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ABSTRACT

Thework here inwas undertaken with two main objectives. The first has been to design and develop
abespokepulsed laser depsition growth systemnto enable the growth of high quality transition metal
oxide thin films Thesystem has &en construatd to allow for the growth of muHblock or layered
systems, such as the R, S anbldcks of hexaferrites, by utilising an alternating target approach.
Ultimately, thegrowthd @ 8 G SY Q& | 6 A f A dxile thinZilmsaHe® bieen Geateé@hdtHe E
successful growth of an epitaxial-type hexaferrite, with material properties that compare well to
the literature, has been realised.

Additionally, he magnetoelectric effect in Mype TiCo doped strontium hexaferritesrCel bF&Ong,

has been sidied using a combination of magnetometry and element specific seafhyx
spectroscopies. A large increase (®3id the magnetoelectric coefficient is found when?Genters

the trigonal bipyramidal site. The -fold trigonal bipyramidal site has been etvn to provide an
unusual mechanism for electric polarization based on the displacenfanagnetic transition metal
ions. For Co entering this site, an-oéintre displacement of the cation may induce a large local electric
dipole as well as providing amcreased magnetostriction enhancing the magnetoelectric effect.
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Chapter 1: Introduction

1.1 Motivation

Controlling magnetism by an applietectric field would be a huge step towards creating uloa
power, high density, magnetesistive random access memory (MRAM)séAsh magnetoelectric

(ME) multiferroics are currently an intense area of reseatcimagnetoelectri§ME)material is one

that possesses both magnetic and electric orders simultaneously, in the same phase and allow
coupling between the tw¢l]. It is currently not well understood how the two symmetry breaking
orders, of ferroelectricity and ferroagnetism, can exist in the same material as ferroelectricity
usually requires empty transition metal orbitals, however ferromagnetism relies on partially filled
3d orbitals to create the spin magnetic moment. As a consequence of this most ferromagnets are
metallic while ferroelectric materials must be insulating to avoid screening of the electric
polarisation by mobile charge carriers. Due to this contradiction most intrinsic multiferroics
reported to date have tended to be antiferromagnetic and ferroeliestand only below room
temperature with weak magnetoelectric couplif@g).

Multiferroics have potential as spintronic tunnel junctidB$ multiferroic hard drivef2], RHFilters

and antennaq1l]. As a device application, the ided multiferroic data storage isf particular
interest. Current hard drives use the application of a magnetic field to switch the alignment of
magnetic moments irder to write databits. To apply such a magnetic field a substantial current

is required. Ifhowever, the magnetic moments could be switched by the application of an electric
field, as may be possible for a multiferroic, then power consumption woulgtdetly reducedror
example, Ostleet al[4] demonstrated the energy cost to reverse a vortex core in planar structures
of FeiGag (where the polarisation of the core is used to encode logic states) via a strain coupling
mechanism to be <1 pJ. This is considerably smaller than the magnetic field driven case, which is
>1 nJ[4]. Ultimately, with the technological drive towards device minimisation, the interest in
combining electronic and magneficoperties into multifunctional materials is ever increasing.
Hexagonal ferrites show potential for device applications as they have been one of the few room
temperature singlephase magnetoelectrixreported andexhibit a low field large ME coupling up

to and above room temperatur¢s]. Hexaferrites are already the most widely used magnetic
material in the world due to their large anisotropy and low cost, making them ideal as permanent
magnetd6]. It is believed that the discovery of the ME properties of hexaferrites will lead to a wide
range of multiferroic applications such as highly sensitive magnetic field sensors for biomedicine, a
new generation of smart stealth technology for military usepiiaved data storage solutions for IT

and computing, and tuneable filters and switches for wireless communicaf@n$iowever, if
these materials are to have such device applications their properties and the mechanism ggvernin
their ME coupling need to be well understood. This is currently not the case and little is known
about the mechanism governing the interaction between their ferromagnetic and ferroelectric
properties. An increased understanding of the ME coupling meshams needed in order to
optimise the amount of coupling the hexaferrites exhibit.

The work detailed in this thesis follows two main objectives. The first has been to design and
develop a Pulsed Laser Deposition (PLD) growth system to enable the growithhoduality
transition metal oxide thin films, such as hexaferrites. The second objective has been to
characterise the structural, magnetic and magnetoelectric properties of hexaferrite thin films
grown by PLD in order to gain insight into the mechanieseming their ME properties.



1.2 Magnetoelectric Hexaferrites

Hexaferrites are essentially iron oxides with hexagonal structures. The hexaferrite family of
materials can be classified into six main types, M, Z, Y, W, X and U, according to thdir crysta
structure and chemical compositigfi]. Each structure is composed of a stacking sequence of the
basic building blocks R, S and T. Théo&k consists of two spinel units with formulasGe The R

and TFblocks are both hexgonal with compositions ME©.1 and MFgO.4, respectively, where M
represents Ba, Sr or P8).

Since the first hexaferrite to show ME properties wasalreced in 200%7], ME coupling has been
observed in various Z, Y, M andygpe hexaferriteg5] [8] [9] [10], however, the coupling measured

for Y and ktype hexaferrites have beemr&ll and only below room temperatuf@RT)[9] [8]. The
hexaferrite structure studied in this thesis is a cobalt and titanium dopegtpd hexaferrite.M-

type hexaferrites have a general compositMfe 2019, again where M represents Ba, Sr or Pb, and

a stacking sequence RSR*S*, where * indicates ar® 18ttion about the eaxis [10].
SrCaTkFe019 was first shown to exhibit a large low fieE coupling at Rii 2012[10].

The Mtype structure allows for three different cation surroundings octahedral, tetrahedral and
trigonal bipyramidal. It is understood that the magnetic properties in hexaferrites are primarily
governed by the presence ohtion-oxygencation bonds. Cations interact via the oxygen in a
process known as superexchandd]. The superexchange interaction between the two cations
depends on bond angles, lengths and whether the ions have filledfilhedf or vacant orbitals

[11]. Hence, cations in different surroundings will have different contributions to the overall
magnetic properties. Understanding the contributions of these sites is crucial to understanding the
mechansm governing the magnetoelectric behaviour in these materials.

In certain M, Z, W, U and Y hexaferrite structures, doping with different cations has been found to
resultin the formation of norcollinear magnetic arrangemen{42]. Hexaferrites vere these
arrangements exhibit a transverse conical component, also exhibit a magnetically induced
ferroelectricity. Given such hexaferrites are electrostrictitres application of an electric field
strains the naterial altering tle magneticconfigurationand vice versaThis coupling between
magnetism and ferroelectricity provides a mechanism for the ME €fff@¢t Interestingly, durther
possible mechanism for ME coupling in hexaferrites may have beeovered by Sheet al[14].

They havaliscovered an unusual methddr electrical polarisation based on the displacement of
the magnetic ion at the trigonal bipyramidal sites within thetyjye structure.An effect that will

be studied further in this work.

Doping strontium Mtype hexaferrite with cobalt and titanium induces non-collinear spin
arrangement15] and has been shown to exhibit strong ME coup]itf@], however,the roles that

the Coand Tiions playare not well understood. Thus, this work attempts to understand whits

within the structure the Co and preferentially occupy, as well as how this governs the materials
magnetic and magnetoelectric progis. In order to elucidate the role of site occupancy on ME
coupling, hexaferrite samples have been grown with the cobalt substituted to different sites. The
affect this has on the samples magnetic and magnetoelectric properties has been investigated
shaowing drastic results. This has allowed for an increased understanding of the magnetoelectric
coupling mechanissin M-type hexaferrite structures.

1.3 Pulsed Laser Deposition

The method by which the hexaferrite thin films have been grown is pulsed lapasiion and

part of this project has been to develop a PLD system in order to grow high quality epitaxial thin
films. PLDis unique with respect to other physical vapour deposition techniques due to the
extremely high kinetic energy of the ablated pdei incident on the substrate and the high

deposition rate during each laser pulse. Both these factors can be controlled in order to manipulate
2



thin film growth[16]. The growth of ferrite films by PLD was first proposed agchanstrated by
Vittoria in 199317], the primary adwantage beinghe stoichiometric transfer of complex unit cells
that it is able to achievf?] [18][19]. No other techniques offer the same quality of reconstruction

of complex unit cellsbetween source and filnas PLD

PLD has previously been shown to produce high quality hexaferrite thin[ihgR1] and allows
growth from multielemental targets, thus making the growth of complex hexaferrite structures far
simpler. Multiple targets may also be incorporated into PLD systems allowing good control over the
growth of nrulti-layer films in a technique known as Alternating Target Laser Ablation Deposition
(ATLAD[22]. In the casef hexaferrite growth this allows fahe incorporation of a different target

for each of the R, S and T layédiisis has enabled atomic scale chemical doping to be controlled in

a block specific manng21]. As sucha uniqle PLDsystemhas been designedvith the emphasis

on the growth of magnetic ferrite thin films, whilst retang a design that is versatile enough for

the growth of a wide range of materials. The PLD growth system developed in this work uses a 10Hz
pulsed laser. The growth chamber itself can be used for deposition over a wide range of pressures
between 1 mlar andultra-highvacuum (UHV).

An important aspect of PLD is the heating of the substnatéch encourages crystalline growth
[19]. The system has been designed to utilise a cootisuvave35W, carbon dioxide lasewhich

is foawssed onto the reverse of the substrate through a unique mechanirs enablesontrolled
heating over a wide range of substrate temperatures, including those that have previously been
found optimal for the growth of epitaxial hexaferrite thin filnfi@l] [17]. The main advantage
however,of the PLD system desigs the incorporation of a @arget manipulator. This allosvthe
targets to be rapidly indexed during growth allowing the growthmfitiple layers. These targets

can also be simultaneously, individually rotated and rastered in order to maintain an even ablation
pattern across the whole of a target and reduce target degradation. Beirggtabfjrow from
numerous targetsill allow for the use of theATLADechnique[21]. This technique is effectively

PLD but where the targets are interchanged during growth, with a different target being used to
grow a different layer. Growingl-type hexaferrite filmsia ATLADN this workhas enableatontrol

of the CoTi substitution sitesvithin the material by only allowing the dopant to enter one of the
two blocks R and S

1.4 Summary of results and significant achievements

In this work, a unique PLD system hagt designed and constructed. The calibration and testing
of the g/stem has resulted in thdesign being proven to work effectively atid growth of epitaxial
magnetite and hexaferrite thin films were achieved with properties comparablbaded reported

in the literature[23] [10] [24] [25].

As well as this, hexaferrite thin films grown giagle target PLD arttie ATLAD technique have
been characterised both structurally and magnetically. Cobalt and titanium doped strontium M
type hexaferrite thin films have been studidtht have been previously shown to exhibit large, low
field magnetoelectric coupling at room temperatuj24]. The ceordinations and valences of Co

and Ti dopants, in each film, have been investigated-tay>absorption spectroscopy (XAS) and X
ray magnetic circular dichroism (XK This has enabldtie structure of the filmgo be probed

to determine the contributions of given atoms and-aadinations to the overall magnetoelectric
effect observed, giving us greater understanding of a mechanism which is not yet fully understood.
These studies indicate that the doping of Co to the trigorajriaimidal sites within the hexaferrite
structure act to enhance the magnetoelectric coupling observed.

Density Functional Theory (DFT) calculations have also been performed, using the CASTEP code,
order to simulate structural changes within the hexafermunit cell as a result of the Co and Ti
doping to different atomic sites. The in and out of plane trigonal bipyramidal site bond lamgths
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determined from the simulated structures and, using the phenomenological local potential energy
method for thebipyramid[26], the energy profile along theaxis has been calculated. The results
showthat the substitution of Cto the trigonal bipyranidal lattice sites increaséise energy barrier

of a double well potentialThis demastrates that a ferroelectric state is energetically favourable
with ferroelectric alignment of the dipoles along theaxis. These simulations suggest that
increasing the occupation of Co into trigonal bipyramidal sites enhances the ability for theistruct
to polarize as well as providing a magnetoelastic ion. Thereforeeinhs that the Co substitution
to these sites provides a mechanism for an enhanced magnetoelectric effect.

These measurements collectively have allowed us to gain insight into th@estructure of the
magnetoeletric hexaferrite, SrGobFe0O19, and enabled the correlation between changes in
structure and the magnetic and electronic properties. Thuligmately resulting in advances in the
understanding of the possible magnetoeléctcoupling mechanisms responsible for the large, low
field magnetoelectric effects observed withsachhexagonal ferrites.

1.5 Structure of this Thesis

This thesis contains eight main chapters. Following the introductibapter 2 provides the
relevantbackground theory andutlines the field of magnetoelectric multiferroics, detailing the
recent advances that have been made in the drivean¥s device applications. Additiohalthe
current knowledge ofhe structure and properties of hexagonal ferrithas been addressed and a
literature review of the discovered magnetoelectric hexaferrites undertaken. Chapter 3 provides
details on all of the experimental and analytical techniques performed throughout the work of this
thesis. Details on the experimenitset ups and equipment used are stated as are the methods and
theory used in order to analyse the data obtained.

The thesis then contains four results chapténschapter 4 the design and construgtiof the PLD
system is explained in detail and justtfi This chapter also characterises magnetitd hexaferrite

thin films that have been grown in order to cabite and test thePLD system. Chaptermpbesents
results of apolarised soft xay studyof Co and Tiopedstrontium ferrite thin films, grown ia a
single target PLD technique. SsTigFe0O10 thin films have been shown previously to exhibit ME
effects[24]. The films are characterisedrstturally and magneticallgnd the occupation sites of

the Co and Ti dopants \ain the samples are detmined using Xay spectroscopy. This study
providesinsight into the preferred site of occupation by the dopants and ultimately how these
substitutions affecthe magnetiqroperties of the Mtype hexaferrite structure.

Using thesame Xray spectroscopy tdmiques in chapter 6 SrCeTkF&Ois thin films are
investigated, however, this time the samples are grown using an ATLAD teehfimu two
targets, one to simulate the-Block and one the-8lock. Three samples have been sadiwith an
increasing amount of Co and Ti substitution to thbl&k, in which the trigonal bipyramidal site
resides. Using this growth technique, control ovée toccupation site of the Coations is
demonstrated. Meaurements of the MEoupling presentwithin these samples are correkd to

the to the Cooccupation sits observed. It is showrhat cobalt occupation of the trigonal
bipyramidal is important fothe enhancement of the MEffect within the Mtype hexaferrite.

Chapter 7 presents evidence fa mechanism responsible for the enhancement of the
magnetoelectric effect as a consequence of the trigonal bipyramidal site being occupied by the
cobalt cations. This study calculates the local potential of the bipyramidal sites, and shows that a
double well potential, indicative of a local electric polarisation, is enhanced due to the Co
substitutions.The final chapter, chapter 8, is a summary of the accomplished works and draws the
conclusions from the results obtained together.



Chapter 2: Backgroundnd Theoretical Considerations
2.1 Introduction

The magnetoelectric effect was first postulated by Pierre Curie over a century ago, although it was
not until Dzyaloshinskipredicted the existence of ME coupling in@rin 1960[12] that interest

grew in the phenomenon and in discovering new materials exhibiting the effect. Furthermore,
recent theoretical breakthroughs in understanding the coexistence of both ferroelectricity and
magnetism, as well as ¢hdiscoveries of MEoupling in materials such as Bikg®7] and TbMnGQ

[28], have led to a significant increase in the research of intrinsic magnetoelectric materials.

Both magnetic and electronic materials are wideked in modern technology. For example, the
majority of data in consumer electronics is stored as regions of opposite magnetic polarization in
ferromagnets. In addition, the sensors industry relies heavily on ferroelectrics, using them to
convert sound vaves into electrical signals in sonar detectors, for example, or to convert electrical
pulses into motion in actuatof&9]. Given this, if the two orders can be coupledignetoelectrics

have many potential technological appiiations includingspintronic tunnel junctions[3],
multiferroic hard drive$2], tuneableRFilters and antennagl].

In 2010 giant low field magnetoelectric effects nwereported in the Aype hexaferrite
SeCaFe404, at300K[5], leading to significant investigations into the coupling mechanism within
the material and the search for other hexaferrites displaying the effect. As snetgim of this
study has been to investigate the crystal and magnetic structure of the magnetoelectric hexaferrite
SrCaTbFe019 and correlate the Co and Ti substitutions to the materials magnetoelectric coupling
mechanismIn order to place this work intoontext a review of the MEoupling mechanisms and

the ME materials previously reported is presented. This chapter will set up the context for the
experimental study oMEhexaferrites. The backgund propertiesof hexaferrite materials will be
outlined aswell as the discovergf the MEeffect within certain M, Y and-&pe hexaferrites.
Numerous growth techniques for thin film fabrication of the ME hexaferrites are discussed and the
choice of the pulsed laser deposition technique justified. Ultimatelys, $ieiction will outline the

key theoretical concepts used as motivation and as a basis for the interpretation of the results
presented within this thesis.

2.2 Ferromagnetism

A ferromagnetic material is one which exhibits a spontaneous magnetization in zdiedajild

that can be reversed by the application of a suitable external magnetic fieltte the hysteresis
effect. All ferromagnets have a maximum temperature above which they no longer exhibit
ferromagnetic behaviour. This is a result tiermal agitdion and is known as the Curie
temperature(To) [30].

Only a small number of elements are ferromagnetic, most strongly are iron, cobalt and nickel, with
some of the rare earth elements, such as gadolinium and terbium, alslaylisg ferromagnetism.

The magnetic behaviour of a material depends on its electron configuration. Atoms with unpaired
electrons have corresponding magnetic dipole momehisesulting from a quantum mechanical
effect but a semtlassical analogy islthi G KS St SOGNRY NROGFGSa 6AlF
behaves as a rotating curref8l]. For paramagnetic materials these moments are randomly
oriented and thus produce no net magnetisation at zero field, however, infegnets below d

the exchange interaction results in the parallel alignment of these moments, resulting in a net
magnetisation, even in the absence of an applied magnetic field.

The magnetic free energy of a ferromagicetystem can be defined by thelinginteractions:
exchange coupling, spiorbit coupling, the magnetostatic interactipnthe magnetoelastic
interactionand the Zeeman interaction.



2.2.1. The exchange interaction

Unpaired electrons of identical nearby magnetic atoms interact via the exchiatggaction. As a
consequence of this interaction electrons, which repel each other, can move further apart by
aligning their spinf31]. Thus, even in the absence of an applied field the magnetic moments of the
electrons manag to remain aligned parallel to each other.
OEOKIyYy3IS 02dzLdt Ay3d A& | lidzdkyiddzy YSOKIFyAOlLt SFFSOIU
principle and the Coulomb interaction. In a two electron system the orbital part of the joint state
wavefunction, 5, is determined from the product of the two single electron wdwmactions, a
and b, whilst obeying the exchange symmetry between the two electrons (labelled 1 and 2). This
leads to two possible orbital wavfeinctions, one which is symmetriggs, and ore which is
antisymmetric 3 a.
symmetric B ® % 1 %o i %o 1 %o | egn. 2.1.

antisymmetric B ® % 1 %o i %o 1 %o 1 eqn. 2.2.
these two orbital states are not degenerate and the energy difference between them is known as
the exchange energy32]® t | dzf A 1@ dequiietndfy &ér the complete wawenction,
including both orbital and spin parts, results in the correlation between the orbital symmetry and

the spin alignment. Thus, it is possible to express the exchange coupling as an effectsmrspin
interaction, such that the electron exchange energy is given by:

(@] ¢UYJY eqn. 2.3.

“Y and™Y are the spin operators of the two electroasdJis theexchange coupling strengfB2].
In a crystdine system the electronic wavkinctions of nearby atoms overlap and the exchange
coupling can be generalised to the Heisenberg model:

(0] B v "YOY eqn. 2.4.

Where Jj is the exchange parameter between two interacting spagj.
If we assume an isotropic exchange and only interactions between nearest neighbours are
significant, egn. 2.4 is simplified to:

(0] 0By ¢ YODY eqgn. 2.5.

