of crystallites within a polycrystaliample[136]. However, since

the samples in this thesis are epitaxial single crystal thin films, only the direct comparison of the
FWHM will be considered.

Peak Position

FWHM

Intensity (Counts s

Omega (Degrees)
Figure 3.5A typical XRD Rocking Curve, with the FWHM indicated in red

3.2.1.3 XRay Reflectivity
At shallow angles of incidence (belawK S O N (i Jx@dyd arelspeautar§y reflected from
both the sample and substrate surfadegs,137,138]® . istypically smaller than 1 but the exact
value ispropotrtional to the refractive index ( which at hard »xay wavelengths is ~Bnd ample
RSy aAb¢R ol K S NEaAgasSN® each layer of the sample depending on the crystal
structure. Above this critical angle the reflectivity decays rapidly and the effect therefore
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vanishes, giving way to the standa#d kbehaviourand yieldingdiffraction peaksn crystalline
samples. Amorphous samples still allow the specular reflection of these vaadethe fitting of
interference fringesthough diffraction peakst higher anglesre no longer observed. Specular
reflections from the film suiace and the film/substrate interfaceombine in aninterference
pattern called Kiessidringes The reflectivity profile observed in the shallow angle XRD can be
used to extractseveral useful parameters from crystallisamples. In simplified terms, the
gradient of the profile is proportional to the surface roughness, the amplitude of the fringes is
proportional to the thin film density and the width of the fringes is proportional to the thickness
of the thin film layer figure 3.6). Sampleghicker thana few hundred nanometresuppress this
reflectivity as the fringes become close enough to become indistinguishable. At the same time,
the increasing thickness of the film leads to the attenuation of the reflection from the
film/substrate interface, impedig the interference behaviour.

The normalised intensity of the XRR can be used to determine the reflectivity fprafije
Yy — (34)
In a single layer thin film, theeflectivity profile is defined bji35
Y _ (35)

where t is the film thickness, Is the vertical component of #hincident wavevector and and b,

are the Fresnel reflectivity coefficients of the thin film structure and the substrate respectively.
The reflectivity profile is therefore maximised when the exponential term = 1, which occurs when
the path length diffeence is an integer multiple of theNJ @ ¢ @St Sy3aid K o6<0d ¢

T T T T T T T
—— Gradient
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Width
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Figure 3.6 A typical Xray Reflectivity trace masured using an-vay diffractometer
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a_ ¢coi Q&e— i Q& - (36)
where the t is the sample thickness and m is an integer. Manual fitting of these parameters can be
acconplished by extracting the oscillation curve and finding the peak position of the
corresponding Fourier transforif135). However, automated fitting is more expedient. The XRR
data presented in this thesis was fitted usibgth the GlobalFitand GenXsoftware packags,
which show agreement in the calculated valu€dobali uses the Parratt recursion equation in
order to fit multilayer stacks (equation@.[139], though for a single layer on a substrate (N=2),
the single layer expression (equatiorbB3drops out of this expression. The fit also takes into
account interfacial roughness by adding the exponential term in equatib® [340], leading to
the modified Parratt Equation (equation13d) [125,141]. The interface roughness reduces the
reflectivity, digorting the XRR and in extreme cases eliminating the Kiessig fringes.

Y JINA) (37)

h h

where R;is the reflectivity coefficient of thej layer intersection,ifis the Fresnel reflectivity, the
subscripts i,j,k denote the thin film layer(figure 37). In a simple single crystal system, for
example,i corresponds to the ambient air, j to the crystal lattice and k to the substrate. The
parameter a is

w Q (38)

where t is the sample thickness and
Q ¢ Al 6 (39
Q- h (3.10

where, Ada (GKS &aO0FdGdSNAYy3a @SOUG2NJiLthe rabtihéansuariidNB & L2 Y RA ¥ 3
roughness of theijinterface.

Yy O Q- f (3.11)

For the purposes of this thesis, only the film thickness will be directly extracted.

Diffuse Reflected Waves

SpecularhyReflected Waves

5 . Layer i: Air

Refacted Waves | Layer j: Crystal

L

Layer k: Substrate

Figure 3.7 A schematic diagram of a single crystal sample under XRR
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3.2.1.4 Pole Figures

XRD also provides a method of mampithe texture of a saple using ifplane pole figures
[142,143]. The pole figure is a 2D map acquired by fixingat a known peak and sweeping the
incident xrays in both the azimuthal rotation (r®) F Y R (i K Sygd{{143 dsshowyi hf S ¢
figure 3.4. Plotting the intensity of the Bragg reflecteerays as a function of these parameters
provides a D projectonin ' YR . | @SN} ISR 2@0SNJ I f I NBS &l
information. In the 2D projection, the tilt angle is described by thdial distance, with the
centre of the map equatingto . Tha angle corresponds to the azimuthal angle of the pole
figure plot. As in theH ° kscan, reflections from planes constructively interfere, yielding
diffraction peaks which appear as brigtfiots in the pole figure. The axes of the pole figure are
denoted as the Rolling direction (RD), Transverse direction (TD) and Normal direction (ND), which
correspond to the goniometer axes X (in the plane of the sample, parallel terthebeam), Y (in

the plane of the sample, perpendicular to theray beam) and Z (out ahe sample plane)
respectively{143]. The axes X and Y correspond tgpo= 0 and xgp= +90 respectively.

This technique is useful in determining the distribution of crystallites in polycrystalline samples,
but can also be applied to single crystal thin films in order to confirm the @pitgrowth. An
epitaxial single crystal structure will show one primary intensity peak at the centre, corresponding
totheH * Kpeak at which the intensity is fixed. This central peak is surrounded by the reflections
from the family of similar planes whiare observed at other positionsinl Yy R . ® C2 NJ SE
(111) oriented film can be measured in this way to confirm the presence oft¥ peak, and

other members of the <111> family, as observed in figuge Bhe pole figure method is primarily

used to examine the distribution of the crystallographic planes in a crystal structure.

RD

Figure 3.8 An example XRD Pole figure recorded from th@®,k&11)peak in an
FeOy/YSZ(111) sample. The central (111) peak is clearly observed in red, and the
(Ary), (Iatyand (1) Peaks are observed in the pole figure spaced equally arc
the central peak
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3.2.4HAADFSTEM

HighAngle Annular Darkield Scanning Transmission Electron Microscopy (HSABM) was
used toimage the structure of the thin filreamples preseted inthis thesis A schematic diagram

of the STEM is presented in figu3e. In this technique, higlenergy electrons are scattered from

a sample under UHV conditions. Higihgle elastic (Rutherford) scattering occurs as a result of
Coulomb interactiorbetween the incident electrons and the positive charges within the sample
[144]. Inelastic thermal diffuse scattering (TDS) also contributes to thedrgle scattering of
electrons as a result of phonon excitations within the sanipi8].

At detector angles >50mrad, the scattered electrons are incoherent and therefore diffraction
effects are not observed. Once scattered, these electrons are detected by a High Angle Annular
detector. Electrons scattered at high angles have a scattering cross sectiportpnal to 7,

where Zis the atomic number of the scattering atom. This results in a proportional increase in
the brightness of the corresponding point in the recorded TEM image which is ideal for identifying
heavy (highZ) elemets including transitia metals The background of the image remains dark
where no scattered electrons are observed. Theontrasteffect has been shown to have sub
nanometre resolution[146], allowing for the determination of individual elements in a crystal
structure. The actron beam can be scanned across the sample by bending the electron
trajectory using a magnetic field induced by the focusing coils.

Electron Gun

| l | Condenser Lenses

Focusing Coils

: | »  Aperture
Objective Lens

Sample

Te———"> Dy

Figure 3.9A schematic diagram of the HAABFEM Technique, with the electron
path shown in red
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The HAADSTEM technique allows the highntrast imaging of lattie structures in high
resolution which allows insightinto the crystal structure. However, due to the limited
penetration depth of the incident electrons in metals, samples are cleanedpolished in order

to allow access to the crystal structure of the whole sample. The high resolution imaging makes
HAADFSTEM an excellent technique for investigating both the sample structure and interface
effects between the film crystal and substrate.

STEM images recorded using the microscope software are assigned a scale bar, which may b
broken down into a lengtper-pixel and used to measure the thickness of sample layers in low
magnification images.

3.24.1 EELS

Complementing the HAAESTEM techniqueglectron energy loss spectroscopy (EELS) uses the
energy loss incurred by the inelastic scattering of the incidenttelas to determine the
chemical composition of the samp]#47,148]. As long as the sample is sufficiently thin to allow
electron transmission, electrons can be passed through the sample with a finite probability of
interacting with the crystal structurelhose electrons which are scattered transfer kinetic energy
to the crystal. These inelastic effects induce either-&avergy transitions (plasmon excitations) or
highrenergy transitions in the form of electron excitatiégmthe scattering ionlt is thesehigh-
energy transitions that are of interest for the purposes of this theRi® electrons which donate
these high energies reach the detector with an energy reduction equivalent to idmésation
energy of the scattering atom. Since these transitionrgies are unique to each element, this
WSy SNHE RSTFAOAGQ Oly 0S5 -dgioSthe ciystalskukt@reg/ G A F& (GKS

A spectrum of detected electron energies can be built up, with the-lkms® peak (those electrons
which lose no energy duringhé transmission) the lovoss region and the high loss region,
containing the electrons which excite cdeyel transitions. Scanning over the sample, these
ionisation energies can be used to map the elemental composition of the crystal lattice. Further
information on the EELS technique is given by Egétia.

3.2.4.2 SAED

Selective Area Electron Diffraction (SAED) is a technique used in STEM imaging to discern th
structure of the crystal lattic§150,151]. An electron gun is used to output higimergyelectrons

which are incident upon the sample parallel to the hgymmetry (zone) axis along which a
diffraction pattern is desired. Thelastic scattering othese electronsat low angles produces
coherent electrons which generate a diffraction patterrCe2 NRA Y 3 (2 . NI 33Q4&
SAED aperture is inserted into the image plane of the objective lens of the electron microscope.
This aperture limits the volume of the sample which is used to produce the diffraction pattern.
The highenergy (100keVglectrons have a wavelength of 4pm, which is sufficiently small to be
diffracted by the atoms in the crystal structure. The resulting diffraction peaks are observed as
hightintensity spots on the image, corresponding to the peak positions in the reciplattiab

and separated ¥ a distance proportional to the lattice spacirigpr electron diffraction to occur,
theind RSy d Fy3ftS o0‘0 Ydzad o6S avltftz a2 332uyat d

E_ cQ— (312)
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so if n=1,
- ¢— - (313

where r is the spacing between the points in the SAED pattern and L is the focal length of the
imaging camera. The lattice parameters, crystal structure and crystal phases can be determined
from the diffracton pattern, just as with the XRD discussed in sectigri 3.

For the purposes of this thesis, all samples were prepared for the TEM using the conveational
milling TEM method152]. The SAED patterns were measured usidg@42011 TEM microscope.

The FAADFSTEM imaging was performed using a Nion UltraSTEM 100 microscope. This
equipment was operated at an energy of 100, with the convergence angle set to 13@ad. The
corresponding electron probe size was calculated at20.Fhe inner detector angle fothe
HAADFSTEM was set to 76mrad. EELS was recorded at an angle of 31mrad with a native energy
spread of 0.3eV in the electron beam. The spectrometer dispersion was 8€2d¥ per channel,
resulting in an effective energy resolution of 0.6eV. Nois¢éhen spectral images was reduced
using principle component analysis in the Digital Micrograph software. The CiME plugin was used
to analyse the data: a backgroumehs cakulated using a powdaw model and thersubtracted

from the signal. The data washen integrated over a 30eV window around each ionisation edge.

3.3 Magnetic Characterisation Techniques

A variety of characterisation techniques were used in this project to assess the magnetic
properties of the materials under investigation. The two most am@nt techniques used to
characterise the magnetic nature of these sample were vibrating sample magnetometry and
ferromagnetic resonance spectroscopy.

3.3.1 Vibrating Sample Magnetometry

Vibrating sample magnetometry (VSM) is a weslablished techique which measures the
magnetisatiorof a sample in a magnetic figjth3,154]. This allows the extraction of key magnetic
parameters from the samplesuch as the saturation fieldH{), coercive fieldH...), the magnetic
remanence(M,) and the total magnetic moment(>y). When a sufficiently large bias field is
applied, the magnetisation is saturated, achieving the maximum magnetic moment across the
sample. Dividingt by the sample volume gived..

Mounting the sample between two electromagnet coiltoals the application of a bias field in
order to saturate the magnetisation parallel to the field. The sample is mounted on a quartz rod
which is suspended in the middle of the field and connected to a vibrating unit. This unit contains
a piezoelectric, wich is used to vibrate the sample in a steady sinusoidal waveform by the
application of a sinusoidiacontrol voltage. The vibrating sample then induces a timgying
magnetic flux (and therefore eurrent) across the detection (piakp) coils mounted athte poles

of the electromagnet. Thisurrentsignal is measured by a leckamplifier, using the frequency of

the oscillating piezoelectric as a reference signal. This signal is proportional to the magnetic
moment of the sample. Data is collected by thentol PC where it is converted back into a
magnetic moment using a préetermined calibration.
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Measurement of the magnetic moment can be performed in different relative orientations
between the sample and the magnetic field, two of which are practicalhierpurposes of data
acquisition: the moment in the plane of the sample and the moment out of the plane of the
sample. The magnet is mounted on a turntable to facilitate easy switching between these two
orientations. Initially the field direction is in pad £ £ St A GK GKS &WQVLI S
corresponding to the #plane arrangement. Rotating the magnet by°98ligns the field
perpendicular to the sample mount, allowing measurensamit of the plane For the purposes of
speed and continuity between tisets, it is practical to hold the sample in situ and rotate the
magnet around it. Background effects and the paramagnetic component which arises as a result
of the sample mounting components is removed from the data by recording a background dataset
from a clean substrate mounted under the same conditions and subtracting this from the raw
data. This ensures that the data analysed is purely arising from the sample.

VSM is commonly used in two ways: either the temperature is held constant and the magnetic
moment of the sample is measured as a function of the applied magnetic field (referred to
hereafter asM(H) measurements), or the magnetic field is held constant and the magnetic
moment is measured as a function of the ambient temperature (referred toMH3)
measurements). Measurinyl(H) allows access to theék, Heer and M, parameters which are
useful for characterising the sample material. In particular the saturation field will be useful for
application in other techniques, since the saturation of ttmmples is required for complete
characterisation.

Vibration Unit
Lock-in Amplifier
«— P
Quartz Rod
Control PC =~ €—— Sample Mount
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PSU -
C)
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Electromagnet Coils H

bias

Figure 3.10A schematic diagram of a typical VSiétem
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M(T) measurement allows useful insight into some structural behaviour of the sample, especially
in the case of those materials with known structural transitions. Magnetite, for example,
undergoes the welknown Verwey transition at around 120 (T), as described in section 2.6.1.

MeasuringM(T) can be performed either in a fiettboled (FC) scheme, where the sample is
saturated in a DC magnetic field then cooled in preparation for a temperature sweepzene

field cooled (ZFC) method, where the sample is cooled infegtband the field iset to anon-

zero level for iffield measuremen{155,156]. The difference between these two methods lies in
the orientation of the magnetisation: in the FC cages magnetisation isaturatedand cooled
before the measurementfield is applied, while the ZFC case retains any spin disorder in the
sample while the temperature is lowered

Elements of the magnetisation in the ZFC case will be less coherently orthatethose in the
FC. This is maximised in polycrystalline films, where the orientation will be random in the ZFC

case. When a bias field is applied in the FC case the spins are all aligned in parallel and will behave

uniformly, resulting in a large magnsation. In the ZFC case, however, the random alignment of
the spins cannot be overcome by smatieasurement fields and therefore a reduced
magnetisation will be observed as fewer spin moments align with the bias field.

The difference between the FC anBQ& VSM therefore affords some insight into the magnetic
structure of the sample, as highly disordered strongly anisotropistrucures will show lower
values ofM¢ in ZFC compared with R(T)if the bias field Is low enough to nowvercomethe
energy barier to coherent spin alignmenfThis can also be used to investigate phase transitions
in the magnetic structure. For example, in stoichiometrigzeghe Verwey transition is a re
structuring of the chargerder and therefore a change in the sgtate alignment. Above ( the
spins align uniformly in ferrimagnetic order and therefore show no difference betvix@r) in

the ZFC and FC modes. Beloy owever, the less ordered spin states induce a significantly
lower value oM in the ZFC measurement

The dynamic reversal of the spin state of magnetic domains in magnetite is prevented below a
ONRGAOFf Wot 2 gnp7assERlowiti8sYidmpexatuie dateBhold; there is insufficient
thermal energy within the crystal to allow the spin moments tova freely: they are therefore
locked in the orientation which they occupied before the system was cooled. As the blocking
GSYLISNI §dzZNB A& NBIFOKSRI (KAa WFNBSTAy3a 2dziQ
are sufficiently energetic for the spmoments to be realigned by interactions with the applied
magnetic field. The glof magnetite is observed at around 210K in a 1kOe applied field [80],
although the temperature at which this blocking occurs can vary strongly depending on several
variablesjncluding the sample stoichiometry and the applied figksb].

In FeO, samples with very small domains, for example in ultrathin magnetite ftimrs [12, 160]

and nanoparticle samplgss1] the domains exhibit superparamagnetic (SPM) propertieshis t
state, the spin moment of each domain periodically relaxes between up and down spin states,
averaging to zero over a sufficiently long measurement time. It is well known that in magnetic
oxide nanoparticles, SPM behaviour arises from the single domatore of nanoparticle
system§l61]. In ultrathin films of magnetite, however, superparamagnetism arises as a result of
changes to the antiferromagnetic (18%eO-Fe) coupling which can occur across antiphase
boundarie$12,160] SPM behaviour in ultrathifilms is altered depending on the domain volume
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and the relative area of the domain boundaries: as the thickness of the films increases above
~5nm, the domains become sufficiently large to suppress this gffegtSince all the magnetite
samples consiered in this thesis are much larger than this critical limit, no further consideration
of this effect is required here.

For this thesis, VSM was performed using two different VSM systems. For room temperature
experiments, a Microsense Model 10 VSM housadsite at the University of York. For
temperature dependent measurements, an alternate device was used: a Quantum Design SQUID
magnetometer, at the Diamond Light Source Facility. All VSM experiments on the Model 10 VSM
were performed at room temperature, ith the magnetic field ramped to 1kOe to saturate the
sample before data was collected. A background contribution from the empty sample mount was
also measured and subtracted in order to rera@ny contribution to the data.

The SQUInagnetometer uses hidy sensitive Josephson junctions to detect very small changes
in local magnetic fields, allowing for extremely high sensitivity magnetonigigy. This increased
sensitivity allows highly accurate investigation of the magnetisation behaviour of the eampl
under test. This is especially useful wHd(T) experiments are performed, since even very small
changes in the magnetisation resulting from phase changes in the sample structure can be
observed. The SQUNSBM also has a very low sigi@anoise ratio. EC M(T) experiments
performed using the SQUISM were cooled to 10K and then a bias fieldkDewas applied.

Once saturated, the magnetisation was measured as a function of temperature in 0.5K intervals,
with the temperature increased at a rate of 5Krrhi

When performingVSM ideally the temperature would be raised above the Curie transition
temperature where the magnetic properties change from ferromagnetic to paramagnetic
behaviour in order to eliminate any residual magnetic order in the samgtEsvever, due to the

high T of FeO,, this was not possible with the available equipment. Raising the temperature
above T =858Kraised two problems in these samples. Firstly, raising the temperature ahove T
would lead to further thermal annealing of theamples. Given that the purpose of this
investigation is to investigate the changes brought about by the initial thermal annealing process,
this secondary annealing would render any further experiments on these samples unreliable.
Secondly, the SQUABDSMmust be switchedetween twooperatingmodes at400K ,in the middle

of the temperature range which would be required: from the low temperature mode to the-high
temperatureW2 @Sy W S yi@thiNdpgfatidhgl inode, the low temperatures can no longer
be adieved, so a continuous measurementM({T) is not possible. The best compromise in this
situation was to ramp the temperature as high as possible without changing modes, in order to
get as close to the transition as possible. The saturation field wasdéegither to maximum
output or to zero,when operating in the=C or ZFC modespectively and the sample cooled
again to ~4K. Once the low temperature was reached, the field was set to the measurement field
value. Finally, the temperature was then raetpup slowly with measurements d&fl being
recorded periodically as a function ofHaw data from the VSM is measured as magnetisation (in
emu) as a function of applieshagneticfield (or temperature). In order to convert from emu to
emu c¢', a volune meaurement of each samples irequired. Approximationsof the sample
volumes were performedising a twestep processFirstly,an opticalmicroscope with a/ernier
scalewas used to calculate tharea.By moving theedge of the sample under one side of the
microscopelens noting the value on the scale, then moving the same side of the lens to the
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opposite edge of the sample, the distance moved on the Vernier scale gives the length of the
measured dimension of the sample. Repeating this process for each Gidegiven sample
allowed the calculation of an approximate area using simple geometric methods.

The second step requirececording thethicknessof each sample, to multiply by the area
calculated in the previous steffhe conversion to emu ¢avasinitially performed using noinal
thickness valuegprovided by the team who grew the samples, which was useful as a first
approximation. The conversion was lat@peated after the HAADSTEM had been performed
using the thickness values measured from the STHEMgésto give a more accurate
representation of the mgnetisationin emu c¢'. However, with the uncertainty oflnm on a
thickness of the order of nm leavesansiderableuncertainty on theVSMmeasurementsThis is
especially true in the case of the GG-¥XSM, where th&€lnm uncertainty is on therder of 10% of

the sample thickness

In order to remove the effects of background and substrate contributions to the VSM data, a
second set of data has beeaecorded for each measurement under the same experitaken
conditions. In the second sweep, however, the sample is removed from the mount such that only
the local background effects are measured. Any effects arising from the quartz rods and silicon
grease in the sample mounts can therefore be measured wittloatmagnetic signal from the

al YL S® 2KSNB LlRaaAiroftSs |y SyYLWie adzomaidNI GS
measurements in order to eliminate any contributions from the substrate. For th®,Bamples
presented in this thesis, a YSZ(111) substiates available, allowing this subtraction to be
performed. The Si(111) and Ge(111) substrates were not available at the time of measurement,
however, so any effect of the substrate on the CFAS datasets remains within thdrdatch

case, the total backgund contribution was observed to be paramagnetic, rather than the
diamagnetic effect expected from all of the substrate materials. This suggests that any
contribution from the substrate material is significantly smaller than the paramagnetic effect
arishg from the sample mountThe subtraction of armverage paramagneticontribution was
performed in order to reduce the effect of these substrates on the data, but ideally a repetition of
the data analysis could be performed after the VSM has been repeaiaimilar substrates.

Once a complete set of data was measured, these background effects were then removed from
the data by subtracting this background signal, allowing the isolation of data solely from the
sample.

3.3.2 Ferromagnetic Resonance Sipescopy

Ferromagnetic resonance spectroscopy (FMR) uses the principle of FMR discussed in section 2.5

to characterise the magnetic properties of a thin film sample. Using magnetic resonance
spectroscopy the magnetic damping parameters, anisotropies, d gfdctor and saturation
magnetisation can be obtained.

Two different methods of FMR Spectroscopy have been used to collect the data presented in this
thesis. These are théector Network Analyser FMERd Modulation FMRechniques. While both

use the sameprinciples of RF absorption exciting the magnetisation precession about an axis
defined by theeffectivefield, these two methods differ slightly in the methods of RF generation
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and signal measurement. A full description of the FMR spectrometer used formethese
experiments is given in chapter 4.

FMR spectroscopy is a bulk technique and cannot therefore be used to isolate the effects of
different layers in a multilayer stack, for example, or different phases of material in a given
sample. Since the efte relies on RF absorption, the penetration depth of the signal must also be

considered. In metallic samples, the typical penetration depth of microwave (RF) frequency
photons (the RF Skin Deptli} less thana micron [163,164]. All of the samples studieid this

thesis are on the order of 2000 nm and therefore the entire sample can be driven to resonance.

3.3.2.1 Vector Network Analyser FMR

Vector Network analyser FMR (VIRMR) is a weknown technique for measuring ferromagnetic
resonancen ferromagnetic thin film$165,166]. The technique uses a Vector Network Analyser to
provide an RF signal of variable frequency which drives FMR in a ferromagnetic sample as
discussed in section 2.5. The VNA works by comparing a variable frequencytRitippusignal
between the two SMA ports, connected either side of the device under test. The VNA measures
the scattering parameters {$arameters) as a ratio between the signal at the input and output
ports (identified as ports 1 and 2 respectively). Ttwvard transmission coefficient (commonly
1Y206ynQ0a AR GKSYy RSFAYSR o0& (GKS NIGAZ2Y

Yo — (3.14)

Where g describes the incident wave at port x andid the corresponding reflected wave, and
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Figure 3.11A typical VNAMR linescan from a CFAS/Si sample, showias &
function of the applied RF frequency at a fixed field of 1500 Oe
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the incident wave at port two is zefa67).

The sgnal is passed across the sample under test and the frequency is swept by the VNA
according to usedefined input parameters. When the resonance condition is met some of the RF
signal is absorbed to induce the precessianation of the spinswhich can bebserved directly

as a loss of signal intensity at port 2 and a corresponding reduction inthati§. Sweeping the
frequency across the resonance frequericya fixed magnetic fielgives rise to a characteristic
lorentzian absorption pealas observedn figure 311 Some additional structure is expected,

however, since in a real device the CPW itself will have some losses as a function of frequency.

The baseline will therefore not be flat. This is compensated for by forcing the resonance to high
frequencies (beyond the VNA measurement rangafid recording a background or reference
signal from the scan data. This is then subtracted from the data in order to flatten the baseline.
Since the Kittel curve is-dimensional and varies with both the appliededuency and the
magnetic field, a lorentzian peak can also be extracted by fixindréogiency andsweepingthe

bias field as $iown in figure3.12

In order to extract damping data, the linewidth of this resonance peak must be extracted. This is
achievedby extracting linescans from the 2D data array at a fixed field (frequency), plotting the
intensity data as a function of frequency (field) and fitting the resulting absorption peak using an
asymmetric Lorentzian functide6,168], given by

2RI O 20Ef b 6 (3.15
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Figure 3.12A typical VNAMR linescan ok&as a function of the applied
magnetic field at a fixed frequency
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O2YLRySyilda 2Hmisihg alfwdithdwaf-magimum (HWHM) of the absorption
lineshapeH; is the resonance field and is the applied magnetic field. A symmetric Lorentzian fit
would beappropriate in a perfect system, but it is well known that asymmetry can arise as a
result of coupling between the sample and the transmission line or cavity, which gives rise to
mixing between the real and imamgiry susceptibility componen{66,166,169].

By fiting the lineshape using equatioB.15 important magnetic parameters of the material
under test can be extracted at particular angular frequencyy). The two key parameters are the

f Ay S ¢ HRahdthedgsonance fieldH(). The linewidth of the resonance is linked to the
damping in the sample, as discussedséttion 2.5.40 . & S EHiftedh field Aingsgangas a
function of the RF frequency, th#amping within the system can be quantified. Assuming the
relation is linear, fitting this data usireguation2.45yields the Gilbert damping parameter and a
guantitative representation of both the intrinsic and extrinsic damping factors. If the trend is
curved, on the other hand, the twmagnon scattering parameter (equati@y7) can be applied

as well. In this way, the dominant damping mechanism can be observed and quantified.

ExtractingH, asl  Fdzy OG A 2 y dargyle also brévidds a @s&fid Siethod of measuring
several other magnetic parametershe change iH, as a function of the angular frequency yields

the Kittel curve which can be fitted using the Kittel equation, as discussextiins2.5.3 If the
magnetisationis alignedin the plane of the thin film, angarallel with the easy axigitting the

Kittel curve using equatio.40 yields useful magnetic parameterspecifically the saturation
magnetisation ¥y, the gyromagneticlri A2 6+ 0 I Yy R { K)S Asldgsariael inNR2 LJ
section 2.4 the gfactor can be extracted from the gyromagnetic ratio.

The extractionof H & | Fdzy OlAz2y 2F GKS |1 AYdziK lirkplaey 3t &
anisotropy. As discussed thapter 2, the irplane anisotropy is dictated by the magnetic free
energy surface, and the resonance field ai\aeg angle shows the position of the energy surface.
Measuring the resonance field as a function of the azimuthal angle provides a trdoe fi€e

energy surface in the plane of the sample: the easy axes in the sample plane will correspond to
minima in K, and the hard axes to maxima.