For a ferromagnet the exchange parameter is positite @) and the exchange coupling favours
the alignment of magnetimoments This results in a nezero valle of magnetisation, even in the
absence of an external magnetic fi¢B2].

In ferromagnets, the coexistence stort-rangeforces, such as exchange coupling, bomdrrange
forces, such as the magnetostatic interaction, nalee exact description of a materials magnetic
behaviour difficult. To simplify the description however, a continuum model can be used to replace
the atomic quantum mechanical interactiofi83]. In this approximation the magtisation is
considered as a continuouield 0 i O & i , wherei is the position vector of the
ferromagnetic bodyg is a dimensionless unit vector, known as the reduced magnetisation, and
M;s is the saturation magnetisation. Codsring the spin operators in egn. 2.5 as classical vectors,
for a crystal of uniform spins, S, the exchange energy density becomes:

Y 6 s eqgn. 2.6.
Ais the exchange stifess and is related to the exchange parameter, such that:
0o —©0 eqn. 2.7.
where ais the nearest neighbour distance a@is thenumber of sites per unit c€lB3].



2.2.2. Magnetocrystalline anisotropy

The exchange coupling explains the relative orientation of spins and therefore the magnetic
moments in ferromagnets. However, there are several contributions to the anisotropy of the
system that ultimate}l determine crystallographic orientations along which the magnetic moments
preferentially align.

One source of anisotropy is magnetocrystalline anisotropy, which refers to the coupling between
the lattice symmetry and the magnetic configuration of the ewst The origin of
magnetocrystalline anisotropy is the combination of both spihit coupling and the crystal field.

The spirorbit interaction couples an electrons spin and orbital angular momenta. It arises from the
electromagnetic interaction betweerhe electron spin and the magnetic field generated by the
electrons orbit around the nucleus. Additionally, a given ion within a crystal experiences an electric
field due to the presence of the neighbouring ions, known as the crystal field. Depending on the
crystal symmetry, the ions orbitals are arranged so as to minimise the electrostatic repulsion. As a
consequence of spinrbit coupling, the orbital arrangement results in certain spin orientations
being energetically favourable. These directions are knaweasy axd82].

The symmetry of the magnetocrystalline anisotropy is dependent upon the symmetry of the crystal
lattice. Consequently, a cubic crystal, such a®©Fkdas a cubic anisotropy with 3 easy axes. The
correspondng, Ucunic, €nergy density can be expressed as a series expansion of the directional
O2 a A¥ESH Yy R between the magnetisation and the principle crystallographic axes

p T TO T p andod TP

Y o 0 | | | | O | | | E eqn. 2.8.

O ,0 andu are the anisotropy coefficients. As has no directional dependence the first
order coefficient is thenost important and eqgn. 2.8 can be simplified to:

% O | | | | eqgn. 2.9
witho 0 [32].

In hexagonal crystalBowever, the crystal symmetry results in a uniaxial anisotropy with a single
easy axis, coinciding with thee , and any direction in the basal plane is an equally hard axis. The
mathematical expression for the uniaxial anisotropy is given by eqgf: 2.1

Y 0 0 | 0 | E eqgn. 2.10.

Again, discarding théorder coefficient and making the same simplification, as in the cubic case,
this becomes:

Y 0 | egn. 2.11.
with 0 v [32].

2.2.3. Magnetostatic energy and shape anisotropy

The magnetostatic interaction is that between the magnetic field generatedhbyntagnetic
distribution of the system and the magnetisation it482]. In a ferromagnet, each magnetic dipole

moment, , produces a magnetic field, centred at the atomic position, given by:
M - — — 020 1 1 i eqgn. 2.12[34]
A dipole in the't lattice site,’ , interacts with the fld created by the rest of the dipoles, such that

the energy of is then:

(0] CB T Q eqgn. 2.13.
Summing all the individual contributions, the magnetostatic ege@ , is then expressed as:
7



O B' 3B 'Q egn. 2.14.

Convention states that eqn. 2.14 is written as a function of the magnetostatic fteld,
B "Qhwhich is given by the total dipole field:

O —B* O egn. 2.15.

The magnetostatic field is referred to as the demagnetising field inside the crystal and the stray
field outside. The demagnetising field within the material opposes the local direction of
magnetisation and is dependent on the magnetisation and the shape of the specimen. However,
outside of the material the stray field follows the magnetic flux lines.
In the continuum approximation, the magnetostatic field can be approximated to:
0 - —Qw —Q%Y eqn. 2.16.
o s s > S

where s, and s are the charge densities of the volume and surface, respectj@dly This then
leads to an expression for the magnetostatic energy density:

~

Y —a 00 eqn. 2.17.

When a ferromagnet is uniformly magnetised thiest integrand of eqn. 2.16 is zero. In this case,
the magnetostatic energy depends only on the shape of the body and the magnetisation direction,
resulting in the dipolar energy being referred to as shape anisotf8ply Within thin films, this
shape anisotropy often results in keeping the magnetisation within the film plane.

CANRG O2yOSAGSR o0& 2 SAaazy aFSWNENG 3y S2imwhickhNS  YFI- 20NSYNSAR-  §
the spin magnetic moments align along the sananpl[30]. Each individual spin generates a small
demagnetisation field, which favours antiparallel alignment but it is overwhelmed by the exchange
energy in adjacent spiarientedatoms,as the exchange interaction is strongeeo a short range.
However, defects in the crystal act to nucleate domain walls since at a defect the exchange
interaction is disrupted and demagnetisation energy forces the more distant spins to align
antiparallel, with the gradual rotation of spins ocdng over length scales of the order of tens or
hundreds ofnanometres Magnetic domains have a typical size 0f1Q0'® atoms[30].

2.2.4. Magnetostriction

Magnetostriction is the fractional change in length of a magnetic mdtasa result of an applied
magnetic field30]. The linear saturatiomagnetostriction} s isdefined by eqn. 2.18, as the change
in length per unit length.

— eqgn. 2.18]32]

This is essentially a strain arising from the material ¢paimagnetised. As the atomic magnetic
moments attempt to reorient along the axis of an applied field, the spins in the domains rotate.
The changing shape of the domains echo through the material and consequently the shape of the
material is changeB0]. A schematic representation of the process of magnetostriction is shown
in fig. 2.1.

=0 RN
e

Figure 2.1Schematic representation of the change in lengtla skries of magnetic domains
under the application of an external magnetic field.
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Magnetostriction is typically a small effect, however, the inverse effect (i.e. changes in
magnetisation on the application of stress can be fasrensignificant[32]. Governed by the
YIF3ySG2StradA0 AydSNIOGA2YyS YIFAySGi2a0GNAOGA?2
magnetisation and the strain applied to it. As such, magnetostriction is an important property to
consider for magnetoelectric multiferroics. Essentially, if a strain is applied the distance between
the atoms change as the lattice is distorted. Consequently, the crystal field is changed and the spin
configuration of the system modified. The magnetoelastiergy is a function of the direction
cosines of the magnetisation and the components of the strain tengoFor a hexagonal crystal,

the magnetoeleastic energy density is given by eqn. 2.19.

% 6 | T | T || T O f
61 f f 6 | | T |1 eqn. 2.19(35]

WhereB:, B, Bs and B, are the magnetoelastic couplirapnstants, which depend on the elastic
constants, & | YR GKS RANBOGAZ2YLIt &l G@@NudA2y YI3AySi

2.2.5. The Zeeman interaction

Finally, if an external magnetic fiel@ , is applied to a ferromagnetic system, the magnetic
moments inside the body tend talign with the applied field. He energy density term that
describes this effect is the Zeeman term, which is given by egn. 2.20.

Y 0 & J0 eqn. 2.20.[32]

2.3 Anti-ferromagnetism and Ferrimagnetism

If a crysta® exchange parameter is negatigd< 0), it is favourable for the nearest neighbour
magnetic moments to align anrgiarallel to one another. This is Af€rromagnetism. One way to
model this is to divide the material into two sublattices A and B, with the moments on one
sublattice interacting with the moments of the other with a negative exchange coefficient, but
interacting with the moments on their own sublaté with a positive exchange coefficient. This
results in the magnetic moments of the two sublattices pointing in opposite diregtiainisst being
equalin magnitude.

There are numerous ways in which an equal number of up and down spins can be arraaged in
lattice, this is dependent on the kind of crystal lattice, as such different types of antiferromagnetic
order can be classified. In simple cubic lattices there are three main type§, and Gtype. A
types, such as the perovskite LaMn®ave planeshat are ferromagnetic with antiferromagnetic
coupling between them. Alternatively, int@pes adjacent ifplane atoms are antiferromagnetically
aligned, whilst the inteplane atoms are aligned ferromagnetically, occurring in materials such as
the mangarte Nd.xSk+MnO4 [36]. Finally, the most common form ist@e ordering, found in the
perovskites LaFeO and LaCre in which all nearest neighbour spins are aligned
antiferromagneticallyf33].

2.3.1. Ferimagnetism

Ferrimagnetism is seen in some ionic compounds, such as oxides. In these materials, neighbouring
electron spins align anparallel, much like anfierromagnets. However, if in the optimal geometry
there is a larger magnetic moment from thebdattice that points in one direction than from the

other, this results in a net magnetisation. The comparative spin alignments for the, fenteferro-

and ferrimagnetic are shown in fig. 2.2.
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Ferromagnetism Anti-ferromagnetism Ferrimagnetism

Figure 2.2Representation of the alignment of magnetic moments in ferromagnets; anti
ferromagnets and ferrimagnets.

Ferrimagnets display all the characteristic propertiekeafbomagnets, suchsmagnetic saturation,
hysteresis etc., despite the difference in magnetic ordering. The fact that most ferrimagnetic
materials are oxides, they tend to have athiglectrical resistivity, makéhem very useful for
practical device apjlations that the typically metallic ferromagnets are unsuitable. feuch
applications include inducting components in electronic circuits, like amplifiers and filters, and as
components in microwave technology, allowing penetration by the high frequéalds unlike
metallic materials.

2.3.2. Superexchange

In antiferromagnetic and ferrimagnetic oxides, the exchange interactions between magnetic ions
are often mediated through the oxygen ions, separating the magnetic ions, in a process known as
superexchang§37]. The theory governing the superexchange interaction is described in detail in
[11][38] [37], howevera brief descriptiorwill be given.

Superexchange can be understood by considering two transition metal ions, such as Fe, separated
by an oxygen ion, as represented in fig. 2.3. The oxygen has two p electrons in its outermost
occupied shell, while the Fe ions have unpaireshdll electons. As demonstrated in the figure,
anti-ferromagnetic coupling lowers the energy of the system by allowing the electrons to become
delocalised. Due to an overlap of wave functions, one ofpte&ctrons from the ® hops over to

one of the Fe ions, asc@nsequence, the remaining unpairp@lectron on the @ site enters into

a direct exchange with the other Fe ion.

Fe2* 0% Fe3*

2p
3d 3d

Figure 2.3Schematic representation of the f&&Fe superexchange bonding.

The spin of one of the magnetic iofS) is locatedon anorbit, whichextends over the negative
oxygen ion. This magnetic ion interactghwthe magnetic ion on the other side of the mediating
oxygen through an indirect exchange interaction. The exchange energy between the magnetic
electrons, of ions andj, is then expressed by

YO cv YOV eqn. 2.8]38]
where the effective exchange constant is given by
0 cY U W eqn. 2.9]38]

Here Jq is the direct exchange interactiot,s is the exchangenteraction due to the charge
transfer, andy is an arbitrary constantThe superexchange model is complicated with the
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introduction of more Fe atoms bonding to one oxygen atom and the consideration of different
surroundings; however, the principle remai3s8].

2.3.3. GoodenoughKanamoriAnderson rules

The Superexchange interaction can result in ferromagnetantiferromagnetic coupling between
the two cations depending on bond angles, bond lengths and whether the ions have filled, half
filled or vacant orbitalsThe secalled GoodenougiKanamorAnderson(GKA) rules determine
which of the two types of couplmis present. The rules take into account the occupation of the d
orbitals involved, as well as the atomic bond angles, thus are based on the symmetry relations and
electron occupancy of the overlapping orbitf39].
The GKAules determine, for a given environment, whether the exchange coupling is positive or
negative, hence whether the coupling is ferromagnetic or antiferromagnetic. For general cases, the
GKA rules can be summarised as foll{®e3:
a) The superexchange coupling between two Hiliéd d-orbitals via the same Op-orbital is
strong and antiferromagnetic for a 18Bond angle.
b) The superexchange coupling between Hiléd and empty (or filled) orbitals via the same
O? p-orbital is weak and ferromagnetic for a 18®ond angle.
c) The superexchange coupling between two Hiliéd d-orbitals via different ® p-orbitals,
is weak and ferromagnetic.
The three cases are shown in fig. 2.4. It is clear from thisnlaginetic ions with diffeant valences
and in different surroundings will have a different contribution to a materials overall magnetic
properties.The GKA rules are described in greater detail figrg

.IM.,‘ ! “
strong
1;

weak

Figure 2.4 Three main types ofthe superexchange interaction: (a) afgrromagnetic
superexchange between two hdlfled d-orbitals via the same -prbital; (b) ferromagnetic
superexchange between hdifled and empty ebrbitals via the same -prbital; and (c)
ferromagneticsuperexchange between two hdlfled d-orbitals via diférent p orbitals. d

orbitals of the transition metal ions are shown in blue (Haliéd) and white (empty), while
ligand porbitals are in yellow.

2.3.4. Non-collinearmagnetic order

Magnetic structues are defined as necollinear when the spins are aligned neither parallel nor
anti-parallel, and are canted at some angle with respect to each other. This can result in a long
range conical or spiral magnetic ordering.

Along with the superexchange intatzon certain crystal structures allows asimmetric spin
coupling between the spins of cations at certain sif48]. The antisymmetric exchange is a
consequence of the Dzyaloshindioriya (DM) interaction and contributeso the overall
exchange interaction between the magnetic ions. The DM interaction describes the relationship
between two interactingpins,& and &, andis governed by the relation in egn. 2.10.
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O O 0% %Y eqn.2.10[41]
Here’'O is a constant vector, known as the DM coefficient. Considering the case where the two
magnetic ions interact via aghnd ion by the superexchange mechanism, as represented in fig. 2.5,
the orientation of thevectorO is obtained by theelation:O © i 1 i 0. This implies
that’'O is oriented perpendiculaio the triangle spanned by the the ions andO is zero if the
ions are aligned withral8(° degrees bond angle.

r'1 \r2
- X I
® D,

Figure 2.5 Schematic representation of the Dzyaloshindkdriya interaction between two
magnetic ions (red) separated by a ligand ion (green).

However, if the bond angle between the ions is not%4.83en the antisymmetric exchange term

has a norzerocontribution to the overall exchange. In certain sites of a crystal the superexchange
may be greatly weakened due to competing interactions, or absent due to substitutions for non
magnetic ions, this can result in the canting of spins in order to minitaiiee energy. Hence,
leading to the formation of a nenollinear magnetic structurdén hexaferrites the presence of sites
displaying such anBymmetric spin coupling can result in the formation of helical spin structures
[40]. These spin arrangements dteught crucial to the magnetoelgric coupling discovered in
suchhexaferrites

2.4 Ferroelectricity

A crystal is defined as ferroelectric if it has a spontaneous electric polarig®idhat can be
reversed by the applicemn of an external electric fiel(E). It is implicit that the electric polarisation

is stable without the applicatih of E[42]. When most materials are polarized, thelgazation
inducedincreases linearly as arfction ofthe appliedelectric field, this is known as dielectric
polarization. For ferroelectrics however, the polarisation is not only dependent on the applied field
but also on its historyAnalogous to ferromagnetism, hysteresis is observed between applied
electric field and electric polarisation, as displayed in fig. 2.6(a).

(@) P4 (b)
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Cation displacement (A)

Figure 2.6(a) The hysteretic relationship observed betweem# & for a ferroelectric. (b) Th
double-well potential energy structure as a function of atomic displacement.

The source of this polarisation in ferroelectrics is a result of the positions of the ions in the crystal
lattice; hence, the magnitude of the polarisation is highly material depenf#3jt Ferroelectric
polarisation occurs due to theff centre displacement of the ferroelectric ion, within the lattice.
This atomic displacement occurs because of a doulakk potential energy structure, as shown in
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fig. 2.6(b).The hysteresis effect observed is a consequence of the potential barrier between the
two minima.At E=0 theion will sit with an atomic displacement corresponding to the position of
one minima and due to the energy barrier an electric field oppositeirection to the atomic
displacement is required to move the ion to the other minima position, hence the hysteresis effect.

e

Dielectric

Piezoelectric

-

Figure 2.7The relationship among fersppyro-, pieze and dielectric materials.

The relationships between ferroelectric, pyroelectric, piezoelectric and dielectric materials are

shown in fig ZZ. All ferroelectrés are also pyroelectric. Pyroelectric materiatslergo a change in

polarisation as a response to a change in temperature. The temperature change modifies the

atomic positions within the crystal structure, such that the materials polarisation changes. A

materials pyroelectric coefficient] , is defined by, eqn. 2.11, as the change in spontaneous

LREtIFNRAFGA2Y @SOG2N) 6AGK GSYLISNIGdzNBzZ |G O2y
n — eqn.2.11[44]

All pyroelectric, hence also ferroelectric, materials are also piezoelectric, the two properties being

closely related. However, some piezoelectric materials have a crystal symmetry that does not allow

pyroelectricity[45]. Piezoelectrics change their shape in the presence of an applied electric field or,

reversely, a change in their shape causes a change in polarigé@piWhen stress is applied to

the crystal, the norssymmetric ions move closer or further apart and the separation of the charges

is directly related to the net polarisation. The piezoelectric effect is also material depeptnt

In compositanultiferroics,this is exploitedd change the strain on a magnetostrictive lay@ihen

an electric field is applied to a piezoelectric, a strain is generated within the material. Where the

components of the straitensor,] , aregiven by eqn. 2.12.
i Q O with //k=1,2,3 eqn.2.12.
HereQ are the components of the third rank piezoelectric tensor &darethe components of
the electric fiedl vector. This can be written insubscript matrix notation as:
T Q0O with k=1,2,3and/=1,2,3,4,5,6 eqn.2.13.

where the strain is now a-6omponent vector:

o o Il
'T, I,I "-'l" ]
A

1 :T. T :: eqn.2.14.
o
s v i U

and the piezoelectric tensor is substituted by & 8 matrix,with ‘Q , the straininduced in the
direction/ per unit electic field applied along the directiok[44].
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Another mechanism known to change the shape of a material as a result of an applied electric field
is electrostriction. Electrostriction is exhibited by all insulators, or dietex;teind causes them to
change shape under influence of an electric fi@d]. Electric polarisatoNB & dzft G &a Ay | &0 NI Ay
within the material. Unlike piezoelectricity, which is a linear effect, electrostriction is a second order
STFSOGT KSyOS GKS &AGNIAY Ay ONSQPa Bhere @ dgltheNI G A OF £ £ &
electrostriction coefficient[47]. The reason electrostriction is not more important than
piezoelectricity in terms of device applications is due to the coupling coefficient being much smaller
than piezoelectric coefficients, resultingetectrostrictioneffects often being negligibly sm#di8].

The origin of electrostriction is that under the influence of an external electric field positive and
negative ions with the lattice are displaced in opposite directions. This displacgtisereplicated
throughout the material resulting in an overall strg4v].

Although, generally, ferroelectric materials are not oxides, oxide ferroelectrics have become the
most commonly used as they display the strongasiperties[45]. Lead zirconateitanate (PZT)

and barium itinate (BaTi@ / BTO) are among the most interestirdue to having strong
piezoelectric responsdg4?2]. The origin of ferroelectricity cabe different for different materials.