3.3.2.2 Modulation FMR

Modulation FMR operates on the same principles as ¥NIR, although the mébd of signal
detection is different. In this approach, an AC magnetic field, known as the modulation field, is
applied in parallel with the bias field. While this field is fr@mo, the time varying total field
induces a similar change in the AC suscdjititof the combined sample and waveguide. The total
suseptibility can be described Hy70]

29 07 Q (3.16)

which, when considered as a function of time can be expressed as the first two terms of a Taylor
expansion, assuming that higher order terms are sufficiesitigll to be neglected, as

T Q Q = (3.17)
Ly GKS 0208 SELINBaaAiAz2yasr His thd hidBielddy isahe ( KS
Y2Rdzf | G A2y Thi BriviRyy freqyeRcy of thd snodulation coils. Thekin signal is
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proportional to thederivative of the imaginary component of the AC susceptibility with respect to
field [66]. However, coupling between real and imaginary components can ariseresuh of
coupling between the sample and the waveguide. This can introduce asymmetry into the
resonance, and must be accoentfor in the fitting equations

The modulation technique measures a change proportional to the first derivative of the
absorption withrespect to the magnetic field. Extracting magnetic parameters from modulation
FMR data is therefore performed using the first derivative with respedt td the asymmetric
Lorentzian functioriég]. This is given by

o) 11 111 6 (3.18)
a
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where the fitting parameters are theame as in equation. B5.
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Figure 3.13A typical modulation FMR trace from a single crystal ferromagnet with the-pe
to-LIS 1 f A ¥-§ é@ndl iRdbancé field (Hparameters indicated

As in the VNAMR technique, the important parameters to be extracted from the fits to this
Slidzr GA2Yy | NB ( KSHahcrthe aesobdnde Yiefig XhBsié fit parameters are the
same as those extracted from the asymmetlorentzian function in the VNBAMR technique.
However, the pealo-peak linewidth of the modulation FMR signal is not exactly the HWHM of a

lorentzian but is reduced by a factor a6%c. Therefore

ux) n ux) (319

% K S NBwa igithe linewidth observed in the VNBa w R I (i H..q 5 A& comesponding

linewidth in the modulation FMRSimilarly, fitsoHo6 . 0 | G FAESR Fy3fQ, ft2¢

M¢l Yy R i therefbrg’ dd, and fittindd( ) can be used to examine theiane anisotropy of the
sample.This scaling factor must therefore be accounted for in the extraction of the linewidth.
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Since the relative position df YR (G KS fHian 3hé infpartént &atures of these
datasets, the exact heights of the peaks are not of practical interest. ¥hésyscale of data
collected using the modulation FMR technique is therefore arbitrary as long as clear peaks are
observed.

As long as thenodulation FMR and VNAMRtechniquesreturn values forH, Iy R4 which are
consistent (within error) for the same sample, data extracted using these two different methods
can be compared directlyror the purposes of this thesis, all FMR spectrometry was performed
using the custonbuilt FMR spectrometer develogefor this project. Further information is
presented in chapter 4.

3.4 X-Ray Absorption Spectroscopy

Soft xrays provide auseful method for investigating magnetic samplesince Xay absorption
spectra (XAS) can be used to perform chemical andrdimation analysis[171,172]. The
absorption of photons of the correct frequencyO J] ) excites electron energy level
transitions in the atoms of the sample. The photon energies can be tuned to transitions in specific
metals for element specific analysis.

Upon the absorption of a photgnboth the energy and the angular momentumust be
conserved. The energy gap between electron states must be met, such that the différen& 0
between initial and final energy states; @hd E respectively) is equal to the incident photon
energy k&, (ie. O 'O 'O ). An electon must be available in the; Btate in order to be
excited into the Estate. Spirflip is forbidden in these dipolar transitionso the electrons must
also have the correct spin alignmenhel density ofoccupied electrorstates at the Fermi level
therefore affects the absorption probability.

Angular momentum is transferredrdm the photon to the electronsby couplingangular
momentum of the photorwith the orbital angular momentum of the electroifthe combination

of these two effectgesuls in excitation of the electrongo a higher energy level. However, in
materials with spirsplit core states, the momentum transferred from the photon couples to both
the spin and orbital angular momenta as a result of spinit coupling

The absorption probabilitp “obeach photon i92 SN SR 0@ C Sehudto3R0, 32 f |
which is composed of two parts: the dipole matrix elememthich governs the angular
momentum,and the density of available spin stateghich governs the conservation of energy

” - ° J|| ? S ) 'O 'O (3 20)

where< (T 5 A& (GKS RALERES YIFIGNRE StSYSyidz ~ A&
Fermi level and <| and | > are the final(valence) and initial (core) states of the system
respectively. Dipole selection rules also apply to the transition, allowing only those transitions
GKAOK KIF@S np[arg. 5 m FyR n{ T n

The second part of the process is the absorption of the electroms the lower state to the
higher: an empty state musherefore be availdle for the excitation to occur, andhé excitation
isthus defined by the density of available electron states at the Fermi |Sweéeping the energy
of the incident xrays allowghe measurement of thebsorptionas a function of energy, resulting
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in an Xray absorption spectrum (XAS). When the energy of theyg matches the energy of the
electron transition, the photon is absbed and a peak is observed in the XAS

The XAS isswally measured using either a total electron yield (TEY) or fluorescence vyield (FY)
method. TEY is measured using a drain curreptcdnnecting a electron sourceo the sample

and measuring the drain currectiused by secondary electron emission thatws during the X

ray absorptionThe absorption of xay photons produces a seriesAfiger secondary and photo
electrons within the sample. Auger electrons arise from valence electrons being emitted due to
changes in the electron distribution as a résef the xray absorption, while photoelectrons are
emitted as a result of the absorption of higmergy photons within the sample. As these
electrons travel through the sample structure, they interact with other electrons in the crystal
structure, causig the emission of secondary electrons. This gives rise to electron emission which
is directly proportional to the number of core holes created by the incidealys.

The drain current is directly proportional to thietal electron emission which arisei the x
NI& F0a2NWJiAz2y a t2y3 a GKS StSodnmyAtsaol LIS
fixed photon frequency, the TEY is governed by the equation

(o JN p— (321)
GKSNB Y A& | O2yaiByFFaOAsSyvid (KRR I oaaNbdS2 y yaz $

It should be noted that the TEY method is a surface sensitive technique, since in thaaoft
spectrum L is limited to-8nm. Thismethod therefore relies on the surface of the sample being
representative of the whole.

Fluorescence yieldFY)detection is an alternative method of XAS detection whictes the
photons reemitted during XAS to observe the absorption effgigt4]. The absrption of X-ray
photonsproducesfluorescentphotons whichcan bedetected using a photodiode tuned to detect
photons over éroadrange of energiesThe number of these photonshich can be detecteis
proportional to the absorption crossectionmultiplied by the emission matrix elements75,174.
The FY isnore bulk sensitive technique than TEMue to deeper penetration of the-rays
compared to the electron mean free patlbut in practicereturns fewer photons than are
generated by the absorption beliur. Thisreduction in signal is a result tife larger probability
of Augerelectron emission compared to the probability of photon emission at the L edges in soft
x-ray spectroscopy. At the-&dges, or in hard -¥ay spectroscopy, these transition prdibkties
are reversed, and FY detection is more commonly used.

The absorption spectrum can be used to identify individual elements based on their unique
absorption energies. Local crystal field effects in different sites (discussed in section 2.3dL.2) als
influencethe absorption energy in the ions, resulting in shifts in the absorption energy based on
the coordination of a given ion species and the environment which it occupies. This therefore
allowsfor site specificity as well as element specifidRgired with the nonrintrusive nature of the
technique thismakes XAS an excellent tool for structural analysis.
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3.5 XMCD

In magnetic samples, a difference in theray absorption probability arises when XAS is
performed using leftand righthand circulally polarised xays (referred to as LCP and RGRys
respectively) LCP and RGRn besubtraced from each other (by convention, the negative (right)
¢ positive (left))to revealthe difference, which is known as theray magnetic circular dichroism
(XMCD).

Usdng anappropriateapplied magnetic fieldthe sample is saturatedligning the spin moments
and therefore increasing the density of available electron states with antiparallel spin states. The
absorption is therefore made sensitive to the magngiolarisation.The dichroism is maximised
when the magnetisation is (arfparallel with the xray angular momentumPreferential angular
momentum alignment at the Fermi levethanges thdransition probability depending on whether
the photon and spin agular momenta are aligned in parallel or apérallel If, for example, RCP
photons have positive (parallel) helicityt the L; edge, photonsRCPhave a 62.5% chance to
excite spirup electrms and 37.5% to excite spitown electrons. At the JLedge, RCRight
preferentially couples to spin down electrons, exciting 75%-dpinn electrons and 25% spip.

For LCP photons, the opposite values are obserUbis. results in a difference in the LCP and RCP
XAS proféds proprtional to the photon helicity174,177]. The sign of the dichroism at thg édge

is opposite that of the 1edge as a result of the opposing majority spin alignment.

The XMCD process can Ibest described as a twstep processFirstly the angular momentum of
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Figure 3.14A schematic diagram ofpay absorption in anaterial with spinsplit density of states
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the photon must couple wittthat of the atoms in the sample. kén the helicity vector of the
incident xray photon is parallel (antiparallel) to the 2p orbital moment, electrons are
preferentially excited in the spin up (down) configuration. The second step of the process requires
the excited electron to occupy an empty state in the 3d valence pband the number of these
states dictates the direction of the peaks in the XMCD spectrum: If the dominant species of hole is
spirrdown, the k peak will be negative and the peak positie. If the spirup holes are more
prevalent, the XMCD peaks take the opposite orientatiams,178,179].

The XMCD allowslemental specificity by tuning the energy of theay photons to specific

transitions inmagnetic metals. The-édge transitiongoriginating from the 2p core level spinto

GKS 2X ok wRWER IMSRESH NB dzaASR a (KSeé 2@0dzle RAA&GA
range, and the transition of electrons from occupied core states to the empty 3d levels is useful

for transition mdal specés as the magnetism in these materials is primarily due to the 3d

electrons Since the binding energies of valence electrons in different oxidation stateshifed,

the technique also allows valence specificity.

Since the measurement of XMC&yuires the focusing of a narrow beam effays on the sample,

the area investigated using this technique is localised to the area underridne beam.The local

nature of the technique also means that if the sample is inhomogeneous, it may not be

representative of the whole sampleThis may be accounted for by measuring over a number of

different areas of the sampleThe geometry of the system caaiso be used taminimise this

localisation the insertion of the incidenk-ray beam at a grazing angiéincidence can be used

gain anincreasedbeam footprint (proportionalto— 6 KSNB * A& (GKS R8gOARSyYy(d oS|I
This increases the area which the beam interacts with, allowing a larger sample area to be
measured The grazing incidence aléas the advantage of measuring effects in the sample plane,

as opposed to the normal incidence which measures-afiglane effects.All of the XMCD

presented in this thesis was measured ajrazingangle of65° away from the normal in order to

access tk inplane magnetisatioras XMCD is proportional tthe projection ofM along the

direction of the Xrays, given by 8 { ,AT 60 S6KSNB ° Ara G(G(KS KStAOAGE O
photons.

w»
O«

Operating at grazing incidence algoes some way towards mitigating the saffsorption effect

and is therefore preferable for FY experimert normal incidence, the substrai@bsorbs some

of the elastically scattered photons and they therefore do not reach the detector. In the grazing
incidence, however, fewer of the elastically scattered photons are absorbed in this way, leading to
increased detection of these unwanted photoas] y 2 6y | a [W41811 Thadldlodex the/ Q0
photon penetration depth becomes to the electron escape depth, the greaterdhigration

effect becomeq182]. As a consequence of the selbsorption and saturation effects, however,

the FY techniquesiof limited effectiveness whausing the sum rules to extract useful parameters
from XMCD dataalthough research into how to account for this is being purspgd]. This
makes the FY detection an unsuitable technique for the purposes of this thesis.

All of the XMCD experiments discussed in this thesis were performed on the 106 beamline at
Diamond Light Source, with the sample held under UHV conditions at room temperature. A
superconducting vector magnet was used to apply a 6T magnetic bias field dueosantples.

Averaging over many datasets was also performed to improve the measurement accuracy as well
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as improving the signal to noise ratio of ti&ICD. Comparison with the FMR data will be used to
show if the extracted values are consistent with thadserved in the bulk

3.5.1 Synchrotron-Xay Generation

In the synchrotron, low energy electrons are generated using a pulsed output from an electron
3dzy YR GKSYy | OO0OStSNriGSR dzaAy3a + ftAYySIENI I OO
cavity which is used to further energise the electrons. Once sufficiently high energies are
achieved, these energetic particles are then transferred into a storagewimgre they continue

to circulateunder Ultra-High VacuumUH\) conditionsin a continuous bam of electrons. As they

pass around the ring, the path of these electrons are bent by large magnetic fields. This bending
produces xay photons which propagate away from the path and can be tapped off from the
storage ring for use in-pay experiments.

The xray photons generated using this method havebmad energy spectrum and are not
collinear. It is practical to introduce another piece of equipment in order to increase the photon
flux, as well as tgroduce a collimateck-ray beamof narrow bandwidh. In the current third
generation synchrotron facilities, this is achieved using a device called an undulator.