AlIN typically has a wurtzite structur&his results in the aluminium and nitrogen ions being slightly
a&SLI NI GSR | f2y3 driidof thehét pdaylsitior in wuizkdd2R BTOfiokK Be
other hand, was the first complex perovskite found to exhibit ferroelectr{di}. Below its Curie
temperature (120C) the BTO lattice does not have enough energy to minimise the free energy
caused by the ektric fields of the ions, this change breaks the charge symmetry of the lattice
creating a spontaneous dipole moment. The sum of these dipole moments gives a net polarisation
in the material, which results in the ferroelectric eff¢4¢8]. The most commonly used piezoelectric
however, is PZT (PhZi.0s). PZT like BTO has a perovskite structure with the Zr and Ti ions
octahedrally ceordinated at the centre of the unit cell. The ratio&tTi is influential in changing

the lattice parameters For a chemical composition such as BRbZb.dO; an increased
piezoelectric response is seen due to its position at a boundary between structural ph@kes

2.4.1. Improperferroelectricity

In certain materits, ferroelectricity can be induced by complex internal arrangements of magnetic
moments, such as spin spirals. These materials, where the ferroelectricity is induced by magnetic
order are known as improper ferroelectrics. This mechanism is importanteeeral of the
materials discovered displaying strong magnetoelectric coupling, including hexafgtéies

a) Proper screw

b) Cycloidal
1 e H=0 P#0

Transverse conlcal 7 7

Longltudlnal conlcal

Figure2.8. Schematlc representations of dlfferent typ@hsplral magnetic structurega) Proper
screw, (b) cycloidal, (c) transverse conical and (d) longitudioiical.
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The noncollinear spin states in materials, such as hexaferrites, arise due to the mechanism
discussed in section 248 Helical magnetic structures can take several different forms, deépgnd

on thecrystal structure being considered, four of which can be seen in 8gTRe classification of

the magnetic spiral type is critical for understanding the sgEphdriven ferroelectricity
observed. If the spin rotation axis is parallel to the propagation vector of the spiral, the
arrangement gives screwspiral structure, as in fig. @a). Alternatively, if the spin rotation axis is
perpendicular to the propagation vemt, the resulting arrangement is termedcgcloidalspiral
structure, fig. 28(b). A more complicated system iscanicalspiral in which a ferromagnetic
component coexists with a cycloidal or screw component for transverse or longitudinal conical
structures, fig. 28(c) and (d) respective[$0].

AP

r+ef2

" &

Figure2.9. Schematic representation of the magnetically induced electric polarisation betw
two magnetic ions (red) separated byigaind ion (green).

r+e

Jiaet al [51] [52] systematically investigated the magnetically induced ferroelectricity for various
electron configurations P transition metal oxides and classified the origios ferroelectric
polarisation into threemechanisms: exchanegtriction, inverse Dzyaloshinskiforiya and the ep
hybridisation. If we consider the model where two magnetic ions at positiansir+e , hybridized
through a ligand ion at+e/2 , as shown in fig. 2,%esulting in a polarisation3-R:e2 . This
magnetically induced improper ferroelectticican be expressed by eqn.2.152] where m, and
M+ are the local magrie& moments of magnetions.
Yo y+ 0 a4 0 Q & & 0 QX a QX a
eqgn. 2.15.

In egn.2.15, the tterm is attributed to magnetostriction (exchaegtriction). This mechanism was
originally developd to explain the MEoupling observed in &€ and has since been applied to
other systems such as HoMpQuith Etype antiferromagnetic ordering[12]. Here the
ferroelectricty is attributed to a symmetric intemion between the magnetic ionsThe
combination of the spin arrangement and crystallographic symmetry makes the local polarisations
align uniformly, resulting in ferroelectricity. For materials governed by this mésimara non
collinear spin arrangement is not needed to invoke ferroelectricity, thus ighmatght to bethe
mechanism responsible for the ME properties of hexaferiits.

The 29term is the spircurrent or inversézyalshinskiiMoriyamechanism, in which the electrical
polarisation is induced by a namwllinear spiral magnetic structure with a cycloidal component.
This mechanism was proposed by Katatral [53] and can be regarded as averse effecof the

DM interaction in which nowollinearly coupled magnetic moments displace the ligand ion
between them, hence producing a local polarisation. The small shifts of the ligand ions can be
induced by the magnetic ordering, as the system diiidfavourable to enhance the magnetic
interaction energy at the cost of lattice energy. In certain {goilinear spiral magnetic structures,

all ligand ions are shifted in the same direction leading to a net electric polarisation.

The ¥ term is associ@d with the variation of the metaligand dp hybridization with spirorbit
interaction. This can be a source of ferroelectricity in certain low symmetry structures with non
collinear magnetic orders, this includes structures with a pregmew magnetiordering and low
crystallographic symmetries such as triclinic or monoc]it#2¢.

Both the spircurrent and the € hybridisation mechanisms have been found to both be
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responsible for the induction of polarisation in struas with a norcollinear magnetic ordering.
The spircurrent mechanism is thought to be the dominant mechanism for the magnetically
induced polarisation in hexaferrise with a norcollinear magneticstructure In hexaferrite
materials, displaying neoollinear magnetic ordering, a cycloidal component in the spin structure
is required in order to induce a spontaneous polarisation dukédnverse DMnechanism; athe

net polarisation due to this mechanism is cancelled out for a proper screw magneticngrderi
Hence, materials with either the cycloidal or transverse conical magnetic structure 8fig) and

(c), allow for a magnetically induced ferroelectricity. Both the proper screw and longitudinal conical
arrangements, fig. 8(a) and (d), however, dooh exhibit a pontaneous polarisation. Althougim
these helical magnetic states with no cycloidal component, applying wealkriie magnetic fields
can induce such a transverse component resulting in a polarisgtijfl3].

2.5Magnetoelectric Multiferroics

Multiferroic materials are those in which the two ferroic orders, namely ferroelectricity,
ferroelasticity and ferromagnetism, are present, with a coupling mechanism existing between them
[29]. Magnetoelectricity, on the other hand, refers specifically to the coupling between the
ferromagnetic and ferroelectric properties of a material that is both magnetically and electronically
polarisable. A diagram showiniget coupling relationships between polarisation (P), magnetisation
a0 FYyR &GN} AYy d4d00 A& RAALIX I @SR Ay FTAID HO

Magnetoelasticity
Figure2.10. Diagram showing the coupling relationships between the different ferroic orde

The magnetoelectric effect can take two main . Direct magnetoelectricoupling is the
mechanism in which the application of a magneticdfieésults in a change in the electrical
polarisation of the material. Alternativelyconverse magnetoelectricoupling is the change in
magnetisation due to the application of an electric figgd].

Most ferromagnets are metkt but for ferroelectricity the material must be an insulator to avoid
screening of the electric field by the mobitbargecarriers.As such, few materials exhibit both
ferroelectricity and ferromagnetism in the same phase and at the same temperatunse That
do often rely on a complex internal mechanism. However, as an alternative way of overcoming the
problem created by the two symmetry breaking ordec®mposite multiferroics have been
developed and pursuedb4] that potentially allow the combination of a ferroelectric and a
ferromagnetic phase through a strong couplatghe interface between the two materials

2.5.1. Magnetoelectric Coupling coefficient

The strengtlof the ME effect irgiven materials can be comparedtbgir magnetoelectric coupling
O28FFAOASY (S hod ¢KA&Z O2SFFAOASY( A& . RgNAISR
better understanding of ME coupling, first we must consider the free energy of the syStemmich
may be representeth an infinite, homogeneous and stress free medium, by eqn. 5556.
o0 --- 00 -** 00 | 00 —000 —"000 E eqgn. 2.16.
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% K S N&hd 1% are the permittivity and permeability of free space, E is the electric field and H the
magnetic field. Additionally, other important thermodynamic quantities include the dielectric
constant tensordefined by eqn. 2.17.

« _It
- — L2171
p T R eqn [13]
and the adiabatic permeability tensor, defined by eqn. 2.18.
Al
‘ t— .2.18]1
p T T R eqn 8[13]

The third rank tensorg,ijx andr ik, represent higher order Méoefficients;however,they are much
aYrttSNI Ay YI 3y i dzR 956]Hergntiaiida 6f the ey Serdgydledi’ tdahdd A y
order parameter of polarisationP, and magnetisationM, given by eqgns. 2.19 and 2.20,
respectively.

0 my — 0 --0 | O —00 | OO0 E eqn. 2.19]56]

0 mHy — 0 ““0 | O f 00 —00 E egn. 2.20[56]
| SN GKS AYyGNARyaixO a9 O2STFFAOASYG Aad RSTAYSF
(T) constant.
- |
_ I eqgn. 2.21[57
|  eh 3 e qn. 2.2157]
Subsequently it was shown by Browhal [58] that the intrinsic magnetoelectric couplingj, is
bound by the relative permittivity and permeability tensof; and p;, such that;

| - eqgn. 2.22[55]

Egn. 2.22 is obtained from analysis of the free energy disregarding the higher ougding terms.

LG NBLINBaSyida I jaadiy: This theh Suggesiszhdtinonider @ savehaysgdiE

O 2 dzLJ; akhd/fiAnust be largg55]. The conventional intrinsic ME coupling assumed for eqn. 2.22,
howewer, has not considered the effects of strain, although, such indirect coupling effects may be
significant or even dominant. The inclusion of either magnetostriction or piezoelectricity would
generate additional terms in the free energy proportional to strdn such materials, the ME
coupling is not limited by eqn. 2.22. These stiedupled effects are important in the composite
multiferroics and other intrinsic magnetoelectrics with more complex coupling mecharisfast,

the total ME coefficient, , is given by the sum of the intrinsic ME coefficient in eqn. 2.21 and an
additional contributiony

| | Y eqgn. 2.23[57]
Thetotal adiabatic magnetoelectric tensor is defined independently as;
! §
— — eqn. 2.24][57
| i =y q [57]
GKSNBE ° A& GKS (Syaz2N) adaNBaao

Through mathematial analysis of the difference between the definitions of both the intrinsic and
total ME coefficients, Vittori@t al [57] showed that if a crystal were absolutely rigid when fields
were applied (i.e. zero strain), then the iimsic ME coupling would be equal to the total ME
coupling, hencé!  would be zero. Furthermore, it is shown that thfe term is a function of
both the piezoelectric and magnetostriction constardsnd <, respectivel\j57].

Based on the definition ¢f in eqn. 2.24the direct magnetoelectric cquling coefficient is given

to be dP/dH[59] and according to the Maxwell relation dP/dHi,dM/dE, for a single phasehé
conversemagnetoelectriccoupling coefficient is defineas wdM/dE[59].
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Measurements ofi materials ME coupling constant asgically performed by either recording a
magnetic responst anapplied electridield or an electrical response to an applied magnetic field.

A variety of methods haveeen developed to measure the converse ME coupling congéfjt

[61]. One such method uses a vibrating sample magnetometer (VSM) to measure the change in the
samples M(H) characteristics due to theplication of an electric fiel@00]. Alternatively, for
materials considered for tuneable microwave applications, the ME coupling has been measured
through electric field induced changes in the ferromagnetic resonance ([BR)

To measure the direct ME effect on the other hand the dynamic change in voltage or charge
induced by the application of a magnetic field is often recorded. This can be achieved in several
ways. One method is to record thmlarisation hysteresis in the presence of different external
magnetic fields, for which the change in P as a result of H can be deterfbuhedilternatively,
Kitagaweet al [5] measured the diredcME coupling of a hexaferrite sample by measuringhtie
current as a function of applied magnetic field. The P(H) of the sample was obtained through
integration of the MEcurrent in order to reveal the ME coupling. Here the magnetoelectric current

is defned as the current induced in the sample as a residhe applied magnetic fielgb].

2.5.2. Composite Magnetoelectrics

A composite magnetoetdric is a multiphased material in which neither of the phases possess the
magnetoeletric effect individually, however, if one phase is piezoelectric whilst the other is
magnetic, for example, the properties of one can be indirectly changed via strain/stress, or several
other mechanisms, by the oth§s4].

For composite magnetoelectrs; there are two main criteria which need to be met before their
potential applicatios, suchas multiferroic hard drives can be realigégt the coupling mechanism

must be strong, and this coupling nfemism must have a fast dynamic resporidas is a particular
challenge for composites due to the nature of coupling across phases. Whereas for intrinsic
multiferroics the ME response can often be significantly faster due to the direct coupling and single
phase naturg55]. As such, the ideal magnetoelectric material would be one with a strong intrinsic
ME coupling at and above RT. Given that few materials of this nature have been found, the concept
of composite multiferroics fmbeen significantly investigated throughout the past 20 y§2%

The three main methods for producing composite multiferroics have been discussed byeYng

a) b) c)

Substrate Substrate Substrate

Figure 2.1. The threemost common forms ofompasite multiferroics, (apanoparticles, (b)
layered heteostructures and (chanocolumns

[54]. As is shown in fig. 2.1bne form of composite multiferroic structure uses ferromagnetic

nanoparticles embedded in a ferroelectric thin film, another uses ferromagnetic or ferroelectric
YIEYy2LATEFENBE SYOSRRSR Ay | FAfY 2F (KS 2WWILIRAAGS LKI
2 heterostructureQ> O2y aAadAy3a 2F FEOGSNYFGS FSNNRBYFIYSGAO |y
substrate.The ferroelectric phase is often chosen to be a material displaying strong, controllable

piezoelectric poperties, such as BTO, RéTead magnesiummiobate - lead itanate (PMNPT), and

the ferromagnetic phase is often chosen to be a ferrite material, decided upon according to its

properties[62].
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2.5.2.1. CompositeMagnetoelectric coupling mechanisms

There have been twgrimary magnetoelectric coupling mechanisms exploited cmmposite
multiferroics. The coupling mechanisni$] [18] are based on; strain applied betweehe
piezoelectrc and magnetostrictive phasesid by charge couplingvhere the electric field can be
used to alter the density of charge carriers in the ferromagnetic layer.

2.5.21.1. Strain Coupling

Strain mediated MEoupling is a result of piezoelectric and magnetostrictive interaction across the
interface between ferroelectric and ferromagnetic phas$gs When a composite multiferroic is
constructed the phases can be engineered with a minimal lattice mismatch between layers in order
to allow the expansion (or constrioth) of one material to be enforced on the other via interfacial
strain. For a multiferroic hegrostructure, in the absence of an external electric or magnetic field
the ferromagnetic and ferroelectric layers will sit in equilibrium. Howeapplying an elctric field
causes the electrical domains in the ferroelectric layer tonient with the field. Thus, a converse
piezoelectric effect will induce the ferroelectric layers to grow or shrink. This strains the
ferromagnetic layer and the magnetostrictiveoperties of ferromagnetic layer will cause its
domains to reorient.

The strain coupling mechanism has been extensively studied in the last dd¢dme problems
remain. Layered thin film structures suffer from arglzing efect of the substrate orthe lattice.

This effectdamps the piezoelectric strain of the ferroelectric componehts the overall ME
coupling.It was reported by OpdP] that clamping can leatb a decrease in the M&uplingby a
factor of 5. However, the effeds interface dependent and a result of chemical, structural and
electromagnetic parameterf63]. It has been showfb4] that by the inclusion of a buffer layet a
the substrate interface, clamping effects can be reduced.

An alternative solution to the clamping problem has been demonstrated in the growth ef self
assembled nanopillaf$4]. Zhenget al [1] deposited CoF£©, with BaTiQ using PLD on a SrEiO
substrate and found that nanopillars s@$sembled on the surface. Subsequent experiméave
measured MEcoupling effecs in such structures. Vab4] reported that these naastructures
minimize the clamping problems discussed. Howeveragsémbled nanostructures such as these
pillars remain difficult to synthesise.

2.5.21.2. Charge Coupling

More recently, charge coupling across the interface has been discovered asnatoeegctric
coupling mechnism in composite heterostructurgg]. At theinterface between the phases, the
different latticesco-exist and automatically create a ngymmetric structureln addition, as one

of the phasess faromagnetic, it follows that the interfaceilalso be ferromagnetic. Ronmdilli et

al [65] suggested that the interfaceouldbe modelled as that of a capacitor. They found the electric
field inducesa change in the magnetisian at the interface. This results in a magnetic response in
the ferromagnetic layer by accumulating sypalarised charge in the atomic layers closest to the
interface. As a result, the magnetism and charge polarisation coexist at the intbdtween flms.

In the last decade\E effects in many composite multiferics have been reported. Perhafize
most notable of which has been in a ferromagnetic 40nMeiSH.3MNG; film on a 0.5mm
ferroelectric BaTi@substrate. In this composite artge ME couptig of 2.3x10” s m? has been
observed, near RWith low magnetisatiorj66]. Ni ¢ BaTi@ composite materials have also shown
promise as room temperature magnetoelectrics. Castall [67] successfly measured a change
in the permittivity of the BaTi¢phase with applied magnetic field. The effect is due to ME coupling
at the interface between the magnetostrictive Ni and the Piezoelectric Bawi® Geprag=t al
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[68] measuring a ME coupling &x10° s m™. Parkeset al [69] reported the development of
Galfenol (FaGayg) thin films displaying high magnetostriction. Investigating@&as deposited on
piezoekctric PZTthey demonstrated vitage controlled modifications to the magnetwystalline
anisotropy within the composite. This demonstrates the possibility for using voltage induced strain
in low-power voltage tuneable magnetic devices.

Numerous other heterostructures with various coméiions of piezoelectric and ferromagnetic
have been investigated and found to display ME coupling by both strain and charge coupling
mechanismg1]. Combinations of ferrite layers, such as GokeFeO, and ZpiFe 404 with
piezoelectrics like BTO and PNPY have been characterised with several showing significant ME
coupling. For example, E&/PMN-PT has one of the largesbupling constants found of 1x1®

m [1]. Additionally, one of the m&t promising combinations studied has been TerfeD@?ZT.
TerfenotD (ThDyixFe) as a material is strongly magnetostrictive and PZT piezoelectric. As a
combination, they display direct magnetoelectric coupling dfx10° s m? [70]. Thestrain and
charge coupling mechanismdemonstrate how an electric field, in principle, switches the
orientation of the ferromagnetic domains in a composite multiferroic. This has driven extensive
research into composite multiferroi¢] [54][2].

2.5.3. Intrinsic Multiferroics

Ultimately, finding an intrinsic magnetoelectric material with a strong ME coupling at RT, would be
the ideal solution to realising largecale ME device applications. Unfortunatelypgnintrinsic
magnetoelectrics reported to date tend to be antiferromagnetic and ferroelectrid, aly below

RT As previously mentionedhe reason for this is that ferroelectddave to be insulators, &iee
electrons would screen the electrical pakation;ferromagnets needo have unfilled orbital shells

to create the spin magnetic moment. Thus, intrinsic multiferroics typidellye a very weak ME
coupling[3].

Thefirst intrinsic multiferroic to be discovered and extensively studiedswWzOs. This may have
potential for device applicationdue to itsrelatively high Nél temperature of 307K. It has a
coupling coefficient of 4.1x18sm™* at 307K, which is a small effg orders of magnitude smaller
than that observed in some ME hexaferrites or compositétiferroics CeO; is both ferroelectric
and antiferromagnetic at R[60].

One group of materials whicllso exhibit the MEffect are peovskite based ferroelectrics, such
as BiIMQ@, where M may represent Mn, Fe or Cr and PpY{]. The mechanism for the
ferroelectiicity in these materials is due the displacement of cations with respect to the oxygen
octahedal cage. Thus, the lpping of an electron can occur between theskell of the transition
metal and the pshell of the oxygen. This mechanism requires a transition metal with an empty d
shell where ferromagnetism requires thestiell to be partially filld. Hence, these materials are
ferroelectric and antiferromagnetic. In the case of Bikekkese tvo orders can coexist as the lone
pair of electrons in Bitries to displace the @hell in the Fe atom contributing to the magnetism
[71]. BiFe®@has a high Curiemperature of ~110K. Until 2010the only single phase, multiferroic
thin films produced had been Bi and Pb based perovskisch as BiFeQ and
(BbsPhys)(FesZhhs)Os, as well as some hexagonal manganifgg]. However, the coupling
observedhas been smallFor example the ME effect in thin films of BiFeQvas observed to

be D3x10* s m? [72]. Another weltresearched intrinsic multiferroic is LuBg [73]. This is a
compound containing ions of mixed valence, which form a polar arrangement. Due to this charge
order, it exhibits improper ferroelectrigi. The structure of Luk@s is triangular with Fe/O double
layers, with theferroelectricity originating from the arrangement of #and Fé&* with respect to
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the oxygen atoms. However, d@nly exhibits the ME effect far below RT as, although this
ferroelectricity is seen below 334, its ferrimagnetism is only present below 24[7 3].

One intrinsic multiferroic with potential for deviegplicationanay be Cu@r4]. CuO is a candidate
for exhibiting the ME effect at close to RT, having magnetic transitions at2229K and 23K,
although investigations have only seen ME coupling at temperatures oK2b3date[75]. CuO
forms a monoclinic crystal system and exhibits 4ootlinearspiral magnetic order, which breaks
inversion symmetry, thslinducing ferroelectricitj74]. Other multiferroics showing this spiral spin
structure are ToMn@and MnWQ, although both have Curie temperatures aroundk@4].

i) (i) (i)

75%

25%

0%

+3 kOe -3 kOe + 3 kOe

Figure 2.2. (a) The ferroelectric domains in PZTFT with applied magimtic (b) Histogram
showing the change in ferroelectric phd3é].

Recently, a newhdiscovered mgle-phase multiferroic, [Pb(Zk3Tb.47) Oz Jo.s[Pb(F@sTa.5)Oz ]o.4 OF
PZTFT has been shown to exhibit significB®006 change in polarization) direct ME coupling at
room temperature D1x10’ s m?) [76]. Evanset al [76] measured this effect by observing the
change in the orientation of ferroelectric domainsthas direction of an applied magnetic field was
reversed, as shown in fig. 21This demonstrates that with careful material design, the
development of room temperature multiferroic materials can be achieved, although few materials
have as yet been discered displaying strong ME coupling at RT.

2.6 Hexagonal ferrites

Magnetoplumbite was the first hexafrite to be studied with the pure form having the
composition PbFe0s[6]. HOWS§ S NE A (0 ¢ | &4 syhat®Phiipzyedhhical labdtafories bp n
led the way in developing hexaferrites for device applications. Since this period there has been an
exponential growth in the studies of such materi@ighe point where they now account for a vast

part of the total magnetic mrials manufactured globally. Hexaferrites have a wide range of
currently applied technological applications, for example as permanent magnets and as microwave
devices such as antennas, circulators and isold&jrs

In digital data storage a material with a square hysteresis loop is required, as well as a relatively
low coercivity so that small fields can be used in order tavrige data. As such, Mype hexaferrites

are commonly used fomagnetic recording being both mechaally strong and chemically stable.
Cobalt and titanium doped Mype hexaferrites have been found to be particularly suited to use in
recording media, as the grain size and coercivity can be lowered without significant loss in
magnetisation, due to the Cand Ti substitution§6].

In the past few years, several compositions of hexaferrite have been discovered displaying a strong
magnetoelectric coupling at room temperaturE2] [5]. This has opened up a resurgence of interest
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into their properties, with hexaferrites becoming a leading contender for magnetoelectric device
applications. Kitagawat al [5], in 2010, showed that the-fpe hexaérrite, SEC@Fe240u1,
possessew-field ME couplingat room temperature Even more recently, in 2012, SgCiFe;019
was found toexhibita spontaneous polazation at zero magnetic field, which enabkdctricfield
controlof magnetism at Ry theabsence of a magnetic fie]tl0]. Such a spontaneous polarisation
was unexpected in the Mype structure, as the Mypes reported had been shown to have either
a ferrimagnetic, screw or longitudinal conical spin structure, at( None of which result in an
improper ferroelectricity under thénverseDzyaloshinskiMoriya mechanisnjl2].
There are six main types of Hexaferrite, M, Z, Y, W, X and U, classified according to their crystal
structure and chemical compositio.he general compositions of each type are:

' M-type ¢ BaFe:Oio
Z-type ¢ BaMeFe4O19
Y-type ¢ BaMezFe 20,2
W-type ¢ BaMeFeasOi9
Xtype ¢ BaMexFexsOse

1 U-type ¢ BaMezFesOso
where Me represents a small 2+ ion such as cobalt, inm@kel or zinc. Additionally, the Ba can be
substituted for either Sr or Pb within each structure. The Z, W, X atypdd can be seen as
different combinations of the Mype, ¥type and a spinel unitfeFeQs), for example ZM +Y, U
=2M +Y and WM + 2 spinel unitg6].
Each Hexaferrite structure is composed aftacking sequence of the basi¢ B, and Fblocks[5].
The Sblock represents MeFeOs?* unit, the Rblock B&e;01,> and theT-block BaFeO14? [77].
Different repeating sequences of these blocks make up the different hexaferrite types, for example
the Ztype consists of a STRSS*T*R*S* sequence, where the * representsrata80n about the
c-axis[6]. The $lock consists of two spinel units, with two layers of four oxygen atoms and three
metal ions between each layer. Four of the metal ions within o8k are in octahedral sites and

= =4 =4 =4

two in tetrahedral sites. The®f 2 01 Aa YIRS dzLJ 2F GKNBS fFr@8SNER 2F T2«
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asymmetry in some of the cation sites, producing five octahedral and a trigonal bipyaratibn

site. Finally, the -Block is made of four oxygen layers, with a barium atom replacing an oxygen in
each of the two middle layers, resulting in six octahedral and two tetrahedral catiori&jites
Hexaferrites ardypicallyferrimagnetic materialswith their magnetic properties intrinsically linked

to their crystal structures. The hexagonal structure allows for various ionic substitutions, which in
turn alter their magnetic properties, such as anisotropy, coercivald fiand saturation
magnetisation, ultimately extending the range of their possible applications by allowing the
tailoring of their properties through ionic substitutionhe origin of the magnetic properties in
hexaferrites is primarily governed by thesgence of the F&-Fe bonds. In Hexaferrites, iron atoms
interact with each other via the oxygen in a process known as superexchange, described in section
2.3.2. The GKArules determine the type of magnetic coupling presdt¢nce Fe in different
surroundings will have a different contribution to the hexaferrites overall magnetic properties.
Understanding the contributions of these sites is crucial to understanding the mechanism
governing the magnetoelectric behaviour of certain hexaferrite materials.

Alongwith the superexchange interaction the hexaferrite crystal structure allowssymimetric
spincoupling between the spins of catioas certain sitesfirst shown by Moriyg41] [78]. This
anti-symmetric exchange contributes to the overall exchange interaction between the magnetic
ions. In hexaferrites antisymmetric spin coupling can be observed in sites of the lattice where the
superexchange is greatly weakened due to competing superexchangectimasaor is absent due

to substitutions for normagnetic iong78]. For certain M, Z, W, U and Y hexaferrite structures the
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presence of sites displaying such asyimmetric spin coupling results in the formation of helical
spin structures [78], some of which lead to the presence of an improper ferroelectricity, as
discussed in section 2.4.1.

2.6.1. M-type hexagonal ferrites

The particular hexaferrite structure studied in this work will be theylide. M-type hexaferrites
have a general composition ME©1s, where M represents a Ba, Sr or Pb atdime molecular unit
of an Mtype hexaferrite is made of one S and on®lBck, with an overlap of hexagonally and
cubically packed layers. Thegive a stacking seg@ace RSR*S*, where * indicates an 18flation
about the caxis[79]. The S layer repsents a spinel structure (SFe0:2*) and the R layer a
hexagonal structure (RMFe&;011%) [77].
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Figure2.13 M-type structure showing Wyckoff positions,-ocdination andcation block

M-type hexaferites have a structure belonging to the P63/mmc space gri@jpA schematic
representation of the structure of the Mype unit cell can be seen in fig. 3.1Here the unit cell
consists of two formula units. In the figure, tdéferent Wyckoff positions are shown in different
colours. The M atom, whether it be Ba, Sr or Pb, substitutes for an oxygen and occupies the 2d
position in the Fblock. Each cation within the structure is surrounded by a cage of oxygen atoms.
There ardhree different cation ceordinations within the Mtype structure, octahedral, tetrahedral

and trigonal bipyramidal. A unit cell contains 18 octahedral sites, 2 at the 2a positions, located in
the Sblock, 4 at the Pvlock 4% positions and 12 at the 12k yWkoff positions at the boundary
between R and -8locks. Likewise, there are 4 tetrahedral sites, all located at th@aHitions
within the Sblock and finally, there are 2 cations in a trigonal bipyramidal site per unit cell, which
are at the 2b positins of the Rblock[77].

The three different ceprdinations present within the Mype structure are shown in fig. 211In an
octahedralsurrounding,the cations are enclosed by 6 oxygen atoms that formoatahedra,
resulting in @° bond angles between all ligands. For a tetrahedrabiination the cation is
surrounded by 4 oxygens forming a tetrahedra, or triangular based pyramid, with a 1094y
angle[37]. Finally, a trigonal bipyramidal-@odination is formed when the cation is surrounded by

5 oxygen atoms. This structure forms with three equatorial ligands, with B@0d angles, and

axial ligands, above and below the cation.
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(b) (c)

Figure2.14 3D atomistic representation of the three cation-oadinations present with M
type hexaferrite, (a) Octahedral, (b) tetrahedral, (c) trigonal bipyramidal.

As the magnetism and magnetic interactions in such ferrite mdteaee mediated through the
oxygen bonds via superexchange, theotdinations of the cations are an important consideration
when substituting different cations into the structuf80]. Thus, the site of substitution should
have a significant effect on the materials magnetic properties.

2.6.1.1. Barium ferrite

The architype Mype structure is barium ferrit¢BaM) BaFe0Oio, within which the barium ion is
located at the 2d site and all cation sites aaxupied by Fe iongith a 3+ valencg37]. BaM has
lattice constants of a = 5.89and ¢ = 23.14&[6]. The presence of the Baon causes a perturbation

in the lattice, due to its size difference with respect to the/gen atomsThis results in a uniaxial
anisotropy, with a preferred axis of magnetisation along tkexis[6].

As a consequence of the superexchange interactions within the BaM structure, the 12k and 2a
octahedral sites awell as the 2b trigonal bipyramidal all have magnetic moments that are parallel
to each other along the-axis. However, the tetrahedral gdnd octahedral 4fsites have moments
that are antiparallel to theseThese orientations of magnetic moments amgrened by the GKA
rules in accordance with the relative bond angles at each §hes results in 8 moments pointing
up and 4 moments pointing down, resulting in a net total of 4 up. As all the magnetic ions within
the structure are F¥&, each with a magetic momentof 5.92 g, the theoretical magnetisation per
formula unit is equal to £5.92 = 23.6818[80]. This structure results in a relatively high saturation
magnetisation (M of 72 emu/g (or 382 emu/cc) at room tempeure, as well as a Curie
temperature of 723 [80] [6]. It also has a large crystalline anisotropy field ok@g along the <
axis[6]. This uniaxial anisotropy givBaM a large theoretical maximum coercivity)(bf 7.5kOe.

The experimental Halues tend to be significantly smaller than this, with Wetrall [81] observing
coercivities of the order of ROe for bulk samples preparday standard ceramic methods and
Geileret al[21] observing coercivities as low as 150 Oe for epitaxial BaM thin films.

In recent years, Mype Bahexaferrite (BaFgOio) thin films have shown potentifbr microwave
devices due to their excellent electromagnetic performance, high chemicallgyadnd mechanical
durability [82].

2.6.1.2. Strontum ferrite

The Mtype hexaferrite structure can be readily modified by replacing the Ba with Svrio f
strontium ferrite (SrM), with chemical composition Sefeks. B&* has a radius of 1.38 and the

radius of St is smaller at 1.1\ [37], hencereplacing the Ba ion with the smaller Sr ion creates
local distortions in therystal lattice. The F&-Fe bond angle in the vicinity of the Sr ion is changed
from 1168 (with Ba) to 123(with Sr)[83], resulting in a change in lattic®nstants froma = 5.894,

c =23.17Ato a = 5.8AA and c = 23.08[6]. This also affects the superexchange between local Fe
ions, producing changes in the materials magnetic properties. Typically, the magnetic properties of
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SrM are slightly higher than thosé BaM.Strontium ferrite has &urie temperature of 74X |[6],

as well as a uniaxial anisotropy along thaxis with H = 20kOe[6]. The saturation magnetisation
has been reported to be as high as 74rBu/g (400 emu/cc) for sgie crystal SrM at RT, with a
maximum coercivity of 6.KOe[6]. Again, thevalues reported for polycrystalline samples or thin
films are typically much lowd6].

2.6.1.3. Co and Ti substituted Kaferrites

The substitution of the Fe ions for other elements has long been investigated as a means to modify
the magnetic properties of the Mype hexaferrite, in order to suit specific device applicatifs

The technologially most important of which are the Co and Ti substituteetylgde, namely,
BaCgliFe»2019 and SrCaiFe»»Ow. They are of major commercial interest as magnetic
NEO2NRAY3I YSRAF FYR FT2NJ GKSANI YA ONR ¢ laaSvaylINE L
of lowering grain size and coercivity without any significant loss 40Tklese materials were then
comYSNOA | £ £ & RS @ SHy Zadsida prodytingin&nSpartclesQ@m wide with a
coercivity of ZOe[84]. Sirte then, the coercivity has been reduced greatly, through investigation
of the BaCglkFe 22019 series of hexaferrites, and the properties can be tuned with the variation
of x. Kojimaet al[85] observed a minimum in coerciyiwith a value of x1.2.

Dopingbarium or strontium ferrite with Co and Tfias been found to weaken mulilock spin
interactions, inducing nowgollinearmagnetic structure, above a critical x valu€he noAamagnetic

Tt cations are believed to substie to the 12k octahedral sitef40]. This is thought to interrupt

the magnetic interactions in such a way that the two blocks RS and R*S*, within the unit cell
become magnetically decouplddO] [15]. As for the cobalt, above a critical doping concentration,

it is proposed that occupation of trigonal bipyramidal sites by* @ partly responsible for the
induction of a cone of magnetisation due to nroallinearity, the formation of which also has an
effect in further reducing H[86] [6]. However, there are contradictions in the literature as to
whether the Cé' cations prefer to occupy the octahedralj(10][87] or tetrahedral (T) [15] [88]

[86] lattice sites initially. Wangt al[10] have observedte occupation of the 410, sites by Co in
polycrystalline SrGoLFa:O19, using Reitveld refinement &ray diffraction analysisAlternatively
Cabanagt al[86] observedoccupation of Tsites ly Co using ndton diffraction, as did Kreisel

al [15], with Batlleet al [89] determining byReitveld refinementhat Co substitutes initially into

both the G 4f, and T 4f1 sites.

Kreisekt al[15] performed a detailed neutron diffraction study @aCeTikFe»2Oi9Single crystals,

with x ranging between 0 and 1.1. They determined that the uniaxial anisotropy is weakened with
increased substitution, forming a conical magnetiacture above x = 0.8 and for x = 1 at RT a cone
angle of 62 from the caxis was determined.he hduction of the conical spiconfiguration in Co

Ti doped Mtype hexaferritess a consequence dhe combined effects of th€o and Ti on the
crystal and magnetic structure[15]. The ionic substitution and formation of such a spin
arrangement, allows for the tailoring of magnetic properties due to dopant concentration. Studies
also show a change in the temperature dependence aignetisation due to doping, for
BaC@TkFe»2019the Curie temperature reduces with increased x, as dog86).

2.6.1.4. Other substituted Mype Hexderrites

Many other doped Mype hexaferrites have been investigated,drder to tailor their magnetic
and electronic propertiesCobalt and zirconium doped-bfpes have been reported to show a large
drop in H whilst maintaining M with bulk samples producing a &s low as 150 OgO0]. Whilst
increasing substitution of Zn and Ti has been shown to reduce iadind grain size, by Warej

al [91], however this was also combined with a reduction i ®b and Sn doping also results in a

reduced Hwhilst maintaining éigh My and M/Ms, with a grain size smaller than B4®R]. The
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design of Phase shifter microwave devices requires a lpasitell as a high N&d temperature,

high remanence and MTo this end, Harrist al [93] investigated Sc dopeBaFe»«S6O1s thick
filmswhich showed, for x0.3, a Hof 2500e and a high squareness ratio of 0.9. They also observed
a redudion in Msfor an increase in Sc substitution. It was also shown that dopingméihopposed

to Sc increased Mand the squareness, however, also dramatically increag¢ed].

Numerous combinations of doped-pe hexaferrites have been studied, each displaying different
magnetic properties that can baitored by doping to suit specific device applications, a review of
such materials has been produced by Pyl

2.6.2. Magnetoelectric Hexaferrites

In recent years, several forms of Y, Z, U antlypé hexaferrites, all displayingon-collinear
magnetic structures, have been found to exhibit magnetoelectric effects, some of which have been
measured ugo and above room temperature.

2.6.2.1. Ytype Magnetoelectric Hexaferrites

The first hexaferritediscovered to be a singlghase multiferroic material was the -¥ype Ba-
SkZnFe 0, by Kimuraet al, in 2005[7]. It was found that within this structure the partial
substitution of the Ba for Sr affects the superexchange interactions in such a wayite iachon
collinear magnetic structure. Further investigation showed that this helical spin structure could be
modified by the application of a magnetic field perpendicular to tfexis, resulting in a transition
through several magnetic spin phases beftvecoming collinear at feld of 2.2T. Kimuraet al
reported that these phase changes additionally coincided with changes in the electrical
polarisation, demonstrating the direct magnetoelectric effect, fig.52 However, although the
magnetic phase &nsitions were found to occur to above RT, the induced polarisation can only be
observed up to 11&, above which the conductivity of the material becaime great[7].
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Figure 2.5. (a) M and (b) P as a function of H fop & sZnFe»-0» obtained by Kimurat al
[7]. To pole the crystal £220 kV/m vas applied initially.

It was subsequently found, by Chetal[95] that the ME properties of this-pe hexaferrite could
be enhanced by Al substitution tine octahedralcation sites, resulting in a reduction in the
magnetic field required to induce polarisation to as little an L They determined th to be as a
consequence of the Al reducing the magnetocrystalline anisotrppyducing a large direct ME
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coupling. Chagt al [96] then measured a converse ME coupling in single crystals of the same Y
type structure, with coposition BasShsZn(Fe.s2Ab.og12022, below 170K and without any
external magnetic field.

Another form of Wype hexaferrite was discovered to display multiferroic properties in
BaMg:Fe 0Oz, by Taniguchét al[97]. Trey reported the coexistence of ferroelectric polarisation
and spontaneous magnetisation at zero applied magnetic field, however, only up 6. Z€low

this temperature, a reversal in magnetisation was also accompanied by a reversal in polarisation
for magneticfields as low as 200 Oe. Thiteet was attributed to the formation of a necollinear
helicalspiral spin structure, below 200, in which the spsrotate about the @xis[97].

More recently, both converse and dirddiE effects have been observed in the Co, Al and Zn doped
Y-type, BaSrCoZnEAIO:; single crystalg98]. Shenet al [98] demonstrated that the electrical
polarisation induced in the material due 8 conical magnetic structure, at low temperature, can
be reversed by small magnetic fields and conversely tpéaine can be controlled by electric fields.
Relatively large ME coupling constants heen measured for this material, as high as 6k40v

Lat 100K, but still only at temperatures far sl RT.

2.6.2.2. Z and Wype Magnetoelectric Hexaferrite

Magnetization
( g per formula unit)

Magnetoelectric current
(A m=2)

| ! | . i
-2 -1 0 1 2
Magnetic field (T)
Figure 2.6. (a) Magnetisation and (b) magnetoelectric current as a function of magnetic fi

for SeCoFe404: obtained by Kitagawat al [5].