Electron Path

Emitted X-ray Photon:

Apzb

Figure 3.15A schematic diagram of theray photon generation process in an undulator. The
K202y o6 @St SyaatkK A& RAOGFGSR Ay @K

An undulator consists of a series of alternating magnetic fields which are used to bend the path of
electrons repeatedly in order to prodaahighintensity x-ray beam(figure 3.15) [183,184. The
repeated bending of tb electron trajectory producesoherent beams of xay photons with a
narrow bandwidthand a rarrow emission coneSince the emitted photons are generated at
intervals correspnding to integer multiples of the photon wavelength, they interfere
constructively, increasing the total photon fluXhis produces a collimated beam of coherent
electrons with a narrow energy bandwidtifthe period of the magnetic fields determines the
wavelength of the photonsGiven that the electrons are travelling at relativistic speeds, some
relativistic effects must be accounted for. At these speeds, Lorentz contraction is experienced in
GKS St SOGNRYyQa NB T fMBiyePesod & i nvagrietic Rekifrdizbive yodhe G K S
laboratory reference frameA Lorentz factor of is experienced by the electron as a resdlhe
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electrons are also affected by Doppler shift, which further reducesetifective period of the
magnetic fields experienced in the electf@mest frame by a factor of-. The result of these

combined effects is a reduction of the magnetic field period proportional-to A periodc

F NN y3aSYSyid 27F XhHeBrynsia thellibdradoiframdelcdh therefore be used to
produce photonswhich experience«-ray wavelengthsn their own rest fame By changing the
position of the magnetsor the magnitude of the magnetic fielthe photons generated in the
undulator may be tuned to discrete energies. The magnets in the undulator may also be rotated
or re-arranged in order to tunéhe polarisation of the xray photons.

C2NJ GKS -1 { YR -al/ 5 SELIN Y48y ith efergidsietizéed SR Ay (KA &
100eV and2keV, as discussed in section 3.2\ere chosen, to coincide with the Bnd L

absorption edges of the iron species in matite. After the electrons pass through the bending

magnets, the energy loss from the emitted photons is counteracted by an RF cavity, containing

magnetic fields oscillating at microwave frequencies. These oscillations restore the energy of the
electrons,which can then be used to repeat the bending process and thereby produce additional

x-ray photons on multiple rotations around the storage ring.

3.5.2The XMCD Sum Rules

The wellknown XMCD sum rules can be used to extract important magnetic parasnstech as
the ratio between orbital and spin magnetic moments, allowing access to {faetgr in the
magnetic materialsSince the incident photon only interacts with the orbital component of the
electron wavefunction[177], the spin and orbital momentef the electrons can be examined
independently. These rules define the relationship between the magnetic propertigse
parameters used to define the sum rules are shown in figuté. I hesum rules arg174,185,186]

g 0] (322

8 ¢ — (323)

| — (324)

3 (325)
(3.26)

where n;,, is the number of eklectron holes in the mterial, r is the integral over the total XAS
(RCP+LCP) at the @#dge, s is the integral over the total XAS at theedige, <l.s>/pis the
branching ratio (theatio of intensities at the 1and L, edges, q s theintegrated XMCD at the, L
edge, p is the integrated XMCD at thgedge, <L> is the expectation value of the orbital angular
momentum, <S> is the expectation value of the spin angular momerdanch <T> is the
expectation value of the magnetic dipolerin. <T> is smaltompared to <Sin 3d transition
metals[174,186], allowing the simplification of the last two sum rules to

3 e

(327)
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(328)

Chenet al. [174,187] further refined the sum rulesising a modifiechotation in order to simplify

these rules. The underlying assumption used is only valid in the case where thetspsplitting

in the core electrons is larger than the transition between the core and valence states. This can be
reliably applied to the Fe, Co and Niand L; edges (and can therefore be applied to the XMCD
presented in this thesis) although in the easf other materials, further modification is required
[174,188,189]. This representation allows the sum rules to be written in terms of the orbital
magnetic moment¥,) and theeffectivespin magnetic momentg,s), such that

t —3 (329)

5 (3.30)

- (331

These expressions allow easy extraction of the ratio between the orkital spinmagnetic
Y2YSyidao . & O2YLJkNdbseded inkiBerehtlsamples, i Hifference in the
orbital angular momentum contributionam be assessed. This ratio can be used to calculate-the g
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Figure 3.5. A typical XMCD measuredtat iron L-Edges including a schematic
displaying the sum rules parameters
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factor of the sample using equation 2.26, and therefore provides useful information about the g
factor and the gyromagnetic ratio of the sample.

3.5.3 Atomic Multiplet Calculations

Atomic multidet calculations can be performed onglKMCD in order to determine the relative
occupation of each site in the structure.2 ¢ I y-itio HartteeFock method with a relativistic
correction[174,190,191] can be used to calculate a theoretical XMCD spectfor each atomic
species. Thdinear combination of one or more of these spectra is then usedatculatethe
relative occupation between sie® / 261 yQad O2RS KlFa f2y3a ,085Sy
although further alterations have been made over tyemars, such as to account for crystal field
effects, for example. Both the atomic multiplet theory and crystal field theory are combined in the
CTM4XAS software which can be used to calculate the atomic spectra for transition metal ions of
the appropriateelement and valenc§l92]. The calculated spectra can then be linearly combined

in order to achieve best fit with experimentahth. Broadening effects are accounted for by a
Gaussian term and a Lorentzian term in the CTM4XAS code. Without these broagifedts,

the spectrum would appear as a delta function, representing electron transitions at exact
energies.When the combined calculated datasets closely fit the experimental daeardlative
amplitude of the spectra correspond directly to the relatoaupation of each site.

Thismethod may be used to assess the stoichiometry of the sargitee the site occupation is
determined by the chemical formula. For example, stoichiometric magnetite has a 1:1:1 ratio of
FE'0,) : Fé'(Ty) : FE(Q,) as discased insection 2.6.1Using atomic multiplet calculations to
calculate the spectrum of each of tiren species, the combined spectra can be fitted to the data,
with the amplitude of each corresponding to the relative site occupation. For the purposks of
XMCD in this thesis, spectra for the Fe sites in magnetite were simulated in the commercially
available software CTM4XAS. These calculated spectra were then combined in Origin and
compared with the data from the XMCD experiments to assess the occopatibe sites in each
sample.

Using the techniquesliscussed in this chapteit is possible to characterise the structural and
magnetic properties of the magnetic thin films under investigation in this thesis. Data acquired
from these techniques will bpresented in chapters 5 and 6 of this thesis. Before the data could
be acquired, however, it was necessary to construct and test an FMR spectrometer in order to
conduct the experiments described in secti®B.2. The design and testing of this equipmeritiw

be discusse in depth in the next chapter.
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Chapter 4 The FMR Spectrometer

4.1 Introduction

A versatile technique for probing the magnetic damping in ferromagnetic materials is
Ferromagnetic Resonance Spectroscopy (FMR). This technique allows rthadi@xtof several
useful magnetic parameters, such as the magnitude of the Gilbert damping parameter, as well as
allowing access to the anisotropy of the crystal structure. In order to perform accurate, high
resolution spectroscopy, a custedesigned highresolution FMR Spectrometer was designed and
constructed. This chapter contains details of the design and construction of a Ferromagnetic
Resonance Spectrometer including test data recorded from-kvelivn magnetic materials, in
particular a thin film opermalloy (Ni;Fey).

This chapter will examine the design, construction and testing of the FMR spectrometer including
a detailed discussion of the spectrometer and the different modes in which it can operate. Since
the spectrometer can be operated in twdbfferent modes, each corresponding to a variation on
the welkknown FMR spectroscopy technique, the equipment used in both of these techniques is
presented. The merits and drawbacks of each technique are included with reference to how the
operation of thespectrometer is affected. A comparison of the two techniques will also be
presented, showing that both operating modes measure the same values for magnetic
parameters in germalloytest sample. These values are found to be in agreement with literature,
establishing the accuracy of the spectrometer. Finally, further development of the spectrometer is
discussed and a plan for improvements to the existing equipment will be presented.

4.2 Spectrometer Design

Over the course of the project, a Ferromagneticséteance Spectrometer was designed and
constructed by the author based on plans similar to designs discussed in the literature,
particularly those described by Kalarickahl. [166] and Montoyaet. al.[193].

A schematic diagram of the spectrometer igegi in figure 4.1 which outlines the basic design of
the spectrometer operating with a vector network analyser as RF source and detector.
Madifications to this scheme were made when the RF source was switched over to a variable
output signal generator inhe modulation FMR mode. These changes are outlined in chapter
4.4.2.

The spectrometer consists of two large (700mm diameter) Helmholtz wdhsiron pole pieces
which can be used to induce a magnetic field of up to 2T. The field induced between tiiess co
used as a bias (Zeeman) field in FMR experiments, in order to saturate the magnetisation in
ferromagnetic samples parallel to the applied field. A soft iron pole piece is connected to each
coil, focusing the field between the centre of the coilBese poles serve to focus the magnetic
field as a result of the increase in magnetic permeability in the iron dage. An air gap of
86mm between the polewasleft to allow the positioning of a sample mount within the centre of

the magnetic field.
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Theelectromagnet was connected tBrukemMN-100/100Spower supply unit in order to supply

a variable DC current and therefore a variable bias field between the coils. Control of the power
supply was provided by a Bruker BMRO0/100 control unit, which igoverned bya scaledt/- 5V
voltage input provided by a computer using a6 NI MyDAQ card. The 46t output allows

high field resolution since the scaleds® output from the DAQ can take one of 65536 values,
corresponding to a nominal minimum stegeiof 0.760e. Since thiower supply unit is unipolar,

it can only output positive voltages hereversal of the field mustherefore be performed by
either rotating the magnetic field orientation or the sample orientation, rather tiarertingthe

VNA
SMA Cibles (RF VO)
«4— SMA Bulkheads
X-Y Stage
PC
NI MyDAQ
ki
Breakout ('iard e rspex Clam
Bruker Magnet |- Co-Planar Waveguide
Power Supply
. “4— Electromagnet Coils
A with soft iron Pole
1 H Pieces attached
Bruker PSU Control Unit
<4—+ Tumtable
H#=Servo Motor

MSB910

PSU Control

Motherboard
Pm&00 Motor Control Card

: v
‘ <4+4— Motor Power Supply

Figure 4.1 A schematic diagram of the FMR Spectrometer operating inffNR mode
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polarty of the field. The magnetic field can be rotated in the azimuthal plane, since the
electromagnet was mounted on a turntable driven by a Matador Control Systems DCM3D DC
servo motor. This rotation also allows the bias field to be rotated relative to dinepte mount,

and therefore due to the sample mount orientation theptane anisotropy of a sample can be
measured. The motor is driven using a scaled voltage output from a McLennan Motors PM600
Motor control unit, which is controlled using a local PC eoxnected to a power supply unit by a
Mclennan Motors MSB910 motherboard. A single channel Baumer Electric BDB series rotary
encoder connected to the motor unit by a drive belt provides feedback from the motor rotation
to the control unit. ie control unitreads this feedback as movement in the motor system and
moves the motor accordgly based on the initial input parameters. The encoder used in this
system provides high angular resolution, feeding back four steps per degree rotated. The magnet
frame is gounded in order to prevent accumulation of static electricit4n externalaluminium

frame surrounds the magnet in order to prevent contact with ttentable assemblyduring
rotation, serving aboth a safety mechanism for the operatand as a stable Is& for attaching

the sample mounting system, which is discussed later in this chapter.

Stray field tests were performed on the magnet coils to assess local safety concerns and
positionng of the electrical equipment. dihg a Hall probeit was foundthat the field is well
contained between the coils and the field intensity decayshi® localbackground level over a
distanceof a few cmoutside ofthe air gap between the coil3he magneticemanence(H:emanencd
between the poles of the electromagnet waseasured to be 500dn order to prevent the
introduction of additional inductance in the circuit, cablan the spectrometer were prevented
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Figure 4.2 Calibration data from the Bruker PSU showing the magnetic field induce
a function of the voltage applied by the DAQ unit output
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from forming coils. Both the Bruker power supply unit and the electromagnet are cooled using an
internal water codhg system.

After the construction of the spectrometer, it was necessary to test the system for stability in
order to yield reliable data from experiments. Firstly the magnetic field was calibrated as a
function of the input current through the electromagt coils. A steady DC current was passed
through the coils using the Bruker power supply unit and the resulting magnetic field was
measured at the centre of the coils using a calibrated Hirst@@NBaussmeter. Time was allowed
for the field to stabiliseiace the current was required to ramp and then settle to an equilibrium
value. It was found that 30 seconds wait time was sufficient to ramp the field to 0.5T. Using the
Gaussmeter to measure the field output in the centre of the coils as a function wif ¢oprent, it

was possible to calibrate between the output from the DAQ card and the magnitude ofdke b
field. The gradient of the calibration grapfigre 4.2) is observed tcat 0.996 + 0.001 VT*
resulting in a conversion factor of 1.004.

The spatl variation in the field was also measured in order to establish the uniformity of the bias
field, and to locate any local maxima for the purposes of applying bias fields to the sample mount.
With the sample mount removed from the system, the current thbuhe coils was set to output

a nominal 5kOe field (based on the previous calibration) and the field was measured in x, y and z

15

H (Oe)
5000
4994
4986
4978
4970
4963
4955
4947
4939
4931
4923
4916
4908
4900

(uw) AV

+Z

Figure 4.3A spatial map of the bias field output by the electromagnet coilde bi¢viation from
the 5kOe maximum is observed around the centre, but the field is observed to decay quickly as the
distance from the origin increases. Every second datas&nf#, +£15mm) is removed for clarity
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Figure 4.4A comparison of the magnetic field over 30mm around the centre of the Helmt
coils in the FMR spectrometer inthe apxyandc)d ES&45 6KSNB pb RSy2
from the centre of the coils in the relevant axis

planes in 5mm intervals over a 20x15x15mm area around the centre of the air gap between the
coils figures4.3 and 4.4). Aie hghest field strength (equdo the field set point) was recorded at

the centre of the air gap. A small variation of @@ was observed within £10mm around the
centre point in the yaxis, although a more significant change of up to 50 Oe within £10mm is
observed in the zaxis and up to 6@e within £10mm in X. It was therefore important to keep the
sample mount correctly centred at all times in order to avoid these local fluctuations in the bias
field. Away from the centre, the field is observed to decrelageas much as 100e at r = 20mm.

Over a 5mmx5mm thin film sample the field is uniform, but the rapid decay of field over larger
distances requires careful alignment of the centre of the CPW with the centre of the air gap, such
that any sample is exposeo the appropriate nominal bias field for a given calibrated current
input.