Perhaps the most significabteakthrough for MEhexaferrites came in 2010, as up until this point
none of the existinginglephasemagnetoeletrics had combined large and robust electricatla
magnetic polarisations at RT, when Kitagawal[5] reported a large, lowield ME effect in the Z
type, SsCoFe4Os1. Studies on B oFesuihad suggested that undergasa magnetic transition

at 230K and has cone of easy magnetisation below this temperature. It has been shown that the
replacement of Ba with Sr modifies the superexchange interaction of neard/Hesbonds and
increases the bond angle to stabilise m@ral magnetic ordef5]. Pullaret al [99] had noticed a
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strange double step in the magnetic hysteresisSeCoFe.Os1 at RT, suggesting that it was a
consequence of a helical magnetic order.

This then led Kitagawet al[5] to investigate the multiferroic properties of thetype SECoFe&4041.

They discovered tha&bsCaFe4Ou1sintered in oxygen exhibits a low field ME effect at RT. Samples
sintered in oxygen shosd a six order of magnitude increase in resistivity compared to those
prepared in air. They postulate that this is due to a decrease in the preser@ odducing the
hopping conduction between the Fand Fé*sites within the hexaferrite structure.igh resistivity

is required for large ME effects as the presence of any leakage current significantly supresses the
ferroeledricity. It was shown, fig. 2.16hat for the polycrystallineSeCaoFe4sOs samples the
magnetisation increased in two stages widpplied magnetic field up to their saturation
magnetisation As the field is increased fromt® 0.1 T the magnetisation shows a rapid increase,
with a more gentle increase observed between 0.1 andl0.@nd saturation achieved at fields >1

T. These anoalies in the magnetisation accompany large ME effects at the same values of applied
field which indicates a strong coupling between the magnetic and ferroelectric propgstiean
applied field of 300 Oe was enough to obseavdirect ME coupling of 2.5x10s m™* at RT more

than 50 times larger than in £ [5].

Ebnabbaset al [100] backed up the work of Kitagawa, reporting the observation of converse ME
effects o1 Sr doped Zype hexaferrite, SkCoFe4Os1, at RT. They measured a change of ~18% in
remanence magnetisation as a consequence of the application efemtric field of 5kV/cm. A
similar change was also observed in the dielectric constant in a madieédias small as 320 Oe.
Ebnabbaset al [101] also published further measurements on the material, reporting ME effects
at microwave frequencies, achieved by measuring permeability as a function of frequency via an
FMR methd outlined in their work. The ME coupling coefficient for a bulk polycrystalline
SeCoFe40s1 sample was measured to Fe6x10°sm? at RT102]. At RT a ME coupling of 2.3x10
sm* was also observed in single crystalC8sFe4Os1 by Ebnabbasét al [60]. In an electric field
equivalent to 3.75 V/cm a 14% change inls observed. This is promising for device applications

in terms of being able to induce magnetisation changes with as Hsld.15V comparedto
polycrystalline materials requiring hundreds of volts to induce the same change.

In the study of Zype ME hexaferrites, the most recent development has been the observation of
giant magnetoresistance due to ME currentsSigCaoFe4041 by Wanget al[103]. Their work has
indicated that an induced ME current in a transverse conical spin structure not only presented a
nonlinear behaviour with magnetic and electric field but also depended on the sweep rtte of
applied magnetic field. At RT a giant magnetoresistance of 32.2% was measured for low magnetic
fields (125 Oe). This discovery takes the ME hexaferrites a step closer to device applications e.g.
detecting the magnitude and frequency of an alternatintagnetic field and generating a
magnetically controllable pulse signahportant for applicatios such as medical imaging

Given the structural similarities between the Z andypes, SICaFesOs0 has also been reported

as a room temperature magnetoeleic, governed by a very similar mechanism to that of the Z
type [104]. However,the ME effect in the Wype hexaferrite has only been observed as a small
effect to date, suggesting that perhaps theand Mtype hexaferrites lsow the greatest promise

in terms of practical multiferroic applications.

2.6.2.3. Mtype Magnetoelectric Hexaferrites

Sc and Mg doped Mype hexaferrites were also shown to be magnetoelectric by Tokuetgh

[105]. Theystudied single crystal Sc dopedtype Barium Hexaferrites (BakeSe019) and showed

that by altering the Sc concentration a longitudinal conical state is stabilised up to above RT. In the
longitudinal conical state, spins collinearly align within eachiolatile the interblock coupling is
noncollineaZ F2 N A y 4 & LJS ¢4 0 © 2 YA. ANs fdiscussedirGéctiaNt2.4.1, the
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longitudinal conical state does not generate a spontaneous polarisation. HoweEr
measurements showed that with the applicati of a transverse magnetic field an electric
polarization can be induced at low temperatur@fiey also demonstrated its electrically fixed and
magnetically controllable spin helicity to be robust against varying magfieliicand temperature
up to RI. Siggesting that Mype hexaferrites with Fesite substitutionsinducing aconical spin
structure arepromising candidates for Riultiferroics. Although it was tnd that this particular
M-type Hexaferriteexhibits low resistivity at around RT, which is@plem to be overcom¢L05].
None the less, this opened the door for-type hexaferrites to be investigated, with regards to
magnetoelectric coupling.

2.6.2.4. Mtype Magnetoelectric Hexaferrite SrGBibFe;O1o

A large convers magnetoelectric effect at room temperature was observed irTCdoped
strontium ferrite, SrCelbFe0O19 by Wanget al [10]. They reported a large magnetisation and
electric polarisation were present simultaneously at RT #nedcontrol of magnetisation by the
application of an electric field. They achieved this at room temperature and without the application
of an external magnetic, which has not been the case for several other of the ME hexaferrites
reported, that require tle presence of an external magnetic field to induce the electrical
polarisation. Again, they attributed the ME coupling mechanism present within this structure to
the existence of a conical spin arrangement. The resistivity of the polycrystallinel Bf&01o
sample was measured to be 4.4%4@-.cm, high enough to support an electric field. Subsequently,
measuring the magnetisation in a magnetic field of 460 Oe they observed a 6.3% reduction in M
due to the applicatiomf a 22kV/cm electric field perpendicular to H. Furthermore, a similar éffec
was also seen with no applied magnetic field and the time dependence of M under the influence
of a square wave electric field demonstrates that M decreases with applying or removing E,
respectively, indicating a stable response to the electric fieldhollgh Wanget al [10] did not
directly determine the presence of a nawollinear spin arrangement within the SeTeF&0.o
sample, they observed an anomaly in the M(T) measurements ak42¢hichcoincided with a
sudden decrase in polarisation an effect that has been attributed to a transition from a conical
magnetic structure to a collinear ferrimagnetic phase. The spontaneous room temperature
polarisation at zero magnetic field may indicate tlitatspin structure has a dgidal component

[72]. This is unusual for Mype hexaferrites. As previously discussed, thaypks reported have
been shown to have either a ferrimagnetic, screw or longitudinal conical spin structures @t H
None of whitr result in an improper ferroelectricity under thi@verse DzyaloshinskiMoriya
mechanism12]. As such, it may be possible that the spontaneous polarisation is induced via an
alternative mechanism and not by the presencadfansverse conical spin structure. One possible
mechanism is discussed in chapter 7 of this work, and was proposed byeShéfil4] as a
displacive electric polarisation induced by the magnetic ion at the trigonal bipyedusite of the
M-type hexaferrite structure.

Ebnabbaset al[102] were also able to measure conver$ék effects in bulk polcrystalline M

type SrCelbF&Og at RT. For an electric fielwf 13kV/cm they observed a 3% chanigemagnetic
remanence. This same effect was seen for samples sintered in both air and oxygen. The ME couplinc
coefficient for the sample sintered in oxygen was found to be 2.4%4 @ while that for the
sample sintered in air was reduced to 1.7%46 m. Subsequently, it was concluded that the
absence of oxygen in local oxygen sites lowers resistivitynamdifies the magnetic structure.
Thereforesintering in air educes the MIeffect as had been previously predictEiD?2].

Mohebbi et al [24] reported the first observation of the magnetoelectric effect in-type
hexaferrite thin filmsprior to which it had only been observed in bulk polycrystalline hexaferrites.
The SrCakFeOy films had been gravn on sapphire (0001) via PLD and exhibited armM.00
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emu/ccand H of 200e. Theybserveda change in the magnetic remanence of 12.8% as a result
of the application of 1V (DC voltge) at RT, as shown in fig. 2.Jfoducinga magnetoelectrg
coupling of 6.07¥0° s m™ [24]. Therealisation of the converse ME effect within hexaferrite thin
films is a significant step towards practical device applications. Naturally, the thinner the sample
the lower the voltage equired to apply a given electric field. Additionally, thin films are far more
compatible with modern technologies due to the drive towards miniaturisation. The thin films
measured by Mohebl#t al[24] were polycrystallinemeaning that there should be further scope
for increasing the ME coupling with the growth of epitaxial thin films.
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Figure 2.7. (a) Magnetisation as a function of magnetic field for Srelee0i0 at RT for two
different electric fields obtained by Mohebét al[24].

Both Mihaliket al[106] and Zentkovaet al[23] investigated the physical and nragfic properties

of single crystal SregbFe;O19 samples. They determined@urie temperature of 76&, which is
higher than that reported for undoped SrM. In agreement with Wahal [10] they observe a
sharp increase in thenagnetisation at around 408 andagain associate this behaviour to a
transition between a collinear and a nawollinear magnetic stucture [23]. For SrCbFeOg a
significant reduction in coercivity is observed comparedstiv at RT, with Mihalikt al [106]
measuring values as low as 20 Oe and thésMlso reduced compared to SrM, as a consequence
of the CaTi substitutions, with Wanget al [10] measuring an Mof 160 emu/cc for bulk
polycrystalline sample$10]. Studies of SrGokbFeO9 also only show small changes in the
structures lattice constants with respect to SrM. Waataal [10] determined values ba = 5.88A

and ¢ = 23.1A[10].

Izadkhahet al[107] experimentally investigated the correlation between the ME coupling and the
amount of Co substitutions into €6 doped strontium ferrite. Tdy measured the ME coupling
constant in polycrystalline SrQa.osd&019 thin films, grown on ADs, varying x between 1.2 and
3.5. The ME measurements were performed with M measured in the plane of the film whilst the
electric field was applied perperallar to the film plane, across both film and substrate. Their work
aK26SR | YI EAYdzY ®@in% measurddor ahCo Substitution Bfvkrl.65. It is
suggested that the optimal amount of Co may be related to the value of magnetostrictian as
consequence of the cobalt site occupand®37].

Recently, in an attempt to make SeCeF&01othin films compatible with device applications, Zare

et al [108] [109] have investigated the ME properties of films grown on Si with an interated
conductive oxide layeof indiumttin oxide (TO. Compatibility with S5 a significant advantage in
terms of technological applications and the ITO buffer layer was showmate this possible by
reducing the lattice mismatch between film and substrate. Additionally, the conductive ITO layer
allows the electric field to be applied solely across the film, lowering the voltage required to
observe the ME effect at RT. They measia room temperature ME coupling df4x10°sm?, in
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the absence of an applied magnetic field, with a voltage asawW®.5V. Thisvoltage is over 1000
times smaller than that required to observe the effect without the ITO buffer |Ey@S].

As mentioned in section 2.6.1.3, the preferred substitution sites of the Co and Ti in-thipeM
hexaferrite structure are not well understood, with contradictions in the literataseto whether
the Cd* cations prefer tdnitially occupy theO, [10] [87] or T4 [15] [88] [86] lattice sites Due to the
effects of superexchange, and how the Cocupation of the different sites affects the
magnetostriction of the hexaferrite, it is expected that the-arlination of the Co within the
structure has a significant impact on the materials magnetoelectric properties.

To model the effect that the C®i substitutions have on the magnetic interactions in
SrCaTbFe0us, with respect to SrM, Fengt al [87] performed a density functional study of the
simulated structure. They calculated the exchange integrals of the structusedban the
assumption that the Fiions occupy the 12k and the €dons occupy solely the dfetrahedral
sites. Their exchange energy calculations in this case indicated that the interaction between the R
and S blocks is reduced significantly due todbeupation of the 12k sitg87].

2.6.2.5. Magnetoelectric coupling mechanisms in Hexaferrites

In hexaferrites antsymmetric spircoupling can be observed in sites of the lattice where the
superexchange is greatly weakerghge to competing interactions, or is absent due to substitutions

for nonrmagnetic ions such as Ti. In certain M, Z, W, U and Y hexaferrite structures, this results in
the formation of noncollinear magnetic structures. These spin states can take sevéieiedt

forms, depending on the specific hexaferrite structure being considérbd.classification of the
spiral type is critical for understanding the spisgindriven ferroelectricity observed in such
hexaferrites, as discussed in section 2.4nlhexaferrites with noncollinear magnetic structures,
exhibiting a cycloidaktomponent, the application of a magnetic field alters the magnetic
arrangement, thus inducing a change in the electric polarisation, resulting in the direct ME effect.
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Figure2.18. The spiral spi configuration for different directig a 9 dzy RSN

model[13].
Vittoria and Ebnabbasi, in 2012developed acomplementary model for the converse
magnetoelectriceffect observed in certaihexaferrites due to the spin spiral configuratifiSs].
They refertothe model a§ KS Waf Ay | & KEHKhasHevaaRRISE st hegafeBitesNJ
are electrostrictiveHence, the application of an electric field strains the material altering the spiral
spin configuration. This physical motion alters thed-Ee bond anglesnducing changes in the
magnetisatbn via superexchange. Fig. 8 A Sa& | LIKe&aAOlf NBLINBaSy
Y2RStQd LG RSY2yadaNlraGdSa GKIFG oA deic mbrieSt withinJLJt A (
the coneis affected bythe direction of E. The anglaries with E, thusth & LAY Waf Ay
stretched or compressed depending on the electric field direction. Changes in the spin helix result
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in a net changdn internal magnetisatiofl3]. This model of magnetoelectric coupling then is not
a02y @Sy iAz2ylt AYOUONAYyaAO YIFI3aySiz2St SOGNARO ;SFFSOG I yR
term discussed in section 2.5.1.

A further possible mechanism for ME coupling in hexaferrites may have been uncovered by Shen
et al [14]. They have discovered an unusual mechanism for electrical polarisation based on the
displacement of the magnetic ion at the trigonal bipyramidal sites within thgdé structure. In
conventional ferroelectric oxides, such as Baikk local eledaic dipole usually requires the off
centre displacement of transition metal ions with an emptglell due to the hybridisation
between the empty d orbital and the filled oxygen 2p orbital. Hence, the simultaneous presence of
ferroelectricity and magnetisrhas typically required an improper mechanism of ferroelectricity.
However, simulations performed by Shetral[14] suggest that the competition between the long
range Coulomb interaction and sheadnge Pauli repulsion in th&eQ bipyramidal unit of
(Ba,Sr)Fe0is favours an offcentre displacement of the Feon.

It was found experimentally that the temperatuRS LISY RSy OS 2F (GKS RASt SOGNARO
both BaFeOis and SrFe0sg strongly resembles quantum paraelectric behavi@il4]. Quantum
paraelectricity being a form of ferroelectricity in which tferroelectric order is sippressed by
guantum fluctuations. This behaviour can only be explained by the existence of local electric dipoles
whose origin must be related to the magneticHens. Investigating this Shem al[10] suggested

an explanabn in the existence of offquatorial displacements of Feions at the 2b trigonal
bipyramidal sites, resulting in two adjacent 4e sites. They show that thegoiitorial displaced

Fe* has a lower energy than the symmetric 2b sites, suggesting tleatah dipole along the-axis

would be favoured, as illustrated in fig12.
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Figure2.19. lllustration of F& off-equatorial displacements in the trigonal bipyramid. The
and down displacements correspond to oppesdipoles and local minima in the ener¢
potential [14].
They calculated the local potential energy profile along tkaxis, Y a , for the trigonal
bipyramidal site, using the phenomenological local pdiginenergy, @fined by eqn. 25.
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wherero andr; are the inplane and outof-plane TM-O distances in thei-pyramid for 2b sitesh

is a coistant (taken to be 1.3% 10°J),c.=m A & tvhlelzte Xaftar Qis the hexaferrites
permittivity andy 1=0.314 A[26]. r+ =0.58As the ionic radius of Fewith a ceordination number

of 5 andr- = 1.4 A is the ionic radus of O* [110]. The total potential energy is the sum of the
Coulomb potential;Y & , between the F& and G and the shorrange Pauli repulsion
potential,”Y & . The calclated potential shows a double well feature, as seen in fitg,2.
due to the repulsion termFor SrM at RThowever, such a local electric dipole may average to an
equatorial position, due to effects such as thermal excitation, providing no net polarisdti
principle if the amplitude of the electric dipoles and the energy barrier could be increased, either
through strain or the substitution of cations into the structure for example, this mechanism may
result in a stabilisation of polarisation, emce, poviding an alternative mechanism for
ferroelectricity and magnetoelectric coupling.

2.7 Hexaferritethin film growth

BulkM-type hexaferrite samples have been grown several techniques, such asm@cipitation,
solidsate, ceramic and sglel methods Each of these growth methods have proved effective at
producing high qualitysinglephase bulk M-type hexaferrite sample$111] [112] [113] [88].
However, as has been previously discus$edmany technological applicatiorisis desirable to
miniaturise the hexaferrite material into thin film forrithis would be essential for the integration
into electronic and semiconductor devicdslditionally, for magnetoelectric hexaferrites, it would
allow for the control of magnetism under the application of a lower voltage. The challenge
presented for such minimisation is often to maintain the materials kpridperties Typically,
interface effectscan inhibita film@ magnetigroperties, for exampleNumerous techniques have
been pursued for the growth ohexaferrite thin filmsincluding sputtering, plasma assisted
Molecular Beam faitaxy (MBE) liquid phase epaxy and PLIPL14][115][82] [24].
Liuet al[115] demonstrated the growth of epitaxial BaM thin films on sapphire (0G0bkstrates
by a plasmasssted MBE technique. They observte: natural formation of a £€; buffer layer
that acts to assist in accommodating the lattice mismatch between film and substrate. The films
were grown at 758C in an oxygen partial pressure of 5Rhbar, using Ba, Fand oxygerplasma
sources. Difficulties remain however, with the growth of oxides by MBE with achieving the desired
stoichiometry due to the multiple sources having different oxygen affin[id$]. Alternatively,
liquid phaseepitaxyhas been used to grow high quality-type hexaferrite films, however, BaM
seed layers are typally required which need to bgrown by another method, usualRLD{94].
Sui et al [114] grew BaMthin films, via RF magren sputtering, exhibiting saturation
magnetisation 90% of that of fusingle crystals angerpendicular uniaxial asotropy 60% of the
bulk value. Additionally, hey observed good-axis orientationperpendicular to the film plane.
Growing Mtype Ba heaferrite thin films on AlD; (0001) substrateZhiyong Xwet al[117] have
shown that the crystallographic and magnetic properties of such films are strongly dependent on
film thickness. Between 158nd 550nm, they show hat Ms decreases gradually withicknessas
does the perpendicular magnetocrystalline anisotropy. They postulate that these changes are due
to an increase in random nucleation sites and strain relaxation in the films with increased thjckness
as the M of BaM films is greatly influenced by the c axis alignment of the gfaihg]. Additionally,
other studies have reported that the orientation of substrdfiel8] and the process parameters
such as atmodpere of growth[119], substrate temperaturg120] and annealing proceq421]
directly govern the structure and magnetic properties of theayye Hexaferrite thin films.
The method used for the growth of hexaferrite thin films in this wbhdsbeenPLD This growth
method, and variations of it, have been shown to be effective at growing high quality hexaferrite
thin films with stoichiometric transfer of material between ¢gt and film[24] [21]. Most
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importantly for this work, it allows for atomic cation substitutions into specific blocks of the
hexaferrite structurg122].

2.7.1Hexaferrites grown by PLD

PLDas a method for thirfilm growth is a welktudied process.The basic set up of a typical PLD
system can be seen in fig. 2.2@side a chamber, where the pressure and gas composition is
controlled, a high energy pulsdaseris focussed onto a target causitiige target material directly
under the focus of the laser to evaporatEhis results in a plume of material being ejected from
the target surface after every laser pulséhe vaporized material, containing neutrals, i@l
electrons, expands rapidly away from the target surfd€e substrate is placed in its patthe
plume mnaterial will recondenseon the substrate surfageeventually forming a thin filnj22].
However, the situation is nahis simple as there are a largeumber of variables affectingfdms
properties such as laser fluence, background gas pressure and substrate tempdg&]ire

Laser
beam

Substrate

N

Plume { /

Target

L1 []

Figure2.20. Schematic representation of a typical PLD setup.

PLD allows for the manipulation of such variables to contrelftim properties to suit individual
applications. Optimization of the growth conditions can require a considerahtaiat of time and
effort [22]. The physical concepts governing Rit®now outlined.

2.7.1.1.LaserTarget Interacton

The interactions between the pulsed laser beam and the target material are of a complex nature.
Firstly, the laser plses must have high enough energy to trigger dielectric breakdown cartet
surface The electric field amplitudeE] of an electromagnetic wave can be expressed #3;

% — egn. 2.26.

wherel3 pis thepower density of the waves; is the speed of light,nis the refracive index andk,
is the permittivity of free spacéielectric breakdown in th&arget occurs when thelectric field
exceeds the dielectric field strength ife material,Ecit;

% O egn. 2.27.

The power density of the laser is directly relatedhe laser fluence () by the inverse of the pulse
duration ¢) [19];

B = eqgn.2.28.
Therefore the laser fluence is directly related to the aiyude of its electric field. Thusjealectric
breakdown occurs when the laser fluence exceeds a threshold {Edjie

Opel[2] conclided that a 453 angle of incidencen target appears to be optimal as this minimises
the number of macroscopic particles reaching the film. He also emphasises the importance of a
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uniform beam shape forencouraging uniform ablation, which is important foramtaining
stoichiometiic transfer of target material. This iskey advanage of PLDIn other deposition
techniques such as MBRhe lightest elements in the source are evaporated fitetnce,the
chemical composition of the film is different to thatthe source materidl18].

2.7.1.2.Target Ablation and Plasma Formation

Regardingarget ablation and pluméormation, while some secondary mechanisms involved with
PLD remain unclear, the are four primary mechanism®f ablaion. Theseare stated to be
collisional (momentum transfer from the beam), thermal (heating from the nascent plasma),
electronic (processes involving electronic excitation of the target atoms) and hydrodynamic
(splashing or exfoliatiorf123].

I Wyl a0Syd LIXIFavYlrQ FT2Nxya Of 2aS (i eapdr&ié bytdeNIF | C
laser pulsg19]. Due to its proximity to thearget, it is coupled, both mechanically and thermally,

to its surfice. It has also been observed that the plasma can act to shield the targatestirdm

further laser ablation ands a result of the thermal coupling it calsocause resputtering of the

target surfaceChristeret al[124] established that thelense plasma near the surface of the target

acts to generate collisions and keep different elemental components expanding on similar
trajectories; thushelps to maintain stoichiometry.

Macroscopic particulates, which are unwanted Fagh quality film growth, can be ejected from

the target by three mechanisni49]. The first is subsurface boiling which is a consequence the
SELX 2aA0S LINBaadzaNB 2F (GKS t I aSNJ 0S| sthOlasdra A y 3
beam.¢ KS &SO2yR YSOKIYyAaY WNBO2At S2S0iiddsgQ A
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However, in this case the pressure is causethbyplasma plume expanding away from the target
surface.The third isexfoliation, efoliation is caused by repeated freeze melt cycles on the target
surface, causing surface roughening leading to macroscopic outgrowths. These outgrowths
eventually detachand can be sent towards the substrate in the plunvethods to reduce
particulates tend to be ntarial dependen{123].

2.7.1.3.Plasma Expansion and Chamber Atmosphere

The dense plasma after ablation of the target surface is foroeekpand, converting the thermal
energy of the plume into kinetic energue to its high density, the plasma is not a collidess
environment so collisions lower the energy of the high energy partjit@s The vacuum changbp

is often backfilleceither with an inert gas or, in the case of reactive PLD, a reactive gas sugh as O
This atmosphere acts to thermalize the plume species, as, during collisions, the kinetic energy of
the plume particles becomes equalised with thétlee background gas particleBaus the particles
reaching the substrate surface will have a much reduced energy, typically in the r&0gd/519],

which, if the substrate is placed a sufficient distance from the targegyents resputtering from

the substrate surfacgl8].

2.7.1.4 Film Growth Models

Upon reaching the substrate, the plume of material begins to form a thin film on the substrate
surface. Layerby-layer growth; where a new monolayewill not nucleate until the previous
monolayer is complete, is the ideal wieywhich to grow a thin filmThe simplest growth model is
one in which adatoms deposited onto a surface become immaliléhe site on which they fall
[18]. However, m reality, the adatoms remain mobile until they occupy aergetically favourable
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site. For generalleposition,three established thin film growth models exigt8] [123] [2]; these
are the Frankvan der Merwe, VolmeYVeber and Stransk{rasnov models.

The Frankvan der Merwe growthmodel is a step flow model, where the energetically favourable
site is adjacent to a step edge. As demortsttain fig 2.21, the adatom diffuses across a terrace
until it reaches the end of the terraowvhere it settlesWith the deposition of further adatoms, the

SR3IS 2F (GKS GSNNI OS Y TiB2Assanig the@dabrasiare @dudly like§ NNI O S

to land on any site, the growth rate of each terrace will depend on the size of the terrace. Thus,
larger terraces will growaster, creating step bunchinghrlich and Hudd§l25] showed thatat
low temperatures adatoms could be reflected away from the edge of a teriidge.effect became

1y26y (2 NBEIEGOKHBNESO SHy  WONRNRISINGX® L KIFa 0SSy

Ehrlich-Schwoebelbarrier acts to prevent step bunchip@8].

adatom
uum_m
T T, T

Figure 2.21The step flow of adatoms acrossesrace,with terraces labelledJ T, and &.

The VolmeiWeber growth model instead of the previous model of step growth introduces island
growth. It is possible for two adatoms to meet on ar&ce Upon meeting, the adams stop
diffusing as these sit become mergetically favourablet KSaS dAdGSa NS 1y26yY
and are the tarting point for island growtiil 8]. Themodel states that step flow is prevented when

the nucleation site separation is smaller than tiep terrace length. In this caserowth is
completely by sland formation. With increased size, islands coalesce to form a layer and new
islands growon the next layerHowever islands do nbgrow uniformly and caform fractals[126].
Finally StranskiKrasnov growth is a combination of step flow and island growthereby adatoms

form islandsbut onlyafter 1¢ 5 monolayers have been depositeg a step growth process. After

the initial deposition, island growth is enabldde to a change in the lattice parameters as a result
of deposition[123]. The dominant growth mode for any thin film depends on the thermodynamics
at the growth surface, as such is dependent on many parameters includingllassre, growth
temperature, growth pressure, the condensing material and substrate properties.

2.7.1.5.Advantages and Disadvantages of PLD

The Primary advantage of PLD for the growth of Hexaferrite thin films is the stoichiometric transfer
of complex unit cellshat it is able to achiev§l8] [2] [19]. No other techniques offer the same
guality of reconstruction of complex unit cells as PRDD operates in a nethermal equilibrium
regime. Thiss unlike MBESputtering and Chemical Vapour Deposition, whéctd to evaporate

the lightest éements from the surface first. Howevdor cettain materiah = WA y 02 y A NHzS y (i
may occur. Tlsican often be resolveuay replacinghe elemental component of the target (such as
oxygen) lost during ablation with a background ge&&. As well as this, the background gas acts to
thermalise the ablated species, which reduces surface damage and stofaalk diffusion[19]

thus ceating high quality thin films. PLi®a versatile technique and can be operated ovelidew
range of pressures between Ukvid 1 mbaf123]. The simptity of the experimenthsetupof a

PLD systengives the technique flexibility; as long as the laser flueexeeeds the dielectric
constant of the target, almost any material can be evaporated stoichiometrically.

The primary issue observed with PLiBthe growth of macroscopigarticulates.As discussed
previously there is no simple solution that can be implemented, several things can be done
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however to reduce the number of particulates present in a PLD grown thin film. One such way is to
place the substrate at an optimal distze from the target and displaced from tleentre of the

plume. Likewisethe heating of the substrate wikncourage crystalline growth and any particulates
YIe 0SS SyO02dzN} 3SR (2 RA&aaz2t@S Ayid2 GKS odzZ |
that pulsing a gas jet, at a delay from the laser pulses, across the path of the plume also greatly
reduces the number of particulatg¢$27].

2.7.1.6.M-type films grown by PLD

PLD is already waell-establishedtechnique for growing ferré filmsand was first proposed as a
suitable technique for the growth of hexaferrites by Vittoria in 19228]. The first Mtype
hexaferrite film successfully grown by PLD was then reported by Caresedh[129], who
demonstrated the growth of BaM films on@ (0001) substrates. The$#éms were grown from a
target of BaFeOy incident by a wavelength of 246m pulsed atl0 Hz, with a substrate
temperature of 906C and an oxygen partial pressuof 1x1& mbar. The films grown were
determined to be single phase and epitaxial in nature with magnetic propeities to bulk values
observed by VSMind FMR spectroscopjl29]. Dorseyet al [20] then also demonstrated the
growth of BaM on AD; (1100), however cdd not achieve epitaxial growth. Theiscovered that
even on a sapphire substrate with (0001) orientation that above a critical film thickness only
polycrystalline growtltouldbe achéved.

In the years following this initial work, the PLD growth parameters were developed and optimised
for the growth of hexaferrite films, again many of these conditions are specific to the individual
growth systems used. Among the highest quality Bdiisfigrown are those by Somyg al [130],

who achieved epitaxial films with a perpendicular magnetic anisotropy and a narrow FMR linewidth
of 16 Oe. The growthiemperature of these films were again optimised at 90and an oxyan
partial pressure of 5xttmbar was found to produce the narrowest FMR linewidth.

A longterm goal of the hexaferrite community has been to integrate hexaferrite devices with
semiconductor electronics. This has been complicated by the poor lattice hestchigh
temperatures required for growth and the formation of other oxides at the substrate surface
obstructing epitaxial growth. However, Laet al [131] reported the growth of BaM on Si through

the use of an MgO buffer layand Cheret al [132] reported the oriented growth of BaM films
directly on to 6HSIC substrates but with magnetisation compared to bulk.

Besides BaM many other-ipe hexaferrite films have been grown by PLD including PbMsavid
[133] as well as numerous doped variations of BaM and SrM. For example, Sc doped BaM films
were deposited to control magnetic anisotrofiy34] and CeTi doped BaM films have been grown

to optimise the magnetepptical propertied135]. Mohebbiet al[24] demonstrated the growth of
SrCaTkFe019 by PLD on a sapphire (0001) substrate at a temperature dXx3a60d in an oxygen
partial pressre of 2x1@ mbar. After deposition, it was also found that the films magnetic
properties were improved through postnnealing at 105 in an oxygen atmosphere for 40
minutes. Due to the thickness of the film however, its structure remained polycrypstalliith a
(00n) preference, which is consistent with the work of Doresiegi [20] demonstrating a relaxation

to polycrystalline ordering for thicker films.

2.7.1.7.ATLAD Growtlof Hexaferrites

As a way to further control the substiian sites of the dopants within the hexaferrite structure,
Geiler et al [136] have developed an Alternating Target Laser Ablation Deposition (ATLAD)
technique. This is essentially PLD but makes use of multiple targets éhaitarchanged rapidly

to grow layer by layer, each from a different target.
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This technique for the growth of hexaferrites was first demonstrated by Gatilei{136]in which

a combination of two targets, with compositions;0; and PbO were used to deposit Pl

thin films. Using an Excimer laser pulsed@Hz, theyobtained the best results by depositing 3
shots from the PbO target before rapidly indexing to the(zearget to deposit 33 shots, then
repeating this pocess 500 times, resulting in a thickne$9.6 um. The atomicatio of PB* and
Fe**ions deposited approximately follows that of thetiype unit cell. The films were deposited on
MgO (111) substrates in an oxygen partial pressure of Bxi@r at 700C. X%ray diffraction ad

VSM showed epitaxial growth with the presence of a cubic secondary phase and magnetic
properties comparable to films grown from single target P1LIB].

Geileret al[21] [137] alsodemonstratad that high quality BaMhin films could be gnan using an
ATLAD techniquavith magnetic properties comparable with single crystal Bulk Hexaferiitésis

work, targets of BaR&, and FeOs were used to grow the R and S blocks, respectively. The films
were grown on AlD; substrates at 92%, with a target substrate distanog5cm. Therotation of

the target carousel was also synchronised with the laser trigger signal to thkotargets to be
alternated during film growth. Finally, the films were p@sinealed in oxygen at 1050 for 20
minutes, it was noted that further annealing drastically reduced the magnetic properties of the
films, an effect that was attributed to diffusion between therfiand substratg137].

Further studies by Geilest al [122] built on their pioneering ATLAD technique by tailoring the
positions of the Mn substitutions in Mdoped BaM films. The films were growwith the aim of
directing the Mn substitutions solely into theb®ck of the Mtype structure. This was achieved
through the combined use of 3 targets, with the deposition routine consisting of 3 laser pulses on
a BaFgOs target, 11 pulses on the K8; target and then 11 pulses on the Mnfg target followed

by another 11 pulses on the £& target. Thus, the sequence in which the targets were deposited
was intended to force the Mn ions into theb®ck. EXAFS measurements performed on the films
then suppated this, with fitting showing that 75% of the Mn ions occupy the 12k sites and the
remaining 25% in the tetrahedral 4ites, both of which are located within or on the boundary of
the Sblock. The films were found to be epitaxial in nature and charazdon showedlso thd
placing Mn cations at thesiaterstitial sites in BaReOig thin films M; was increased by 122%,
depending on the site selectiowith respect touncontrolled Mn substitution in bulk BaMAn
increase in the N& temperature by 4860 K, comparedo bulk was also observed. This work by
Geileret al[122] hasdemonstrated that the growth of thinilns via a variation of PLdan achieve
selective cation substitution at the atomic scale.

By allowing the combl over the cation distribution within the structure, the ATLAD growth
technique enables the processing of a new class of hexaferrite materials in which the magnetic,
microwave and possibly magnetoelectric properties can be engineered towards specific
applications beyond what is attainable by conventional deposition methods.

2.8 Conclusions

The mechanisms governing the magnetoelectric effects observed in ME materials have been
discussed and the current state in the developmeifitmagnetoelectrics has been tined.
Hexaferrites have been identified in recent work as a prominent candidate for the realisation of
room temperature magnetoelectric devices. The properties of these materials and their device
applications have then been discussed, as have the gr@mubledures for the production of
hexaferrite thin films. The particular growth method of pulsed laser deposition has been
demonstrated to be the most significant method for the growth of high quality hexaferrite films.
Additionally, the use of the ATLADriadion of PLD growth has been shown in the literature to be
capable of tailoring the substitutions of dopants to specific sites within the hexaferrite structure,
allowing for the tailoring of their magnetic and therefore their magnetoelectric properties.
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Chapter3: Thin Film Characterisation an@éinalytical Techniques

3.1 Introduction

This chapter will aim to explain and outline the techniques used to analyse the samples studied in
this work. As well as detailing, the experimental set up used for theréiffemethods of
characterisation the processes used to analyse the data obtained is explained and justified.

3.2 Structural Characterisation technigues
3.2.1EnergyDispersive Xay $ectroscopyAnalysis

A powerful tool incorporated into &canning Eleatn Microscope $EN) isthe ability to perform
EnergyDispersive Xay spectroscopy (EDX) measurements. EDX enables the cheraigalsaaf a
sample, thus wassed to determine the composition of the hexaferriterfs grown. Critically, this
techniqueenabled the verificaton of doping levels within thbexaferite films by giving the ratio

of elements within a film.

Essentially an SEM works by scanning a focussed electron beam over a surface to create.an image
The electrons in the beam interact withdhsample via several different mechanisms and the
products of which are detected to obtain information about ttegple sirffaceand composition.
As represented in fig. 3.1, within the SEMays are produced by inelastic collisions of the incident
electrons from the beam with electrons in discrete atomic orbitals of the atoms in the sdag8¢
Electrons from higheorbitalsfill the hole left, emitting xraysof fixed wavelengthselated to the
electronic transition in filiig the core hol¢138]. Thus, characteristicrays are produced for each
element and the spectrum of theserays is detected and used to determine the ratio of elements
present withinthe samplg138].

e-beam

emitted
electron

Figue. 3.1. Schematic repsentationof the emission of xrays as measured DX

The SEM used in this work was fitted with an Oxford Instruments, Model 7274 ;1ap8etector

and the EDX spectra obtained were processed and analysed using the INCA software phekage.
samples were mounted on aluminium stubs through the useadbon tabs andhe film surface

was contacted to the stub by silver conducting paifsl. EDX measurements were taken at a
magnification of 1000x in order to cover a relatively broad area of the sample and for all samples
observed, measurements were takem three different sites across each sample to ensure the
chemical composition of the films were consistent and not just a localised representation. All the
EDX measurements were performed with an acceleration volbddekV.

The EDX analysis softwaretputs the atomic weight\Wti(%)) of a given elemeni, This is the
percentage of the total mass measuredide of that element. Equation 3i% used to convert the
atomic weight to atomic percentag@i(%)).
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Egn. 3.1.
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where Z is the atomic number of the element, Having now used this equation to calculate the
atomic percentage for each element presenuatgjon 3.2 was then used to calculate the number
of i atoms (\i), knowing the total number of atoms preseM). For example for SrelbFe;Oro,
Niotal = 32.

3 b
U Egn. 3.2.

It is noted that for the SrGoLF&O1o films grown on A, oxygen is present in both film and
substrate;assuch,the ratio of the other film elements was calculated excluding oxygen.

3.2.2 X-ray Diffraction techniques

Xray diffraction (XRDhas been used to determine the crystal structure of the thin film samples
studied throughout this work and has been used to identify the presence of any secondary faces as
well as to determine whether the samples have polycrystallinepitaxial ordering. Different-ray
crystallography measurements have been performed, suchrag xeflectivity and rocking curve
measurements, to determine film thickness, roughness and to gain information on the film quality.

dsind
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Figure.3.2. Schematic representation of the diffraction of incidentays by crystal planes

Qystals are formed fromagular repeating arrays of atoms. These periodic structures of atoms act

to scatter incident xays[139]. As isshown in fig. 3.2the incident xrays cause each scatterer to
re-radiate some of its intensity as a spherical walf the scattering points are arranged with a
separation(dna) thesewaves will be in phasand add constructively only in directions where their
path-length difference(2dwa A Yequals an integer multiple of th@avelength(<). In that case,
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Figure.3.3. Diagram showing the principle axis associated with the XRIDmeter stage.

The xray diffractometer usedor all XRD measurements presented in this work wagigaku
SmartLab diffractometer. This consists of a Y@ x-ray source that produces-rays with a
wavelength of 1.54054. The xray beam produced is parallelised through the use of a multilayer
mirror and the incident beam width is limited by the insertiof slits, that for the thin film sample
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studied in this work were set to 2mm. For many of the measurements the incoming beam was
monochromated by a -bounce Ge(220)x2 monochromator to improve the diffractometers
resolution and remove the presence of anyand K reflections. The xay beam is then incident

on the sample that is placed on a goniometric stage that can be adjusted in x,ly,,R . ® 2 K¢
istheinLJt I yS NRGFGA2Y FTEA& YR . Aa GKS GAf GA

goniomeer stage are shown in fig. 3.3.