The power supply is operated in constant current mode in order to ensure that theetiadield

is steady, although the ambient conditions were kept as uniform as possildader to ensure
consistency between experiments. The local temperature of the spectrometer was regulated as
well as possible under laboratory conditiodsroom temperature of 22C (+£ 1 degree) has been
maintained for the duration of the experiments discudse this thesis. A plot of the temperature
measured in the laboratory over one day is presented in figure 4.5. A measurement was made
every 20 seconds over the course of one day using a Lasti8HLtemperature logger.
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A pair of modulation coils were munted inside the electromagnet to allow the application of a
small intensity, lowfrequency modulation field in addition to the main bias field. The modulation
coils used in this experiment consist of two identicattdfh coils of copper wire mounted on
300mm aluminium spools which were designed and buithdnse. The total impedance of the
modulation coil circuit was recorded at 3 ohmasing an L@neter. The coils are driven by an
amplifier which requires a 4 ohm load. A 1 ohm resistor thesefore added to the circuit in
series with the coils toaisethe total impedance to 4 ohms. The resistor was mounted inside an
aluminium box which actsoth asa heat sinkand as protectiorfor the component

Samples were mounted in the centre of the electromagemts using a customdesigned sample
mount consisting of nomagnetic components (figure 4.6). An RF signal line was incorporated
into the sample mount using two setflexible RF cables connected to a custbuilt co-planar
waveguide. A lightweight plastfipe surrounds these cables in order to protect the cables while
the spectrometer is in operation. The sample mount is connected to a NewpgloM2axis
translation stage for fine control of the sample position in the magnetic field. This stage allows
two-axis adjustment of the waveguide position over a range of 13mm in both horizontal axes with
micrometer sensitivity.
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Figure 4.5Temperature data logged over one day in the spectrometer laboratory

A custombuilt co-planar waveguide is used to mount samples on the FMR spectromEter.
waveguide is supported by the SMA connectansagoair of custorsized(645mm)EZFormsemi
flexible maleto-male non-magnetic SMA cable3hese cables connect directly to tfemaleto-
female SMA bulkheads on the top plate of the sample mowanstruction. An externally
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generated RF signal can thee passed along these cables and through the waveguide in order to
provide the RF excitation signal required to generate the FMR m@&iese the bulkheads are
easily accessible, the device used to generate the RF signal can be changed at will, reduiring on
that a male SMA connector be attached to the input and output ports. This gives the advantage of
flexibility in the system design and easy replacement of the RF generator in the event that specific
frequency ranges are required, or repairs become neagss

The cablesupport the waveguide alongue tothe lightweight constructiorof the waveguide. A

pair of rightangled SMA connectors either side of the striplallew the RF passage through the
waveguide. Care must be taken not to exert pressurghenwaveguide when mounting samples,
since this risks damage to the connectdrhecables aresupported50mm above the waveguide

by a perspexclamp whichprevents rotation of the semiflexible cables. The stability of the
waveguideis key for measuring th anisotropy in azimuthal sweeps in order to make direct
comparison of different samples at the same orientation. It must therefore be kept as motionless
as possible in order to ensure that the sample is not moved in treflall between datasets.

]' Dimensions

- ll b N
SMA — ,

bulkheads
Two-axis stage —

+X

External frame

Plastic tube

Modulation
coils
Perspex braces
Coplanar
waveguide Electranagnet

coils

Figure 4.6 A photograph of the custosuilt sanple mount system in the FMR spectromete
including the tweaxis stage, SMA bulkheads and mounting cradle, including the CPW, be'
the coils of the electromagnet
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All the components of the RF througime, including the SMA connectoreekampedance matched

to 50 Ohms to prevent damagand reduce reflections of the RF within the systehil of the RF
components used in this system are rated for use at frequencies up abare 20GHz with the
exception of the SMA bulkheads at the top of the sample mount system, which are rated to
18GHzThe use of a cplanar waveguide llbws FMR measurements to be made using a broad
range of RF frequencies. This broad band approach atlweveperator to observe the change in
the linewidth as a function of RF frequency and therefore extract information about the
magnetisation damping behaviour.

4.3 The Célanar Wavequide

The ceplanar waveguide (CPW) is a surface strip transmissiordénie designed to operate
over a broad frequency ranga95]. A central conducting stripline is laid between two ground
planes situated atop a dielectriayer. This transmission line carries an electrical current and
thereby induces a magnetic field pemdicular to the direction of the current propagation. The
CPW is designed for low loss, wdolend operation, although the properties can be varied
depending onhe dimensions of the waveguide.

The waveguide used in this work is a 40m20mmx 1.6mm graunded coplanar wavegde with

a 1.4mm wide central transmissh line flanked by a series of @®n diameter circulaviasin two
linear fences (one either side of the transmission lig)schematic cross section is shown in
figure 4.7. This waveguide is ingglance matched to 5@hms to reduce the effect of reflections
within the RF componentd63,196]. The waveguide used for these experiments has ground vias
connecting the ground plane on the top of the CPW with the ground plane on the bottom. The
use of vig is a weldocumented technique used in previous wddo7] which increases the
bandwidth of the CPW and suppresses higher ordedes of oscillation in the CPWtluding the
parallel plate mode§198]. Since the operation of the FMR spectrometer is osatjuired between
100kHz and 20GHz, a standard single via fence dggigmprovides suitable grounding between
the top and bottom planes of the CPW. The waveguide therefore acts as a ¢packdd ce
planar waveguide (GBCPW). It is desirable to havera@fgctor in resonant cavities in order to
improve the sensitivity of resonatof{$99]. However, due to the broadand nature of the CPW, it

is common for these devicae have a very low Qelative to traditional cavity resonators. The
flexibility allowed by the broaeband CPW device makes it more practical in a spectrometer which
is designed to be used over a wide range of frequencies.

H
Sample
Upper Ground Planeé [ |
Dielectric wth Vias 11

Lower Ground Plang

Figure 4.7 A schematic representation of the planar fieldinduced by a currerif
through a Coplanar Waveguide
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Figure 4.8 A photograph of the cplanar waveguide used in the FMR spectromete

The CPW allows the mounting of thin film samples and measurement of the FMR effect in the in
plane geometry. Ailvercoatedcopper stripline on the waveguide conveys the RF signal current
which induces a local magnetic field parallel to the plane of the sample. The coupling of this RF
field with the Zeeman split spin states of the electron spin moments in the sampsdgagonant
precession about the axis of the bias (Zeeman) field when the resonance condition is met, as
discussed in chapter 2.

The ceplanar waveguide serves as a sample mount within the FMR spectrometer, as well as
transmitting the RF signal. The CPVEdis this thesis is showin figure 4.8. Samples under test

are mounted directly onto the centre of the waveguide with the sample face in direct contact
with the stripline, in order to maximise the coupling between the sample magnetisation and the
RFficR Ay RdzOSR o0& (KS OdaNNByid Ft2¢ (OKRIZIK IBRY
[200]. Since the RF magnetic field used to excite the FMR decays with the squlaeedistance

from the stripling the closer the sample can be mounted to tseipline, the greater the field
magnitude felt by the magnetisation, and therefore the magnitude of the RF excitation is
increased. This in turn leads to a larger observable absorption of the RF, which induces the
characteristic FMR curves discussed iapthr 2. These curves can then be fitted to extract
important magnetic parameters, as previously discussed.

It should be noted that the alignmerdf the sample on the CPW is performby eye: a small
deviation is therefore be expected between the exacgalar position of each sample that is
mounted. However, since the turntable can be rotated with a 0.25 degree resolutiomfthet

can be compensated fdn repeated measurementShe horizontal alignment of the CPW was
confirmed using a hand spirit levafter each modification to the sample mount, to ensure the
CPW remained level and parallel to the axis of the applied magnetic field. In the event of
misalignment, a tilted CPW would lead to the sample being tilted and the resulting magnetisation
beingtilted out of the plane of the sample (and therefore notrae representation of the in
plane anisotropy of the magnetic free energy surfack).the event of a misalignment between
GKS alFryYLtsS LXFyS YR GKS o0Al&a FTASER 02F | y3f
of the sample plane i§ O E[T , which for a 1 degree misalignment in a field of 0.5T@&=

YO8 Yy QAt the maximum measurement field used in these experimehts; 0.3T and
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this outof-plane component is reduced to 52 Oe. Ttnat of plane component is significantly
aYFEfSN GKFY GKS amNlwhaeMlintiesezadmplBslaldne i$ &Nmu con -
greater)which acts to keep the field in the sample platteis therefore reasonable to assume
that, even in the event of a small misalignmekt,remains parallel with the sample planéhis
method relies on the sample face beiakpctrically insulatindor best results, since conduction of
the RF signal away to the ground plane of the CPW will cause lossedreme cases, the signal
can be shorted across the ground plane of the waveguide. These lredgpically observed as a
strong dispersive congment in the FMR measurement. This can be prevented by separating the
sample face from the waveguide baty barrier must be very thiflypically the separation of
these layers is achieved by introducing a layer of insulating PTFE tape between the sainple a
the CPW. A single layer is used in order to maximise the FMR respods® eliminae the
conduction All of the data presented in this thesis was measuwisihgeither a single layer of
PTIE or no barrier layer due to minimsdirface conductivity.

4.4RF Generation Methods

An RF signal generator is required in order tovle the RF field which drivélse precessional
behaviour. Two different methods are commonly used for this, depending on the FMR
measurement technique being employed. One optionhs tise of a Vector Network Analyser
(VNA) connected across the waveguide, providing rapid access to-bapaldspectra over a wide

range of frequencies that are measured by comparing the input and output signals known as S
parametes [167]. The other optia is to generate a fixed frequency output using a standard RF
signal generator and apply a modulation field in order to measure the FMR response using a lock
in technique[169,201]. Since the input and output connectors of the RF line in this sample mount
are freely accessible SMA ports, either method can be used. Both a Rohde and Schwarz ZNB20
Vector Network Analyser and a Rohde and Schwarz SMB100 variable output Signal Generator are
available for use with this FMR spectrometer, allowing operation in eittiBlAFMR or
Modulation-FMR modeln both modes of operation, any SMA connectors that are not part of the
transmission line are capped with a -Bhm blank to prevent both reflections from and
interference with the RF signal.

Both measurements show agreemtein fitted data recorded fronpermalloytest samples and
can therefore be considered equivalent. Data acquired using both of these methods will be
presented in the following chapters of this thesis.

4.4.1 The VNAMR Technigue

A Vector Network Analgs can be used to induce FMR in magnetic samples as discussed in
section 3.2.2.1. By passing the output signal from the VNA through the stripline on the CPW, this
signal can be used to induce an AC RF field which propagates parallel to the direction of the
waveguide and oscillates perpendicular to the direction of propagation. This field can be used to
drive FMR oscillation in a ferromagnetic sample by coupling with the magnetisation and inducing
resonant precession of the magnetisation when the RF sig@llates at the frequency matching

the Larmor frequency, as discussed in chapter 3. This resonant behaviour is dependent on the
absorption of the RF, which causes attenuation of the RF current passing through the CPW: this
attenuation is observed in theNA trace as a minimum in the difference signal between the input
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and output ports at a given frequency. This leads to a characteristic absorption peak (trough) in
the VNA output which is proportional to the magnitude of the FMR oscillation.

The VNA canéused to sweep over a range of RF frequencies and recor&theignal (as
discussed in section 3.3.2.8s a function of RF frequency. Changing the applied field and
repeating the frequency sweep allows a series of these traces to be displayebysde to
construct a map of the attenuation intensity as a function of both the applied RF frequency and
the bias field. In a ferromagnetic material, this frequefieyd map will display a distinctive Kittel
curve, as discussed in section 2.5.3. In singlstal ferromagnetic structures, a single
ferromagnetic resonance and its higher order modes are expected to ¢@e@r It is therefore
possible to observe a single Kittel curve at a sufficiently low bias field range. However, higher
order modes of the scillation should also emerge in the field frequency nifathe field and
frequency ranges are sufficiently increased. In multilayer structures, theffedgiency map can
become more complex as the acoustic and optical modes of multilayers can be abdeovehe
purposes of this thesis, only single crystal samples have been investigated, and it is therefore
expected that only single Kittel curves will be observed for each sample.

When the systemsi operated in the VNAAMR modea pair of Atlantec ACWAL8 semiflexible

cables connect the SMA bulkheads atop the spectrometer system to a Rohde and Schwarz ZNB2(
Vector Network AnalyseiThe VNA acts as an RF source for the-¥MR operation mode. This
model provides access to a frequency range between 10@kid20GHz in a customisable range

of frequency steps. The dafesented in the following chapters of this thesis uses either @01

1001 steps in frequency to provide high resolution frequency datasets. Typically each VNA sweep
takes several seconds taan over the whole frequency range. In order to improve the sigmal

noise ratio in the data, a series of 8 to 10 averages of each VNA sweep were taken at each field
step. For a full series of sweeps over a 3.5kOe range in 200e steps, with a singlecectdra

fixed angle, around 20 minutes is required. This makes general measurement using this technique
very fast. Higher resolution datasets can be recorded by increasing the number of frequency steps
or decreasing the field increment, though this ingea the time required to record a complete
dataset. The increased time requirement also increases the risk of drifting from the original
reference due to local environmental fluctuations such as temperature. Since each VNA scan can
be completed quickly, its practical to take a series of successive datasets at each angle and
average them in order to reduce the effect of these fluctuations. For the data presented in this
thesis, each VNA dataset was averaged over seven to ten scans. As discussed in3ctibpter
extraction of useful magnetic parameters including the resonance fig¢ld ( I Y R (0 K SH)f A y S
from the VNAFMR data is achieved by fitting the absorption curve using an asymmetric
Lorentziarfunctionas discusseih section3.3.2.1.

In order to maximise the intensity of the FMR effect in this operation mode, the RF outpait f

the VNA was set to the maximum possible output over the complete frequency range: all of the
VNAFMR data presented in this thesis was driven using an RF power of +8dBm. While the VNA
FMR technique is practical in terms of speed, it is limited by ¢éimsitivity of the VNA. In the case

of samples with lowntensity FMR responses, for example tfilm metal oxidesor deposited
nanoparticle systems, the VNA technique often lacks the sensitivity for reliable extraction of
useful magnetic parameters. Inder to examine this type of system, a different technique is
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required. Typically, increased sensitivity can be obtained using a modulation technique and
measuring using a loak amplifier.

4.4.2 The Modulation FMR Technique

The most common techniquesed in FMR Spectroscopy is to apply ailo@nsity AC modulating
field oscillating parallel to the bias field and measuring the respofisieeanagnetisationusing a
lock-in amplifier[169,201,203 The lockin technique requires similar experimental egoient to
the VNAFMR, with a few minor change

As in the VNAMR technique, the FMprecession is driven using an 8gnal applied along the

CPW stripline and inducing a corresponding magnetic field perpendiculbe plane of the CPW
However, in thé technique the RF signal is provided using an R&S SMB100A variable signal
generator operating at a fixed frequency. The signal detection is also performed differEngly.
modulation coils are driven using a fixed output supplied by a Stanford SysterB8 BREIn
amplifierand amplified by a audio power amplifier. Theek-in is also used to measure the FMR
response in this operation modérhese coils are used to drive the AC modulation field as
described in section 3.2.2.2.

Since the chage in suscephility in the waveguide is constamegardless of the field, it is
eliminated.The change in sweptibility Q Xy ) is maximised when the gradientlésgest either

side of the Lorentzian peakhe first derivative of the resonance absorptiortherefore observed

as two peaks in the data either sideldf Thedriving signal is also used as a referencealipr

the lockin. This is used teliminate the first term in the expansion, which is static with the field.
The second term oscillates at the driving frequency of the amplifier and is therefore detected.
This change is proportional to the AC suscejitypdnd can be fed into an Atlantic Microwave
zero-bias Schottky Diode rated between 10MHz and 18GHz. The diode converts the signal into a
voltage which can be measured by the laclamplifier.

The lockin amplfier is capable of measuring signals at =edi reference frequency and
disregarding nommatching frequencies in a process known pimsesensitive detectionThis
allows the lockn to isolate signals at the specified frequency and eliminate other frequencies
which might otherwise induce noise ihd measured dat@204]. A reference frequency provided

by the builtin signal generatois passed into the loek amplifier to establish the measurement
frequency. An input signal, measured from the FMR experiment, is then multiplied by thim lock
reference and filtered, allowinghe amplifierto phaselock the measurement to the reference
signal As long as the phase of each signal remains consistent, multiplication of the two signals
returns a single signal

@ -o o AQG z1 ot I wél 1 0 I
(4.1)

Where \4gpis the Voltage detected by the phasensitive deted 2 NE . A& GKS | y3dz F NJ FN
is the phase, andsig, ref and LIA denote that parameter originates from the input signal,
reference signal and lodk respectively.

~ A s oA = o4

This produces two AC voltage outputs inthe prasBy & A G A S RSGSOH@N) G FNBIj dzSy
I Y Riert® 0. A lowpass filter is then applied, removing the AC components and setting to zero
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isolated in frequency, is produced with amplitude proportional to that of the input signal.

The entire FMR responsignal igdirected into one of the two lockn channelsdesignated 1 and
2, which are set taecord datasetsn X and Y. In a loék with 2 phasesensitive detectors, the
seconddetector multiplies the input signal by the reference signal with a’4®se shift. This
results in two channels with upidzS  LIKII & &aTheddutput of each channel is given by

® 6ATO (4.2)
» 6O0E(l (4.3

where VA & G KS Ay Llzii skt diffefenc@i@efwéen BSphdse/dRthe inputrsily

and the phase of the loek. By setting the lockn phase to match the input signphase i ¢
becomes Omaximising X and minimising This therefore shift@ll of the signal into the X channel

(in this case, channel 1). The phase required to accomplish this is affected by modifications to the
FMR spectrometer which alter the RF transmission line.

The measured signal from the FMR returns a bipolar lineshdgpehws the first derivative of the
AC susceptibility, as discussed in section 3.2.2.2. Data recorded from the mod&dstidn
technique can be fitted to extract information about the resonance field and linewidth
parameters. In this technique, the fit ix@mplished using the equatio®.18 The fitting of
modulation FMR data can therefore be used to measure the same parameters as tHEMRIA
technique, in particular the resonance field and the linewidth.discussed in section 3.3.2.2, the
y-axis amplitae of the modulation FMR data is arbitrary since theand nH parameters are
relative only to themagnetic feld (X) axisThe sensitivity of the loeka amplifier can therefore be
tuned at will to return the maximum signal to noise ratio. For the purposes of this thesis, the
sensitivity of the lockn has been geindividually for each sample to return the maximum signal
I YLIX A ( dzR &, ahdiithen held comstant, allowing easy comparison between individual
datasets.

The modulation techniqueprovides a considerable increase in sensitivity over the -WMR
technique. This allows the measurement of materials wiglss intensesignals. The use of the
modulation field also makes the technique less susceptible to local environmental variations.
However, it should be noted that this technique can only be used at a fregpiency and
therefore extracting frequency dependence information takes a series of sweeps over a range of
frequencies. This method of taking data is therefore very time consuming compared to the VNA
FMR.

4.5 Equipment Calibration

Finding a maximal outg from the coils was important to ensure efficient operation of the
spectrometer in the lockn mode.The modulation frequency was kept away from harmonics of
50Hz in order to eliminate the effect of mains noise in the systynrecording the modulation

field strength as a function of input frequency, it was observed thaaulationfield of 0.800 £

0.005 Oe was achievable using these cqilas observed ifigure 4.9. For the operation of the
modulation coils in this experiment, a frequency of 83Hz glassen. It is observed that this is not

the peak field output (which occurs at 43Hz). This frequency was chosen to be sufficiently far from
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a mode of the 50Hz mains frequency as to eliminate mains noise from the equipment. It was

observed that longerm operation of the coils was possible at a maximum amplification of +46db

(in dual channel mode) which corresponds to a modulation field of0x3k006 Oe at 83HzThis

FASER 614 20aSNWWSR (2 AYyRdzOS &AdzZFFAOASYdn 2aO0Aff 1 GAz:
technique and is similar to the modulation fields used in other FMR spectromgetis This

frequency was therefore chosen to be standard for the dptasented in this thesis. The

modulation field must be applied with care: If the modulating field is too large, the resonance

linewidth may be broadened, rendering the measurement inaccurate. In the case of very sharp

resonances, a large modulation fietuld remove the resonance peak during the averaging
LINEPOSaad® LF GKS Y2RdzZ I GA2y midnsafai the chnigelacks Y £ £ = G KS
sensitivity.
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Figure 4.9 A calibration curve showing the AC field output of the modulation coils as tiofunt
input current at lowamplification output from the EP2000 signal amplifier

The time constant (J of the lockin amplifier also required optimisation, sinceetloscillating
response must be measured over a sufficient number of periods to record accurate dita. t
directly related to the cubff frequency of the amplifier, so it determines the bandwidth of
frequencies accepted. A larges helps reduce noise, b also makes the amplifierslower to
respond to changes in the signal, which can manifest as the shifting or broadening of resonance
peaks in the FMRAfter repeated testing of the permalloy test sample using a range of different
time constants (figure 40), it was determined that t 1s was sufficient to acquire accurate data,
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but short enough to allow for measurements to be completed within a reasonable time frame.
The sensitivity of the amplifier was also adjusted to yield the maximum data amplititdeut

the signal exceeding the range of the amplifier and clipping. For the data recorded in chapters 5
and 6 of this thesis, and the corresponding background scans the appropriate sensitivity setting
was found to be 50 microvolts. This setting was mediffor the test samples presented in the

rest of this chapter to account for the much larger signal amplitudes. Changing the sensitivity only
scales the amplitude of the signal response and has no impact dd ghéNBl parameters.
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Figure 4.10Calibration curve showing modulation FMR resonance from a Py/MgO test sample i
fixed frequency of 106z as a function of varying legkamplifier time constant settings

In order to increasette modulation field, the signal driving the modulation is amplified by passing
through a Europower EP2000 signal amplifier. The EP2000 is operated in dual channel mode in
order to increase the signal amplification. When sufficiently cooled, the amplifierreliably
operate for long periods at +24dBm in dual channel mode, effectively amplifying the signal by
+46dBm. While the amplifier does offer higher amplification, the operation of the device for
longer than an hour above +24dBmin dual channel modesdadthe device overheating and
cutting out. While the internal safety features prevent damage to the amplifier in these
circumstances, the data collection is significantly interrupted.
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Figure 4.11A measurement of the background FMR signal from the empty CPW measur
a) modulation FMR mode and b) \VANKMR mode

Measurements of the FMR from the empty CP¥ére taken to provide baclground
measurements. In an ideal case, this background would besifiae no ferromagnetic response
would be present. However, in the initial background measurements it was found that a small
magnetic response comes from within the CPijure 4.11) Furher investigation revealed that

the pins in the rightangled SMA connectors were magnetigis is due to the nickel component
used in binding the gold plating to the piriBherefore, br all subsequent measurements using
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Figure 4.12 An example of lovintensity FMR signal responses measured frog@ftesing the
modulation FMR mode. The raw data (black) is similar in magnitude to the background (red) and
therefore the FMR response (blue) can only be extracteittfog foy background subtraction

this waveguide, the background mnse would need to be subtracted from the measured total
response in order to isolate the FMR measured from the sample. While the background was
found to be a small intensity signal relative high-moment ferromagnetic thin film samples, in

the case of dw-moment materialssuch as metal oxides, the background sigoalld be of
comparable magnitude. This is demonstratedigure 4.12.

Overthe course of taking measurements from the FMR spectrometer, it was necessary to switch
between the two operatingnodes. It was therefore important to ensure consistency between the
sets of data measured byieasuringnS; as a function of RF frequenay zerofield each time the
equipment was modified. Some small variation due to environmental factors was expected, but it
was possible to reconnect the equipment consistently by checking this sweep and adjusting the
conrectors until the trace was identical to those measured previously. Differences in the initial
trace were observed to be the result of SMA connectors connected slightly differently each time.
By careful modification of the connectors, the state of the systmuld be adjusted to match the
previously observed state. Other SMA connectors in the system were also periodically checked for
tight connections.
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4.6 Test Sample Measurements

In order to test the accuracy of the spectrometer, a 5mm x 5mm x 20nmfithinof permalloy

grown on MgO(001) was used as a test sample to record and fit FMR measurements. Initially, a
single FMR sweep was measured using the-ilo¢kchnique at a fixed frequency of 10GHz. After
ramping the bias field to 5kOe in order to satwahe sample, the resonance point was located
using a broad scan in large field steps (500e). A second field sweep over the field range of
interest, between 13500e and 9000e was recorded in 100e steps and digekr lineshape

effect was observed whidls characteristic of FMR behaviour in the lickechnique. The data is
shown in figure 4.13. Fitting to this data using equatiot83eturns HIT  MMTT § Hp hS
44 + 4 Oe; this is consistent with the observations of Zéta@l.[205. Given thathe observed

data is consistent with previously observed values (within error), this suggests that the
spectrometer is functioning as expected. A series of FMR measurements from this test sample
GSNB faz2z NBO2NRSR 2 @SNJ lordéddo deiBnine the ptadtidaiydafi K | f
assessing Hplane anisotropies using this spectrometer. The same sweep was repeated at a fixed
frequency of 10GHz over 10 degree steps between +90@Mhdegrees in order to track how the
resonance field shifts asfanction of the angle. The data is presented in figure 4.14. Affaldr
anisotropy is clearly observed in the resana field, reaching a mimum every 45 degreesThis

is consistent with results frorapitaxially growrPy/MgO observed in the literaturi@og], in which

the normally isotropic behavioun permalloyis overcome by the cubic ordering arising from the
epitaxial growth on the MgO(100) substratén line with symmetry in the crystal structure, the

data is repeated to complete the 360 degreetpddthe anisotropy in the Py crystal structurgne
amplitude of the oscillation reduces as the angle between the RF and bias fields is reduced and
the corresponding torque on the magnetisation decreases
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Figure 4.13Modulation FMR from a Py/MgO test sample at a fixed frequency of 10C
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Figure 4.14Modulation FMR from thpermalloy test ample at a fixed frequency of
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between the bias field and the applied RF field

A secondhin film sampleof epitaxially grown Non V,0O; was tested which also yielded a good
FMR response in the loék measurement scheme at a fixed frequency of 10Giting the data

from this sample(not shown)returned values ok I' Mnc n 5 2203 Oe, yilikch is
consistent with previously measured thin films in theliterature [207]. As with thepermalloy
sample the close matching between our linewidth measurements and those observed previously
show that the spectrmeter is measuring the FMR behaviour correctly.

It should be noted that the actual value is strongly dependent on the film quality and therefore
will be affected by the sample growth conditions and any gpstvth effects such as oxidation in
ambient condgtions. It was therefore important to keep samples under vacuana desiccator
while not under measurement using the FMR spectrometer. Capping sensitive samples with thin
(2-5nm) layers of nomnagnetic material such as aluminium or gold can also prevastuthile

still allowing the FMR to be induced
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In order to ensure reliability, a series of measurements were rura @ermalloy test sample
underrepeatedconditions(f = 9GHz, 15000e preamp, 1500kH 800 Oe, 50 Oe stepahd then
plotted together Hbr comparison. It was found that these repeated scans were consistent with
each other and that fitting of the repeated scans returns a value for the resonance field which
appears tovary on the order d 100e.This is much smaller than théep size and mugsherefore

be considered witln the appropriate error. Given that the step is 500e, it can only be considered
to be accurate to within 25Q€A series of five of these scans are shown for reference in figure
4.15.The observedleviation is attributed to @ombination of the resolution of the measurement
device and fluctuations in the spectrometer system resulting from variations in the local
temperature.
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Figure 4.15A set of 5 subsequent modulation FMR scans from a Py test sample at 9GHz. (
overlap betweenwsequent scans shows that the data is repeatable

Measurements of a CFAS test sample were then performed using both the modulation FMR and
the VNAFMR tebniques in order to check for agreement between the two methods. Using
identical test parameters, sweeps over the uniform resonance mode were performed. These
measurements were performed at a fixed frequency of 10GHz over a range of 0 to 5kOe in steps
of 200e (100e on the modulation FMR). The overlap between these two sweeps is shown in
figure 4.16.

From the VNA-MR data, fitting returnsi, = 788 + D OeandnH = 25 10 Oe and the modulation
FMR data fit shows that, I T cdon 5 Hhv= 30 51 QeySidhpse datasets are within error
and have been observed to be repeatable, good agreement is observed between both operational
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modes of the FMR spectrometer. As such, any data recorded in one mode can be relied upon in
the context of the other. For exampla quick sweep in the VNAVIR mode can be used to locate

resonance behaviour quickly in a fidldquency map. In the case where the resonance has a
small amplitude or broad linewidth, a more sensitive dataset can be measured in the modulation

FMR schemever the corresponding range.
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Figure 4.16 A modulation FMR dataset (blue) at 10GHz fixed frequency compared v
corresponding VNAMR linescan (red). These scans overlap closely stidwing
consistencyetween data collected in both operation modes

4.7 Spectrometer @Gntrol Program
Control of the FMR Spectrometer system is made possible using frontend software developed by

the author inLabVIEWO b | G A 2 y I £ LabyIEVROLHA1E.0/1) SefXice Pack 1). Due to the
differences in measurement equipment, a separate control program was developed for each of

the two operational modes of the FMR Spectrometer.