The intensities of thexays | G 3 A @ifBattedrby the sdripie Bre measured by a

detector after passing through several receiving optidsis includes a mechanical receiving slit,
known as a Parallel Slit Agser (PSA), to maintain a constant resolution even fi@ys spreading
over a wider ared140]. The detector used is a scintillation counter that can measurayXx
intensities varying over a wide range, from 0.1cps to greth@n 10cps. An attenuator is also used

in front of the detector to prevent detector damage. A schematic representation of the
diffractometer set up is shown in fig. 3.4.

Goniometer
Figure.3.4. Schematic representation of the diffractometer set up

Thediffractometer controlprogramme has an automated optics alignment procedure ties run

each time the diffractometer was used or the optics changEde procedure for the optics
alignment consists of a height reference plate being placed on the sample E@lgmving this,

both the stage height and incident™d & |y 3t S stedl sotthatithid Beight Feferénce plate

is aligned at zero degrees and at the centre of rotation. Additionally, the heights of both the incident
and receiving slits are optimised@he diffractometer also has an automated sample alignment
procedure, which \as used each time a sample was placed on the stage. This procedure optimises
the sample height (z) and zeros the incidesraix angle.The alignment wascheckedmanually by
NHzy yAy3a I NRBOlAy3a OdzZNBS 2y | &dzo & NakpdsitiohdS I |
O2NNBalLRyRa (2 KFIt{F GKFIG 2F GKS w' Fy3aftsS (K€
offset between the substrate and film planes running rocking curves on the most prominent film
peak and adjusting the offset ensured alignmenthe film planes.

3.22.1.H° Kmeasurements

The most widely used-MJ @ RAFTFNI OGA2Y kKYSKanATUENRINSS d@l dirdcta |
measurement of both crystal structure and phase. Determination of the crystallinity of the film and
extraction of latti@ constaits was essential inthiswor€ 2 NJ § KS H‘ k. YSI & dzNBY
both the incident and diffracted-NJ @ & | NB | S2JE& Sy fiK Aad 3 g 3.6 S )
G2 GKS alYLX S &dz2NFIF OS LI} | ySod gplkyS pehks éodespdridiyigd L.
to reflections from specific crystal planes with indidek andl. Hence, by observing the peaks
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peak positions only depend dhe dimensions of the crystal lattice, the films lattice parameters
can be determined.
¢ K S . measurementsn this work were performed with a step size of ®.@hd over a range
that was determined by the positions of the peaks of et determined fom theoretically
predicted reflectionsinitially all peaks, from both film and substrate, were indexed to thHakt)(
plane using the INDX softwalB41]. For this, the materials space groupddattice constants were
takenfrom accepted values in the literaturelowever, when a peak had more than one possible
assignment a more thorough analytical procedure was required that would also allow for the
determination of the samples lattice constarby their peak separationStaring from the Bragg
equation[139];

¢Q OEH Eqgn. 3.3.
g KSNB <raywaveléngtts which for the Ol x-ray source used is 1.54086and the irter-
planar spacing is given by for each peak. Using thkl values as assigned by INDX, the standard
formula for the specific crystal system can be applied to determine the lattice constants. For a
hexagonal crystal system, such as a hexaferrite, 8gnis used142].

— Egn. 3.4.

Here a and c are the lattice constants of the hexagonal structure. To determine these lattice
constants equations 3.3 and 3.4 are equated. Ferpbaks assigned to the (QO@eflections this
then becomes;

OE}+ — « Eqn. 3.5.

Thusplotting O E +v & andperforminga linear fit, the gradient can hgsed to determine the out

of plane lattice constant;. Whether a peak has been miassigned is immediately obvious with

this plot, as it does not fit with the linear relationship of the rest. Having found the valaé&ah

this method it is now possib to determine values foa by equating equations 3.3 and 3.4, this
time in their full form. It again becomes immediately apparent if ki values for a peak have
been assigned incorrectly by whether the value determined for that peak is within a ralson
margin of the literature value. The in plane lattice constant values calculated for each peak were
collated and a mean value taken and the error associated with this value taken to be the standard
error of the distribution.

For structures studied thatere not hexagonal in nature, such as the®ehin films, the equation
relating d toh, k and| for the appropriate crystal system was used, in place of egn. 3.4, and the
same method applied. Given that#g has a cubic structurgl43]eqgn. 3.6 was usefd42].

Egn. 3.6.

3.2.2.2. Rocking curve measurements

A rocking curve is essentiallpmt of xNJ & Ay GSyaArdae a | FdzyOishzy 2F . 7F
YSIH&Ad2NBYSy il 61 &8 LISNF2NXY¥SR o6& &aSddAy3a FyR FAEAY3 u'
AYGSNBadGz GKAAa NBTFESOUGA2YyQa LIS L2 & MkA. 2y G Af § K|
measurement. Withh ‘aSi4> . A& aOlFlyySR | o2dzi GKS . ¢ | y3t
distribution of the crystal plane3he degree of orientation is an important factor that can strongly

affect the physical properties of a thin film. Insight inteetdistribution in orientations can be

gained from a rocking curve measurement typically by taking the full width at half maximum
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(FWHM)of the rocking curve profil§l40]. This FWHM parameter is one that can benpared
betweensamplesas a measure of the quality of a thin film sample.

In a rocking curve measurement, a perfect crystal will produce a very sharp peak, observed only
when the crystallographic direction is perfectly aligned in angle. This peak will have some width
purely due to instrument broadening. However, for imperfect crystals defects such as mosaicity,
dislocations or film curvature create a distribution in the angles of the atomic planes, this is
observed as a broadening of the rocking cud40]. Hence the smaller the FWHM of the rocking
curve, typically the fewer of these defects the thin film has. The FWHM of a rocking curve is also
sensitive to the strain accumulation and tensile stress in the material, with an increased tensile
stress increasing the FWH4].

C2NJ GKS NROQlAYy3a Odz2NBS YSI adaNBYSyida LISNF2NYSF
as determined from the previously runk . a4 OF y® LYy AGAL f f-8egree ranged &
centred on the expected peak position. After this initial measurement, the measurement range and
step size was adjusted appropriately fbe distribution observed.

3.2.2.3. Reflectivity measurements

X-Ray Reflectivity (XRR) is not a technique that evedudiffraction phenomena, however it can

be performed with the same ptics and set up used for XRRI10]. XRR measurements can be used

to determine parameters such as film thickness or surface and interface rougfmaisgsin this

work, it has been used primarily to determine the thicknesses of the samples grown in order to
calibrate growth rates of the pulsed laser deposition system.

Upon setting up the reflectivity measuremettige incident slitsvere reducedo a width of 0.1mm,

in order to ensure the beam footprint was not significantly larger than the 5mm sample, and the
receiving slits were set to Or@m. The measurement then carried outis simiply v * k . a Ot y
angles, typically between'2 @I f dzS8a 2 Al XRRbmeashrghientavcarried out in this work
were taken with a step size of 0.0For the same set up as that used for the XRD measurements,
at low incident angles, thepays incident on the films surface generate a speculeflgcted wave,

a refracked wave and a series of diffusefledions[145] as represented in fig. 3.5

Specularly reflected
wave

Diffused reflections

. N‘ Refracted
Film

wave

Substrate

Figure.3.5. The reflection and refraction ofpays incident on a thin films surface

.St 26 I ONJ thé xddy beam ig ébimSetel§ feflected by the thin film surface. For a
fixed xraywavelengththis critical angle is a function of the films refractive index and can be fitted

to determinethe sampl&® density{140j®d ! & G KS A Y OA RSy ( .thenikbsbredd & A
x-ray reflectivity decreases rapidly at a rate-ti A & LINE EJR40]icbrdgfliently XRR
measurements are typically plotted on a log scale, fig. 3.6.

' G Ay OARSY l.intefe@ihic&fiingds ar@ ggedted in the reflectivity measurement by the
phase differencébetween xrays reflected from the different surfaces of the film and substrate
[146]. These fringes, known as Kiessig fringes, are used to determine the thickness of the thin film
as the distance between the fringes is inveygaloportional to the film thicknesid 46]. There is a

limit, of the order of a 10@im, to how thick of a sample can still be measured and produce visible
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Kiessig fringes. This limit depends on both the sample density ancceudaghnes$140]. The
amplitude of the Kiessig fringes is dependent on the difference between the densities of the film
and substrate. With the smaller the difference in film and substrate densities the lower the fringe
amplitude[140]. As such, the closer match the two densities are the harder it is to determine film
thickness from XRR. It is also known that the film surface roughness acts to decrease the reflectivity
more rapidly with increase argbf incidencg140]. Thus, for a thin film with a rougher surface the
signal drops off much faster, again making the observation and accurate fitting of Kiessig fringes
more difficult. The roughness of the filaubstrate interce also plays a key role in that the higher

the interface roughness the lower the amplitude of the Kiessig frifibé3).
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Figure.3.6. X-ray reflectivity curve of a E@ thin film on a silicon subsite.
Given the dependencefahe reflectivity curve onthe abovementioned parameters, fitting
software can kb used to graphically fit the XRR data in order to determine density, roughness and
film thicknessFor the measurements taken in conjunction with this work, two independent fitting
software packages were used and it was ensured that the fitting paramtteysboth produced
were in good agreement. The fitting software packages used were Gldtdlfitand GenX148].
The reflectivity fitting is primarily based on a nlimear least squares fitting ethod [140]and uses
algorithms[148] to prevent the fitting process become stuck in local minima, when optimising
values for the density, rougless and thickness parametenSirstly the structure isimuated by
inputting expected values for the structures thickness, roughness etc. The programme uses these
parameters to simulate the reflectivity curveased on the recurrence eqn. J1740].

Y SN R A Eqn. 3.7
h h

In egn. 3.7he air above the film surface is regarded as jthel layer and the substrate is the
n+llayer.Rj+1 is define as the reflection coefficient at the interface between jaadj+1 layers
[140]. WhereF,j:1 and® are defined by eqn. 3.8 and eg®\9, respectivelyj140].

G Qown Eqgn. 3.8

® Qouir—— Egn. 3.9

GA @Sy miiKthelrms'roughness of the layer almdA & NBf | § SRl 2 ‘A7 dzOK G KI 0
wheren;Ad GKS NBFNI OGADBS AYyRSE 2F (K[$9fCnhceddl | yR A& |
reflectivity for all subsequent layers has been calculated this allows for the calculation of the total
x-ray reflectivity, 1/l=R . [140]. After the initial simulation, the software performs numerous
iterations until the fit conveges on the experimental data.
When fitting the XRR data the fits were run litthe convergence parameters remained the same
for more than 30 minutesnd the limits on the convergence values of density, thickness and
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roughness were set to prevent unreasble values being converged updrhis ensured that all
the XRR data was fit as reliably as possible.

3.2.2.4. Pole Figure measurements

For several of thehin film samplesXRD poldigure measurements were performed.hese
measurements are used for trenalysis of textural information averaged over a large area of the
sample[140]. Inthe poleF A 3dzNBE G SOKyYy AljdzST H* Ad&d FAESR FyR
function of two geometric parameters. The pdlgure measurements were performed by
measuring the diffracted beam intensity of the specific Bragg reflection of intaseatfunction of
sample rotationangle @ G0 @F NA2dza GAt G |y3atsSa 2F (GKS &
plotted as a Aimensional map. It is this map that is known as a {liglere and is essentially a
representation of the distribution of arystallographic orientation in spa¢#40].

InpoleF A 3dz2NB NBLINBaSyidldAaz2yr GKS GAf G | yvAdeS 6.
circularly as shown in fig 3.7, an example gaere plot. As seen in fig. 3.4 sharp, narrow
distribution at the centre of a pole figure indicates a high degree of orientation of this direction
parallel to the surface norm§l50]. A line profile, taken across the pdigure, at a fixed rotation
angleshows the intensity distribution as a function of tilt angle with respect to the film surface
normal. On the other hand, a profile taken as a ring, at a fixed tilt angle shows the intensity as a
function of rotation angle.

Intensity (arb. units)

2.0x10°

1.5x10°

1.0x10°

5.0x10*

I 0.0x10°

Figure.3.7. XRD pole figure for an MgO sample taken at the (002) diffraction peak.

Polefigure analysis provides kmble information on the crystallographic texture that may be
related to physical, chemical and mechanical properties of mat¢fidl3]. Polefigures are useful

for visualising the entation distribution (texture) of grains polycrystallinenaterials.Texture is

the distribution of crystallographic orientations of a sample. A sample in which these orientations
are random is said to have a random texture. If the crystallographic orientations are not random,
but have some peferred direction, then the sample is said to haaeveak, strong, or moderate
texture. The degree of texture is dependent on the percentage of crystals that have the preferred
orientation. Texture can have a great influence on material propef1igs].

The PoleF A 3dzNB YSI adzZNBYSyia 6SNBE LISNF2NX¥SRI 2y O0S
GKS GAfG Fy3aftsS 0.0 O0FRCEDY Yy AFH Scankdsl adsiBITRe( K &
measurements were taken af intervals in both | Y R . Imeéslidil Ketween 0 and 360

I'yR . 0S¢ S Ba¢h individugl Rcargwas performed with a scan speed of 21pér

minute.
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3.2.3 RamanSpectroscopy

The samples havalsobeen investigatd in terms of their vibrational spectia order to gain further
indght into their structural characteristics. Raman spectroscopy has been used as a technique to
investigate thisas it does not necessitatengrangeorder as is the case for XRRlditionally it can

be used to identify between materials, such as magneditd maghemite, that cannot be easily
distinguished from one another usindRO152] [153][154].

The energy of a lattice vibration is quantised, where each quanturmefgg is called a phonon
[155]. Phonons are essentially quantised lattice vibrations in which the lattice of atoms uniformly
vibrates at a single frequen¢¥56]. The energy (eof a given phonon ode of angular frqguency

0 < is given by eqn. 3.10

(@) & -9 Eqn. 3.10

when the mode is occupied by n phonons. The ¥is the zero point energy of the mode and
occurs in equivalence to a quantumrhaonic oscillatof155]. A crystals dispersion relation shows

two different branches of phonon mode, characterised as acoustic and optical modes. Both modes
can be categorised further into longitudinal and transverse m¢tieS]. However, typically, Raman
spectroscopy only probes the Raman active optical modes. Phonon modes are often described by
using Mulliken symbols, the nomenclature of which is described in detdibif] [158]. Different

crystal structurs have different phonon modeand hence different vibrationalpectra.As such,
characterising the phonon modes observed within a given sampléearsed to gain insight into

its composiion and structure

Raman Spectroscopy works by focussing a laser, of visible wavelength, onto the samples surface.
The photons of the laser interact with the molecular vibrations and phonons, within the sample
structure, with the energy of the remitted photons providing information on the vibrational
modes of the system. As depicted in fig. 3.8, an inttigilnoton excites a phonon in a vibrational
energy state to a virtual energy state, which thenaieites back to a vibrational state causing the
re-emission of a photorj159]. The energy difference between initial and final states is measured

as the difference between the incident and emitted photon energy, by the Raman spectrometer
[159]. Theseenergy differences correspond to the energies of the vibrational and phonon modes
of the structure and are typically measured in terms of wavenulshbed gnd is given by egn. 3.11

yx = — Eqn. 3.11

WKSNB a<iKS g1 @St Sy 3th&kwazength & Se femitesd INOt[LSFIR <
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Figure.3.8. Energy level representation of the phonon transitions during Raman Spectros:
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As depicted in fig. 3.8, if the phonon -@&cites back to its original energy state, this elastic
scattering is kawn as Rayleigh scatterif$59]. However, when the scattering is inelastic, a peak

is seen in the Raman spectrum corresponding to a vibrational or phononic mode transition. If the
final vibrational energy state is higher théme initial, this is defined as Stokes Raman scattering.
Alternatively, if the final vibrational energy state is lower than the initial state this isSiokies
Raman scatterinflLl59]. Additionally,m order for a givephononmode to be Raman active, it must
cause a change in molecular polarizabilit$9], where the polarizability is the tendency of the
molecules electron cloud to be distorted by an external magnetic field i.e. electromagnetic
radiation. As such, each molecules polarizability depends on its rotational and vibragtatelf

we consider the rotational and vibrational states to be numbered J and v, according to their energy,
the specific selection rule for rotational transitiods i G Kl &G pW ' sgH® {AYAL N
2yfe p@ I pm (NI YyHFNA2YE I NB wlkYly | OGA@S
The Raman spectra of the iron oxide filstisdiedwere measured uag an HORIBRPLORRaman
spectrometerwith a 532nm waveéngthlaser andusing a 50x objective lens. Before each time the
spectrometer was used a calibration was performed to a silicon reference sample. For each
measurement the optics were at first focused visually onto the sample surface, this was then
checkedby focussig the laser spoto a minimum diameter. Spectra were acquired each time with

an acquisition time of 20 seconds for 5 accumulations and for the iron oxide films betweem100
and 1600cm?, to cover all significant Raman modes possible. Teetepmeter used had a
resolution of 0.5cn?, which alowed for the observation afmall shifts in peak position between
samples, and a beam size of approximatelyrimeaning that the Raman spectra measured were
representative of that given area of thdénfi. To ensure that the spectra were typical of the film in
general, measurements were taken for each sample at five different locations across the film. The
spectrum at one chosen area was then taken 3 times and averaged to aid noise reduction.

3.3 Magneic Characterisation techniques

3.3.1 Mbrating Sample Magnetometry

| _— sample
holder
vibration
along
z-axis
sample
@
c
2 i i
=
=
©
o
w
pick up

coils
Figure.3.9. Schematic representation of a typical vibratiagnple magnetometer set up.
Throughout this work, Vibrating Sample Magnetometry (VSM) has been used to measure the
magnetic properties of the ferriteral hexaferrite samplesdn VSM, lhe sample to be investigated
isplaced inside a uniform magnetic field, created by an electromagnet. This field acts to magnetise
the sample being investigated. The sample is then vibrated sinusoidally, through the use of a
piezoeletric material Detection coils are located close taethample, within the uniform magnetic

47



field. Typically, he changing magnetic flux due to the vibration of the sample induces ageoih

the detectioncoils, whichis measured through a loék-amplifier, using the piezoelectric signal as
the reference gnal. Fom the voltage inducedh the coilsthe magnetic moment of the sample
material can be determinedhence, also the magnetisation. Consequently, measuring this
magnetisation (M) as a function of the magnetic field (H) métasssible to produce &l(H)curve.
Additionally, the magnetisation can be measured as a function of sample temperature (T). A
sample® M(T) characteristicsan allow insight into the magnetic phase transitions present. The
basic VSM set up is shown in fig. 3.9.

To study the fetite sanples at room temperature a MicroSengodel 10 VSM magnetometer was
used.For thesemeasurementsthe samples were mounted on a quartz rod through the use of a
small amount of GE varnish. Both in and out of plane measurements at RT were perfaimgd u
this magnetometer. Where the orientations of the two measurements are shown in fig. 3.10, and
are defined by the orientation of the applied field with respect to the sample. Switching between
the two orientations was achieved by the rotation of the@romagnet.

In-plane Out of plane
H H
—_— @
sample sample

Figure.3.10. Representation of in and out of plane geometries during VSM measurement

The temperature dependent measurements on the hexaferrite samples were performed using a
Quantum DesigWibrating Sample Magnetometer (VSBQUID), Magnetic Property Maaement
System. A Superconducting Quantum Interference Device (SQUAD)ighly sensitive form of
magnetometer and allows for the measurement of extremely small magnetisation and magnetic
field changes, based on superconducting tunnel junctif@®. The use of this more sensitive
magnetometer forthe temperature dependent measurements, allows for any subtle changes in
magnetisation to be picked up as the temperature is swept. For these measurements taken using
the SQUID magnetometer the samples were again mounted on a quartz rod sample holddr and
sampleswvere measured with the magnetic field appliedthe plane of the sample.