A control PC was connected to the spectrometer system and used to interface with the
equipment using serial VISAfseare communication In both modes of operatig a National
Instruments MyDAQunit is used to control the field output using digital voltage output scaled
between Oto +10V. This voltage is fed into the power supply control unit and used to control the
current output to the electromagnet coils. The PC is also connected to the PM600 control card by
a USB to RS232 cable. The control programs can be used to pass data strings containing

commands to the PM600 unit, which facilitates the rotation of the maguoettable.
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In the VNAFMR mode, the VNA is connected to tR€by a LAN cable and interfaces with
LabVIEWuUsing a modified control program based on VI programs provided by Rohde and
Schwarz. In the modulation FMR mode, the lotkamplifier and signal genator are both
controlled by serial communication, facilitated by RS232 outputs. An independent program was
written to allow users to interface with the signal generator in isolatiortisg the signal
frequency and level of the RF output.

Each control ppgram consists of a complete set of input and output operations, allowing the
setting of measurement parameters and the recording of data to text file outputs for later
analysis. Analysis of this data was then undertaken using a combination of manuahzssem
hNRARIAYEFo6oQa hNARIAY dpdm YR dzaAy3d I OdzadG2YAaSR

External control of the spectrometer is made possible by logging into the PC via remote desktop.
A webcam is also connected to the PC, overlooking the speeteymA check can therefore be
kept on the system during long periods of operation, even frorsitff. An overview of each of

the LabVIEWontrol scripts can be found in Appendix A at the end of this thesis.

4.8 Further Development

Over the course of thiproject, a highresolution FMR spectrometer has been developed for
extracting magnetic damping parameters from ferromagnetic thin film samples. However, further
improvements to the spectrometer are planned in order to improve functionality and increase th
sensitivity when measuring very small signals. A Pasternack PE 4803 circulator has been
purchased for connection in the RF throdgie during operation in the loelka mode: the
circulator provides a thregvay connection where RF signals can be passedway through the
circuit, but cannot be reflected back down the same path. It can therefore be introduced to the
spectrometer to prevent the reflections from the circuit from affecting future measurements. This
will be connected in the RF circuit afteretlsignal generator in order to reduce the effect of RF
reflections in the system which would otherwise damage the signal generator. Eventtimodd
circulators are still limited in their frequency range, however: the PE 4803 is limited to between 7
and 124GHz, so the suppression of reflections may be less effective when the RF driving
frequency is set outside this range.

The replacement of the SMA connectors of the CPW withmagnetic connectors is planned in
order to reduce or remove the background rsady If entirely normagnetic rightangled
connectors can be employed, the small magnetic signal observed in background measurements
should be removed. This would then eliminate the need to perform the background subtraction
and therefore speed up the analis of data recorded using the FMR spectrometer. The
replacement of the waveguide would require the VNA to be recalibrated. Changes in the
experimental hardware, especially in the RF path will inevitably affect the measurements from the
spectrometer. Dataecorded after the modifications is therefore expected to be incompatible
with those recorded beforehand. Small differences within the waveguide may also shift the phase
of the RF throughine, requiring the phase of the loék amplifier to be adjustedni order to
isolate all the FMR signal @asonance in a single channel.

Increasing the sensitivity of the spectrometer would provide both improved resolution in FMR
measurements and access to samples with smaller intensity FMR responses. For examgle, it ha
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been observed that while strongly ferromagnetic thin films give excellent results in the current
spectrometer, the lowintensity response observed in weakly ferromagnetic metal oxides with
high damping losses gives a very small response: ldegeping imibits the precessional
behaviour of the magnetic moment and therefore significantly reduces the measured FMR signal.
Sufficiently large damping can therefore reduce the signanisity to levels where it becomes
undetectable.

The subsequent backgroundlsraction risks loss of resolution in an already small signal. It has
been observed that any response from nanoparticle samples deposited on substrates is too small
to observe, even after background subtraction. The easiest method of increasing the
spectometer sensitivity is to increase the quality factorf@@tor) of the spectrometerone way

to achieve this is to replace the waveguide with a HigRF cavity resonator.

While mounting a cavity would improve the-f@ctor considerably, it should be noteatat this
modification brings up some other changes which must be considered. A resonant cavity is
specifically designed to operate at a fixed frequency (and higher harmonics of that frequency)
rather than over droadrange of frequencies. This would tleéore remove the ability to use the
broadband technique offered by the CPW, and therefore eliminate access to the damping
information offered by taking measurements over a range of frequencies. The construction of a
number of cavities, optimised to a ramgof RF frequencies, would allow access to this
information, though the replacement of the cavity after each experiment would make the
experimental process very time consuming. A test cavity has been designed wifactoQof

6000 at a frequency of 9.8GHIt is intended that this cavity be mounted in place of the CPW and
FMR measurements made on a range of samples. A comparison with the samples discussed in thi
thesis would be useful for assessing the improvement of tHadfpr between the CPW and the
cavity. Measurements of a series of3;Bg nanoparticles are planned if the improvement in
sensitivity improves the FMR signal to a measurable intensity.

Another possible approach might be to use a CPW with a-ibutialfwave resonant cavity,
though thiswould also have the effect of narrowing the bandwidth of the CPW to the region in
which the resonator is effective. This technique could improve the sensitivity considerably over
the effecive frequency range, thoughtould require careful planning, @r series of waveguides
designed for operation at fixed frequencies, in order to take complete frequdapgndent
datasets. It should also be noted that the need to continually replace the waveguide and perfectly
realign the sample within the system is added complication in this system, and the additional
time investment in each frequency sweep would be considerable.

Despite the precautions taken to minimise the variation in temperature, it has been observed that
the FMR data can still be affected byrtperature variations. This is particularly evident in YNA
Caw aOlya 2F 20SN) Iy K2dz2NR& RdzNI GA2yS aAyOf
baseline is observed in the VNA trace. In order to further limit the effect of this drift, it is planned
to introduce a calibrated Hall probe to the system in order to record the actual strength of the
magnetic field rather than the nominal field. By connecting a Bell Gaug9®8Hall sensor within

the magnetic field and recording data using a Keithley 240@seourcemeter, a voltage output

can be measured which is proportional to the magnetic field. This voltage value can then be
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converted, using a calibrated conversion factor, into the actual field value. This will provide
greater accuracy in the field vauecorded in future FMR scans.

Further modifications to the control programs are planned, although these are largely epfality
life improvements rather than changes in functionality. For example, updates to the indicators are
planned to improve the prasion and timing of their output. A variable wait time is also planned
in order to allow the modification of field wait times during operation, intended to enséans

with multiple referencesnore time-efficient.
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Chapter 5 FegO, 0on YSZ(111)

5.1 Introdwction

One of the irst known magnetic materialspagnetite (Fe0O,) is still relevant today for its
potential application in next generation electronic devices. Its high Curie temperature (858K)
[77,208209 and predicted 100% spin polarisation at the Fetmiel have brought a lot of
attention to the potential application ofmagnetitein spintronic devicesThe lattice constant of
magnetite is 896A [107,210211], which isapproximatelytwice that of industrially relevant
substrates such as MgO (which fsaksttice constant of 4.1%) [107,211]. Despite this, F€©, shows

a good epitaxial matching to technologically relevant semiconductor substrates, such as GaAs,
MgO and Al0;. However,optimising FeO, has proven to be difficult, and neoulk effects sucha
non-zero magnetoresistance and high saturation fields impede the practical application of this
material. Magnetite is well known to saturate at highagneticfields, and it is wellocumented

that the presence of significant structural defects such atiphase boundaries is common in
magnetite structures. These defects are known to impede efficilow-power device operation
[16,108,109]. Growth conditions must therefore be optimised in order to eliminate these
unwanted effects.

It iswell-understoodthat these effects occur as a resultasftiphaseboundaries as discussed in
chapter 2 which generally give rise to antiferromagnetic coupling between adjacent domains
These APBarise during the growth of magnetite on technologically relevant substretes to

the nucleation of material growtBeparated by 2n+1 atomic sitdéthe density of these APBs can

be reduced, the effects on the damping insBgsamples can be observed and any correlation
which exists between the damping and the microstructufeghe FeO, will be revealed. In this
chapter, structural and magnetic characterisation data is presented from a series of magnetite
thin films which were grown and then annealed under conditions which have been recently
proven to significantly reduce ARBNsity in magnetite. It is observed that significaaductionof

the damping in these samples can be gained by annealing @, Rehich is seen to correlate
directly with changes in the sample microstructure and an improvement in the stoichionibtsy.
annealing process is not completely effective in eliminating the deféwwiever, andfurther

work is required in order to rendeéhesemagnetite thin films practical for device applications.

5.2 Growth and Annealing

A series of R©, sampleswere grown by collaborators in Tokyon alll-aligned substrate of
yttria-stabilised zirconia((SZ(11}usingPulsed Laser Deposition (Pl p KrF Excimer Las&fSZ

is a noamagnetic ceramic material with @ak cubic structureA y G KS CYo Y ¥hd a LJ O
nominal lattice constant 0f0.512nm[212,213,214,21F Zirconia (Zr¢) experiences three clear
material phases (going frormonoclinic at low temperatures, transitioning at1170C b a
tetragonalphase and finally transititing to the cubic phasat ~2370C). The addition of 8% per

mol of yttria (Y>Os) to ZrQ in its cubic phase, however, has been observed to stabilise the
structure in the cubic phase even down to room temperature and below. This results in a cubic
structurewhich is extremely thermally stable (up éomelting point of 2780C) withdiamagnetic
properties 0 vsz= -1.2x10" cmgh)[216]. This makes it an ideal substrate for the growth of cubic
magnetic structures for potential spintronic applications.
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The substrate was heated throughout to a temperature of @0and kept in aroxygen
atmosphere at a partiapressure of 2x1¢Pa(2x10°mbar). After the samples were grown, four
out of the five samples were annealed, with one sample kepjras/n for comparison. Each of
the annealed samples was annealed at a fixed temperature of °CLO® an atmosphere of
CO/@, (with the CQ making up 1000ppm in concentration) for one hour in order to reduce the
density of antiphase boundaries. This technique has been observed to reduce the defect density
in similar FgO, thin films byMatsuzakiet al[16], based on the previgs experimeats which showed
that annealing in a CO/G@tmosphere is useful in improving the stoichiometry (and reducing the
density of growth defects) in bulike FgO, single crystals. Previousork by Harrisoret. al. [217]
discusses optimal growth arahnealing conditions for large &, crystals using this gas mixtuferom
further work in this field218,219, it is well known that thestoichiometry of the posanneal samples
depends strongly on the ratio betwed®OCQ in the gas mixture, and the gapressure. This results
from the change in the number of oxygen atoms available to bond withrthe éxide structure If
enough oxygen is available, then;Bgis the energetically favourable oxidation state. As the gas
pressure is reducedhe chemicakequation becomes unbalanced and the;®gstoichiometry cannot

be sustained, salifferent oxides such as j& become more prominent insteaddA useful phase
diagram for the oxidestructures resulting from different local conditions is provided $iyepherdet.
al.[218]. Optimisation of the technique by the growth team has shown tha tatio of CO:C{»f
1:5000will maximise the stability of the F®, phase[16.219].

For the purposes of this thesis, one of the annealed samples and thamwealed sample iV be
characterised and compared in order to extract key magnetic parameters and investigate the
effects of this annealing process on the structural and magnetic properties of magnetite.

5.3 Structural Characterisation

The characterisation of the samplegture is necessary to assess the quality of these thin films,
and whether or not the data presented is representative of stoichiometriOf-¢f these samples

are not epitaxial magnetite, then other defects or unexpected properties may give rise to the
magnetic effects observed in this chapter. A variety of techniques have been used to assess this
structure, including Xay diffraction, TEM, XAS and XRD.

5.3.1 X Ray Diffraction

Xray diffraction techniques were used to assess the structure of#3@, thin films discussed in

this chapter. A series of ° kscans were recorded from each sample to facilitate examination of
the crystallographic structure. Peaks recorded from the XRD were compared with literature values
for bulk FgO,.
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TheXRDdata showsthe epitaxialrelation of both samples tdhe substrates, with thérSZ(111) ||
Fe04(111) and YSZIMY| FesO4(10Y despite the ~40% mismatch between the lattice constants
of the two materials A shiftin. ® * A FeOip&aKs is clearly observédmbtween the pre and
postanneal samples, where the YSZ(111) peaks are the same in eacArscam of plane lattice
constant 0f8.440(3R was calculatedfor the anneagd sample and 855(2A in the nonannealed
sample These values were calculatéy ush y 3 . NJ(ef@htba 3.XysR GKS . KH'
calculatethe planar separapbn (d) and then using the welknown relaton betweenthe planar
spacing and théattice constant (a) in cubic structurésquation 3.3)as discussed in secti@?2.1
Given that the epitaxial B®, structure is cubic, a=b=c, so theplane lattice constant can be
inferred by calculating the ottf-plane constants.

The values recoveredsing this method arsimilar to the bulk value of 8.396A expected from
magnetite [107,210,211], with the slight devidbn of the annealed samples from the bulk value
attributed to tetragonaldistortions in the lattice as a result of tensileastr in the plane of the
sample.In the norannealed sample hie outof-plane lattice constant is reduced compared to the
expectedvalue, suggesting a compressive strain is experienced in this axis. In order to conserve
the volume of the structure, the other, iplane, axes must be affected by a tensile stréifier
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with their respective h,k,l values
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the sample is annealed, the ouf-plane lattice constant is largehan the buk, indicating that
the strain directions are reversed relative to then-annealed sample.

The 2 k .scansshow that a single phase of k@, exists, since the only k@, peaks observedi
the data are the (111) seriemnd that the growth of the thin fihs is therefore epitaxial in each
sample.Thetwo large peaks correspond well to the (11-Hligned ¥BZ substrate peaks, with an
out-of-plane lattice constant of 5.1402And the remaining smaller peaksith the K and L
peaks from the observed.Kpeaks. Repeating the measurement with the monochromator
installed more clearly shows the sample and substip¢aks (figure 2) isolated from their K
and L. components
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RO]TAY3 OdNBSa d&NEk FRLOE peakS IR ordento examine the film quality.

It was observed that a smooth curve can be recorded in each case, which can be calyse
discussed in chapter 3. The FWHM of each curve can therefore be compared between samples to
assess the relative defect density. In the annealed samples the FWHM of the rocking curve has a
value of 0.209 + 0.00(degreescompared to the value observed the asgrown samples, which

is 0.436+ 0.00Ldegrees. The annealed samples therefore show a FWHM reduced by a factor of
two compared with observations from the namnealed sample, indicating significant reduction

in defect density after the annealingqmess. This is consistent with the expected outcome of the
annealing based on the literatuieg.

Pole figuregfigure 5.4)were alsorecordedfrom the FQO, samples to investigate the other peaks
in the <111> familySetting the zero position to the E&, (111) peak, determined usirig K Sk .H
data shown in figure 8, a map of the {111¥amily of peaks was made by rocking the sample

mount in 0< <360° and 0<.<9(°. A strong centra(111) pe& is observedn both samples, with

the three surrounding points generated bthe family of {110y peaks at other anglesThese
surroundingpeaks arenarrowed in the postannealed sampldfigure 5.4.0)A Yy 02 i K, . I YR
supporting theimprovementof the peak widthobserved in the rocking curvegdicating the

relative improvement of the film qualityreyendered by annealing)
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Figure5.4. XRD Pole figures from the;6g(111) peaks from a) neannealed and b) post
annealed F#,/YSZ(111)

Measurements of the thickness of the ;Bg samples were attempted using XRE&nall Kiessig
fringes were observed in the neannealedsample, as observed in figure54 and fitted as
discussed in chapter 3, yielding a value7@f+ 1 nm for the sample thicknesslowever, the
results of these measurements were inconclusive, sincatimealedsamples proved too thick to
generate Kiessig fringes, as shown in figbeb. Despite being grown using the same method,
the FeO, samples gswn for this project were nothe samethickness, and the same thickness
value cannot therefore be assumed for the annealed sample as kgther data was acquired
using HAADISTEM to confirm the film thickness (section 5.3v@)ere the thickness of theon-
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annealed sample is observed to be considerably smaller (60timm). This discrepancy is likely
to be a result okrrors in the XRR fit: it is likely that the fitting algoritimGlobalFit has found a
local minimum in the fit function with inaccuratparameters. In particular, thenterface
roughnessis difficult to quantify other than by fitting, which means that if the fit settles on an
incorrect value for this parameter, then erroneous values will also be returned for the other
dependent paramedrs.
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Figure5.5. Normalised XRR froa) non-annealedand b) annealetreO,/YSZ(11)
samples Data is shown in blueith the fit calculated using GbalFIt shown in red

5.3.2 XAS and XMCD

Soft xray spectroscopy was performed on the samples on beantfi@at Diamond Light Source.

The absorption of soft-xays by core electrons in ferromagnetic materials is a well understood
process, as described in chapter 3, ethtan be used to record element specific XAS and XMCD in
order to examine the structure of the thin films discussed in this chajfdgch Fe site can be
examined individually due to the element specificity offered by XMCD. This allows the structure to
be examined thoroughlyand element, site, and valence specific data to be recovered
Measurements were recorded at 300K in a field of 6T to ensure saturation of the magnetisation
within the samplesA grazing incidence of 8away from the normal was chosea measure the
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in-plane magnetisation, as discussed in section Bve setsof XMCDwere averaged from each
sample

XMCD spectra have been extracted across ghent L, edgesfrom the asgrown samplgshown

in figure 5.6 and the annealed samplghown n figure 5.7. As expectedrom magnetite three
distinct peaks are observed aj, kcorresponding to the B&Oh, F&" Td and F& Oh sites, with the
central (Td) peak aligned ararallel to the Oh peakdue to the superexchange effects causing
AFM aligment between the Td and Oh sites (as discussed in section.2D@&fg was recorded at
300K, well above the Verwey transition temperature for magnestethe structure is expected in
the cubic phase

Each of the threedpeaks in the XMCD occurs atiffatent energy, centred on thexpectediron

Ls transition energy of 707eY220]. Differences in the crystal field occur (as discussed in chapter 3)
in different local crystal environments, producing three individual peaks at jezidie: one for
each ofthe three uniqueiron sites in the F®, structure. This matches well with the expected
FeO, XMCD recorded in the literaturg84,174]. Chemical stoichiometry has been established
using atomic multiplet calculations fitted toheé data measured from the XNIC The
corresponding fit derived from the atomic multiplet calculations is shown in red overlaid on the
XMCD in figures (6.band 57.b)
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Figure5.6. The a) XA@ndb) XMCD from the averaged XAS da tforrannealed
FeO,/YSZ(111) sample at 300K
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Figure5.7. Thea) XASand b) XMCD from the averaged XAStaf sample of annealed
FeO/YSZ(1114t 300K

As well agonfirming that the structure is magnetitedue to the hree characteristic 4 peaks the
XMCD also showthat the stoichiometry is improved by the annealing: fitting to the data using
atomic multiplet calculationshows a difference in the relative occupation of different Fe sites
before and after the annealing process. The occupation &6F Fe sites is seeto increase post
annealing.A ratio of occupied Fe siteE€*Oh:F&Td:F&'0Oh) of 0.8: 0.5:0.3is observed in the
non-annealed sample, compared with the ratio of 1:1:1 after annealing, which is the site ratio
expected from stoichiometric magnetiteRepeated fitting of each datasetusing linear
combinations of each site showsreximumuncertaintyof 3%in the occupation of each site.

The improvement observedin the stoichiometry after annealingis in agreement with the
observations made in both the VSMAFMR data. An increased orbital moment is evident from
the integrated XMCD since the q value is larger in the annealed saaspéedirect consequence
of the increase in the Féion density.As discussed in section 2.6.1, theé"Hen is the major
contributor to the orbital moment in stoichiometric E®, since the antiferromagnetic alignment
of the F&'ions in the Td and Oh sites cancel each other out.

Assessment of these spectra using the magrgitc sum rules can also provide insight into the
raiod SG 6 SSy GKS ALIAY I yR (2 MNRAlelratio bdtweBn/ite infegbal ar 2 Y ¢
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the s and L, edges (p and q ofigures 5.6.b and 5.7.kespectively), provide a ratio ¢f 1t

T8t win the annealed sampjewhich is consistent with premis experiments on epikial
magnetite thin filmg100]. This is consistent with the increase in the occupied G sites in the
lattice since it is the Féiron atoms that primarily contribute to the orbital moment of magnetite
The measured ratio cogsponds to a g factor of 2.18, which is in agreement with the value of 2.14
observed in the FMR.

In the nonrannealed sample, howevet, 1t 1isince the observedveragevalue of g = 0
giving a value of g =ifd agreement with the free electron valu&he value of q in this integral is
proportional to the orbital magnetic moment contribution, whichfinitein the annealed sample
but almost fully quenched in the nomannealed film.This is in agreement with the expected
quenching of the orbital magnetic moment in 3d transition metals.

5.3.3HAADFSTEM

The SAEDalong the [110] zone axishowssomedifferences between the sampk, as shown in
figure 5.8. A series of additional peaks are observed in the-aonealed sample which are not
present postanneal indicaing the presence of an additional material phase which is elatdd

by the annealing process. Improved structuraherence is observeds the diffraction pattern
becomes more ordered, with fewer, brighter peaks corresponding to more uniformly ordered,
higher intensity diffracted waves.

The bw-magnification HAADBTEM showthat the nonannealed sample has a thickisesf60 £

1 nm which is 13nm smaller than the value returned by ¥i®R. The annealed sample is observed
to be 146 +1 nmin both samples, an intermixing layer is observed between th®fand YSZ
layers.In the norannealed sample, this layer is gengrall0 + 1nm, interspersed with thinner
regions.The mixed layer is thinner in the posannealed film with a depth of 4.5 +1 npwhich
correlates with the improvement in the k@, structure observed in the XRihd the narrowing of
the rocking curvesThisis confirmed in the higlmagnification HAADBTEM data (figures9 and
5.10 showing the agrown and annealed samples respectiyeWhile the defect density is

Figure 58. A comparison of SAED Patteahtsng the [110] zone axabserved in R®,/YSZ(111)
from a) the norannealed and b) the posinnealed samples
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difficult to observe in the higimagnification HAADBTEM, other TEM experiments on these
sanples haveshown areduction in the density of APB defedtsthe literature[16].

a)
F&OO4
v . Nixing Regions
20 nm
b)

Figure 59. A comparison of a) Lemagnification and b) higimagnification HAADF
STEM images obsevan FgO,/YSZ(111) from the neemnealed sample
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100 nm

b)

5nm

Figure 510. A comparison of a) Lemagnification and b) higimagnification HAADSTEM
images observed in f&/YSZ(111) from the posinnealed sample
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5.4 Magnetic Characterisation

With the structural characterisation complete, it is observed that the annealed thin films grown
for this project are indeed epitgal FgO,, although before annealing the stoichiometry is
imperfect. With the microstructure of these films characterised, the magnetic properties of the
samples can be analysed using a series of investigative techniques, including VSM and FMF
spectroscop.

5.4.1 VSM

Vibrating sample magnetometry (VSM) has been used to measure the magnetic propétties
samples, by measurinlyi(H) and M(T) M(H) measurements were performed using both the
Microsense Model 10 VSM at the University of York, andS@¢ID-VSM at DLS. A comparison of

the M(H) data from the annealed sample recorded at 300K is shown in figure 5.11, with the
Model 10 data in red and the SQUID data in blue. Good agreement is observed between both sets
of data, and therefore both sets of equient TheM(T) data can therefore be considered in good
agreement with theM(H) datg and theM(H) sets from each set of equipment complementary

All VSM data shown was measured with the magnetic field applied in the plane of £betlkia

films.
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Figure5.11 A comparison di(H) VSM recorded using the SQUID magnetometer (b
and the Model 10 VSM (red)

Room temperature M{) data is shown in figure 5.12, with data from the reammnealed film
shown in red and the annealed film in blue. This data was measured along Heaki4 in each
sample. The effect of annealing in the CO/Cénvironment is evident from the increase in
saturation magnetization of 260 enuc’ to 480 emucc’, the decrease in coercivity from 350 +20
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Oe to 50 £ 100émore easily observed in the inset figure 5.12)and the increased squareness
(numerically characterised by the ratio of the remanence field to the saturation magnetisation
(H/My) )of the loop which all suggest an improved structure with Hikk properties
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Figure 5.12In-plane M(H) recorded from agown (red) and posanneal (blue)
FeO,/(111) VSMat T =300K

TheM(T) has been measurkto confirm the presence of the wethown metalinsulator Verwey
transition (T). As discussed in section 2.6stgichiometricmagnetite undergoes a structural shift
from an insulating state to a metallic one ay ¥120K. This chargader transition ca be
observed as a sharp increase in both thsistivityand the magnetisation at around the transition
temperature.Data from the annealed film is shown in figure Bftr reference, showing the FC
VSM (saturated in a field of 30kOe) red and the ZF@ blue. The datasets converge at the
blocking temperature §= 116.5+ 0.1K. A different curve is observed in the low temperature
limit, showing a smalleM (and therefore suggesting greater disorder between local magnetic
domains) at low temperature irhe ZFC dateBoth datasets show tha¥ls increases with T until
Ty, and then gradually declines as T is increased furtMeasurements from the annealed sample
therefore show a distinct Verwey transition which is consistent with the literatu{e2,93
indicating good stoichiometry in the magnetite: it is wiellown that the Verwey transition is not
observed in nosstoichiometric magnetite (ReO,) when! [.0117[96] as discussed in section
2.6.1

M(T) cata from the annealed sample is compared with the somealed sample in figure 3l1in

the nonannealed sampleshown in figure 5.4, the transition is suppressed, as observed by the
lack d the characteristic increase Ms. This indicates that the annealing significantly improves
the stoichiometry In fact, theM(T) in the norannealed sample is seen to reduce as T increases,

96



falling from Mg = 295 emucc' at 5K to 173 emwcc' at 300K. Tis decrease begins sharply at
~115K, and slows at ~120K, however, which still coincides with T
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Figure 5.13 A comparison of M(T) VSM recorded fitbiw annealed~0,/YSZ(111) using
the SQUID magnetometer in ZFC (blue) and FC (red) modes

The trarsition behaviour can be observegiore clearly in the first derivative of th&1(T)
measurements (shown in red in figure 8alb). A sharppositive peak in the first derivative is
observed at J= 120K in the annealed sample, baitnegative peak is observad the non
annealed sample
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Figure 5.14The temperatre dependenZFQM(T) recordedit 4000efrom the a) aggrown and b)
postannealed Fg,/YSZ(111), showing the magnetisation as a function of temperature (black
the first derivative with respéto temperature (red)

5.4.2 Ferromagnetic Resonance Spectroscopy

Ferromagnetic resonance spectroscomlows access to informationbaut both the inplane
anisotropyand the dampingin FM thin films Initial measurements using the VNMMR showed

that the annealed samples show a strong response, which can be easily fitted in order to extract
damping parameters. The neannealed samplehowever, shows a very weak signal in the YNA
FMR operation mode, which is barely distinguishable from the background. As a result, the data
from the nonannealed sample was measured using the modulation FMR technigue. Confirmation
of agreement between teatiques was achieved by recording both modulation FMR and- VNA
FMR and comparing the values fitted to both sets of data. This further supports the observations
made in chapter 4, that the two modes of operation of the FMR spectrometer are in direct
agreementwith each other. Hence the values extracted by fitting the two sets of data are
comparable with each other.

Measurements of the FMR linewidth as a function of frequency at thgane easy axis have
been used to probe the magnetic properties in these plE®. An example of the FMR linescan
data from each sample is shown in figure®.This data \&s recorded along the [112] axis at a
FAESR TNBIljdzSyOe 27F w0060 250ede Bbsétved\d & 23y0l+y O §
250ein the nonrannealed sampleAfter annealingthe linewidth is much narrower, showirgH =
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