3.3.11. M(H) measurements

M(H) measurements were performed on all samplefRatM was measureds a funton Hwith

all measurementstarting at a positive saturatineld, sweeping to negative saturation and then
returning to the positive saturation pointhese measurements allowed magnetic hysteresis loops

to be observed and for the determination of key magnetic parameters. Namely, saturation
magnetisation (M), magetic remanence (M and coercive field 1 Magnetisation was always
measured in electromagnetic usi(emu) and converted to emu/echen the sample thickness and
dimensions were known. The coercivity was always measured as half of the full openirgy of th
hysteresis loop, in magnetic field units of Oersteds (Oe).

For each sample, an initial measurement was performed over a wide field range with a broad step
size, typically 500 Oe. This then allowed an appropriate saturating field and step size to be chose
for the specific sample before running the measurement again. For the hexaferrite thin films
studied, in plane M(H) were also taken at a range of temperatbetween 10K and 30K, as
mentioned previously these were performed using a Quantum Design-S@WD When
measuring a sample using this magnetometer, a M(H) measurement was performed at RT initially
and compared to measurements taken using the Model 10 VSM, to ensure consistency between
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the two magnetometers. It is worth noting that the M(H) maesments were performed, for each
sample, in order of ascending temperature.

For all M(H) measurements takeéhere was a diamagnetic background contribution due to the
sample holder and substrate. As such, each time a sample was measured, a measurenast was
taken of purely the sample holder and a plane substrate, of the same size and composition. This
was then subtracted from the sample measurement.

3.3.1.2. M(T) measurements

All M(T) measurements were performed using the Quantum Design-S@WD.For a fixed
magneticfield value, magnetisation was measured as a function of temperature betwe&nabdl

500 K. These measurements have been performed to gain insight into the magnetic structure of
the samplesas the shape of the temperature dependence tigliaship can provide insight into the
magnetic ordering within a sampl@0]. Magnetic phase transition temperatures can also be
determined from the turning points within the M(T) relationship.

The M(T) measurements weperformed starting at low temperature and measuring to high. Due

to the nature of ferrimagnetic materials the M(T) measurement produced is dependent on the pre
measurement conditions. For each sample, measurements were performed under both Zero Field
Cool (ZFGnd Field Cool (FC) conditions. The FC and ZFC measurements produce different M(T)
relationships due to magnetic anisotropy, which acts to align the magnetic moments in a preferred
direction[160]. In the ZFC case, since nognetic field is applied while cooling, the moments are
locked in random directions for a polycrystalline samaen a small magnetic field is applied at

the starting measurementemperature (10K), themagnitude of the resultant magnetization will
dependon the anisotropy of the system. If the system is highly anisotropic, the small applied field
will not be sufficient to rotate the unordered moments in the direction of the applied field hence
the magnetization measured will be smdlb60]. However, for the FC process, the sample is cooled

in the presence of a high magnetic field. Therefore the moments will be aligned and have less
chance of disorientation, remaining aligned during cooling. Producing a larger magnetisabin at |
temperature compared to the ZFC ca$k60]. The difference between the FC and ZFC
measurementgan then providensight into magnetic structurfgl60].

In the ZF@neasurementsthe samples wereanled from room temperature in the absence of an
applied magnetic field to 10K and for the f/R€asurementssaturating field of 30 kOe was applied
during cooling. For all measurements the §d@s were cooled at eate of 5K/min. At 10K an un
saturating nagnetic field was then applied, typically, this field was 300 Oe but measurements using
different values were also taken. Magnetisation was then measured aKQriervals as the
temperature was increased at a rate oK&mnin. Forconsistencythe FC mesurement was always
performed first. For all M(T) measurements an offset, to account for the contribution of the
substrate, was subtracted. This effect was typically small coedptar the sample signal however,

it was determined by measuring the M(T) dflank substrate.

3.3.2 Ferromagnetic Resonance measurements

Ferromagnetic Resonance (FMR) spectroscopy is aestablished technique used to probe the
magnetisation dynamics of fi® and ferrimagnetic materiald61]. FMRoccurs in the microwave
range of frequencies, in magnetic samples, and has been used in this thesis to study the samples
magnetic properties. Some of the most important magnetic parameters can be deduced form FMR
spectroscopy such as the Landéagtor () > G KS Caw fAYSGARGK dnl 0
[162]. Additionally the microwave properties of the hexaferrites are of significant interest for
microwave device application, with hexaferrites being a widely used nahterithe microwave
industry[6] [82].
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Figure.3.11. Schematic representation of the damped precession of magnetisation (M) w
respect to the external magnetic field (Hyettion.

FMR arises from the precessional motion of magnetisafibn If a magnetic field is applied to the
magnetic moments within a magnesample they will tendto line up parallel to the field in order

to minimise magnetostatic energy. If the magnetic moments are displaced from the external field
direction,they will precess back to it, as shown in the schematic diagram of fig[1%2]L

The motion of the magnetisation is a damped precession and can be described by the-Landau
Lifshitz-Gilbert equation, egn. 3.1A61].

A

_ r A !

a — 4 = Eqn. 3.12

HereHer is theeffective magnetic field, which is a combination of the applied field, the microwave
magnetic field, the demagnetising field and the magnetocrystalline anisotropy®eafthe Glbert
damping constant Y R 1 gyroragnietic &tio and is related to thefactor by egn. 3.2 [161].

r Q= Eqn. 3.8.

o]
where |k is the Bohr magneton. In egn. 2,1the initial term inthe equation describes the
precession motion and the second is essentially a damping term. If a transverse Radio Frequency
(RF) field is applied to the sample, and if this RF frequency coincides with the precessional
frequency of the magnetisation, magnetresonance occurs and the RF power is absorbed by the
sample[162]. In the FMR measurements performed, a fixed RF frequency is applied to the sample
through a waveguide and the applied bias field is swept. The sample alosogbtihe RF power is
measured by a loek amplifier. As the magnetic sample absorbs the RF signal when the frequency
corresponds with the precessional frequency of M, a peak is seen in the absorption at a resonance
field (H).

RF signal | Diode
generator detector
DG in
magnet
Lock-in
amplifier
40Hz out
Ll?
|
Waveguide Dat
. ata
‘ Gl aquisition
Modulation
coils

Figure3.12. Diagram of the microwave spectrometer used to perform the FMR measuren
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The set up of the modulain FMR system used is shown in fig. 3.12. The sampladed on a co

planar waveguidé CPW)in a DC magnetic field. $mall pair of Helmholtz coils applies a small
modulating AC fieldat 40Hz, allowindor lockin detection[163]. A Rohde and Schwarz SMB 100A
signal generator outputs a 10dBm RF signal, of fixed frequency, throu@PMé whiclyenerates

a RF H field at the sample. The RF power transferred through the CPW is detected by an AtlanTec
BZD diode detector, whiatbnverts the RF signal to a voltage that can be messby the lockn
amplifier. Measurements have been performed in this work by measuring the microwave
absorption, at a fixed frequency, as a function of applied magnetic figioically, the absorptio
derivative is plottedan example of which is displayed in fig. 3.13
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Figure.3.13. Typical FMR spectrum measured at 10GHz using a Permalloy thin film samg
resonance field (Jand peako-LIJS I {1 f A Y, ad\iklicaked ia fnd diagram.

Two important parameters are determined from an FMR spectrum: the resonance fig¢ldngH

0 KS f Ay S¥61).RhieKesobgnde Gield positidth deperds on theanisotropy parametersy-
factor, and magnetization of the samplehe lirewidth n lis connected to the damping processes
and,in this case, is defined as the half width at half maximum of the absorptionTllmextract the
resonance field andriewidth values the FMR data was fitted using the derivative of an asymmetric
Lorentzian, as detailed by eqn. 3.[1L61].

Eqgn. 3.4.

Where ... ATgO0 ...OKlistheasymmetrit 6 8 2 NLJG A2y Fdzy Ol A2y YR ¢
0SG6SSYy GKS RAALISNBAGS | yR théimayNAylahddedl padts of LI2 y
the susceptibilityThe resonance field and linewidth given by this equation can also be determined
by inspection of the plotted data, provided that the lineshape is fairly symmetric. The resonance
field is given by the zercrossing, as shown in fig. 3.13 and the linewidth is related to the peak to
peak linewidth by eqn. 351[161].

YO M—_yO Eqgn. 3.5.

FMR measurements weperformed for all hexaferrite thin film samples studied in this work. The
measurements were classiflexs inplane due to the geometry of the measurement, meaning that
the bias field (H) was appliedtime plane of the samples being studidthe field stefsize used was
dependent on the linewidth observed for a given sample, to ensure enough data points were
present across the resonance peak to produce reliable fitting of the datpically,for the
hexaferrite samples a step size of 50 Oe was used, takibg averages at each point. The léck
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sensitivity was also chosen dependent on the strength of the FMR response for a given sample, to
obtain a signal as large as possible without saturation.

For each sample, a measurement was initially taken at afrédgEency of 10GHz, with the DC
magnetic field applied perpendicular to the Rffield. To remove any magnetic contributifnom

the measurement system itself, in terms of FMR response, background measurements were taken
and subtracted from the data. Thiata could then be fitted with eqn. 34Bndthe HF Y R p | @1 t dzS a
extracted. Theseralues were then checked to be reasonable by comparing to the zero crossing
L2 Ay G | pffom th&dBaphical plot of the data.

If a good FMR response was obsenatl0 GHz, then the frequency dependence of the FMR was
measured between &Hz and 1&Hz. Based ahe work of Kitte[164], applied to hexaferrite thin
films[165][162], the frequency dependence can be used to dedudaagor values and anisotropy

field (Hy) values, assuming the JMalues obtained from VSM. By plotting frequency as a function

of H insight can also be gained into the magnetic structure of the samplesearetationship
between Hand frequency will be different depending on whether the uniaarasotropyis normal

to the film plane and whether it is a haot easyaxis[165]. The general frequency relation for the

in plane FNR geometry is given by egn. 8.[1L65]

Q p& pTQ O ONE % O OAI 1°0 Eqn. 3.8.

wK S NI the angle ®f the anisotropy axis relative to the film plane. If this axis lies in the plane of
the sample, then this relation simplifies tioe following[165]

Q p&8 pmMQ O O O O 10 Eqgn. 3.7.

Alternatively, if the sample has a uniaxial axis of anisotropy that lies out of plane, as is the case for
BaMwith large eaxis anisotropy, then the frequency;, tdlationship will be different and governed
by egn. 3.8.[165]

Q p& pmQ OO0 O 10 Eqn. 3.8.

By fiting of the experimental data it is made apparent which relationship holds, indicating whether
the presence of a cone of magnetisation is possible within a given sample.

Measurements were also taken as a functioangle between the DC magnetic field ahd [1120]
crystallographic axis of the substratéhe angular dependence of the resonance field provides
information on the magnetic anisotropy of the samp|&61].

3.4 X-ray Magnetic Spectroscopy

X-ray absorption spectroapy (XAS) and-pay magnetic circular dichroism (XMCD) have been
performed at the cobalt, iron and titaniumddgeso H LJMsf Re hexaferrite samples studied in

this thesisThe measrements were performedn the D6 magneticspectroscopy beamline at the
Diamond Light Source synchrotron facility.

-1 { 61 & RS@St 2 LIGE6]and isa Kidely GskdNdchhique g syncirédtron facilities
today. The utilisation of tuneable synchrotron basethy sources has allowed fgpectra with
extremely high signal to noise ratios. As such, XAS has become a useful tool for identifying the local
structure and oxidation states of a specific element within a vast range of materials.

A variation of the XAS technique is XMCD, whichadgitfference spectrum between XAS spectra
taken with right and left circular polarisedrays, in the presence of a magnetic field. From the
XMCDspectrum,information can be gained on the magnetic properties of the atoms being probed
[167]. A key advantage of XMCD is the element specific nature of the magnetic measurements,
which allows for the investigation of the magnetic contributions of individual elements in different
co-ordinations, giving insight into how substiilbns to different sites affect the magnetic structure

and properties of the hexaferrite thin films.
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3.4.1 Xray Absorption Spectra (XAS)

XAS measurements are obtained by scanning the energy ofrtnesxncident upon a given sample
and measuring the absorptio Xray absorption occurs when anray photon is absorbed by an
atom with the excess energy transferred to an electron. As a result of this photoelectric absorption,
the energy is used to either excite the electron into a higher unoccupied orbital t@rthe
continuum where it is no longer associated with the atoranaj)Xabsorption spectra of any material,

be it atomic or molecular, are characterized by sharp increases in absorption at speaific x
energies. These energies are characteristic of theodiing element. The sudden increases in
absorption observed are known as absorption edges, and correspond to the energy required to
excite a core electron into a higher unoccupied state or into the continuum.
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Figure.3.14. Schematic representation of theskge (blue) and-edge (green) transitions.

The name of the edge depends upon the corecetn that is excited. The principle quantum
numbers n=1, 2 and 3 are represented by the K, L and M edges, respectively. Thusedige K
features arise from the excitation of electrons from the 1s orbital. TTedde from the excitation
of 2s and 2p eletrons[168]. The electronic transitions associated with both the K laedges are
shown in fig. 3.14As can be seen, in the energy level diagram of fig. 3.14,-dugé transitions
are categorised further into the;LL and Ls edges. These are defined according to the initial
electron energy level, with;lfrom the 2s state, 4from the 2p,> and ls from the 2p2 [167].
The electron transitions are bound to follow the quantum mecharseddction rules. These select
the symmetry of the final states of the excited electrons. As such, the most intense features in the
absorption spectra are duetoelectiRA L2 £ S | f f 26 SR GNIyaAldAz2ya o
states. Hence, for the-&dge transitions the most prominent features in the spectra arise from the
core transitions from 1s to-fike final states. Where the most intense features of theahd I;
edges are due to transitions from 2p to final states -@haracter{169].
The energy at which an absorption edge appears depends upon the transition involved as well as
the element measured. For a givelement,the kedge occurs at a higher energy than thedge.
In the case of the 3d transition metalsctuas Fe, this results in theedge occurring in the hard x
ray range of the spectrunThe Ledge occurs at a lower energy than theetfige, between 400
1,000eV, in the soft xay region[169]. Of particular interest for theimagnetic properties are the
L, and L edges of 3d metals such as Fe and Co as the magnetism in these elements arise from the
3d orbitals. An example XAS spectrum at the zeetlges can be seen in fig. 3,10 pronounce
peaks are seen in the absorptispectrum corresponding to the Bnd L. edges, respectively. The
spectrum presented is thaibtained at 30K froma FeOs4 thin film sample. It is evident from fig.
3.15, that there is a finer structure present in the spectra at both edges, as seen blydulelers
on the absorption peaks. These shifts in energy are as a consequence of Fe ions in different co
ordinations and valences. The effects these have on the XAS spectra can be understood through
the consideration of crystal field theory.
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Figure.3.15. XAS measured at the Eahd L. edges of a ©, sample, at 300 K, with verticall
linear polarised xays.

3.4.2 Crystal Reld Theory

Crystal field theory is a model that describes the breaking of degeneracies of the electron orbital
states. This splitting of electron orbitals is due to a static electric field produced by the surrounding
charge distribution. The static eleatrfield produced is known as the crystal field. The charge
distribution creating the crystal field is that of the atoms anion neighbours within the specific
crystal structure being studigd 70].

The basic concept of a crystald wasfirst developed by Beth§l71], who studied the effect of

the surrounding ions on the electron distution within a NaCl lattice. He modelled the interactions
between ionsas due to electrostatic potentials. In thpecific example of NaCl, the Na atom was
considered to be surrounded by 6 negative point charges. Each of the negative charges is known to
create an electrostatic potentigl70]

O Nk A — Eqn. 3.19
nhh

where Vis thepotential of the ith ion, at the point (x,y,z) angk,»is the distance from the from

the ith ion to the point (x,y,z). The origin of the-aainate system is located on the central

transition metal ion. The total potential at any point is then given by edt R 70].
6 i B Onﬁﬁ Eqgn. 3.D.

The process of performing this summation, for a given ion environment, and examining the effect
of the potential on the electron orbitals of the central ion is mathematically cempAs the edges
studied in this work are typically the &nd L2 edges, the most important final states are the d
orbitals, and in the case of the Fe and Co studied, more specifically the 3d orbital states. To define
the d orbitals it is necessary to cader the one electron hydrogen like wavefunctidag0].

W i Yil o b Yrigpr —B e Egn. 3.2.
where n is the principle quantum numbergis the orbital angular momentum quantum number
andm, is the magnetic quantumumber.R (1) is the radial part of the wavefunction and describes
the time averaged probability of finding an electron in the specified orbital at a distainom the
nucleus. The spherical harmonios describe the directional propertiesf the orbital defined by
the wavefunction;i KS&S | NB ¥Fdzy Ol A 2,yh&spherigal polar Sordingfe3[178]a *° | YR
The crystal field due to point charges can be described by a linear combination of spherical
harmontcs, @ , which allows the matrix elements to be calculated purely in the language of
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spherical tensor algebra, as shown by Rgdat2]. The probability density of the 5 d orbitalgzd
dyz Ok G242 and dycanbe represented graphical[t70], as shown in fig. 3.16.

7 z

dXZ

dx2-y2

dyz

Figue. 3.16. Polar graphs of the probability densities for the five d orbitals.

In the absence of a crystal field, i.e. with no surrounding anions, all 5 d orbitals are degenerate.
However, the presence of surrounding ligands and hence crystabfieddo cause a splitting in the
energies of the orbitals. This energy level splitting is different depending on the arrangement of
ligands around the cation, hence the-oddination. The species of the cation and that of the
surrounding ligands also affiscthe splitting, as does the cations oxidation state. Typically, the
higher the oxidation state the larger the splitting of the orbitals, for a giveordination [170].

The dy, d;and d; orbitals lie in the %/, ¥z and yz plane, respectively. Each of these orbitals has

four lobes, as shown in fig. 3.16, pointing between the two axes. Conversely, the lobes gfthe d

and d2 orbitals point along the cordination axes. As a consequence of this, the crystal field affect
the two sets of orbitals differentlf170].

Let usconsider the case of an octahedraloalination, remembering that the three eordinations
present within the hexaferrite structure are octahedral, tetrahedral and trigti@ramidal. The
six surrounding negative charges of magnitude,are situated on the x, y arehxesat a disance

+a. For a general point, £he potential experienced due tharge 1 is given by eqn. 2 73]

6 e Eqn. 3.2.

d beingthe distance from charge 1 to,And can be expressed & W®H | COIAT-O
Hence, an expression for potential duedaib 6 ligands can bgiven by eq. 3.2 [173].

6 B & — — o o a -i
o Ty o T o~ o
I @ uIp T W W Eqn 3.2.

This is the form of the of the crystal field potential perturbing the central ions d electrons. The
perturbation energy of the d states is then given[43.3]

LWyt wsy Eqn. 3.2.

Thus, by calculating this quantity for the five d states (five valuempf2, -1, 0, 1, 2) the
perturbations on the energies of the states due to the octahedradimbnation are determined.

55



The &e?/a term, in eqn. 3.3, is sphertally symmetri@and does not cause any splitting of the levels.
It simply acts to raise the whole set of the d orbital energies by the factorZef/& The
mathematical derivations of the energy level perturbations are shown in sevex#books
including that by Figgid73]. It is found that the d orbitals split into a doublet and a triplet. The

doublet, g, contains the ¢.,2 and d?2 orbitals, both of which are degenerate. The triple, t
contains the degeneratd,,, tk;and d, orbitals. A diagram of this splitting in an octahedral crystal

field is shown in fig. 3.17. It is noted that th@.@ and d2 orbitals are affected more than the rest

by the octahedral field due to having electron density maxima latatghe plane of the axis and
hence closer to the nearest anion. Consequently, the d electrons of the central ion prefer to occupy
the lower energy triply degenerated d.; and g, states. It is seen that theystates are shifted
positively by a factoof 6Dq and the; states are shifted negatively by 4Dg. This results in a splitting
between the double and triplet by a factor of 10Dq, where Dq is a crystal field parameter, defined
by eqn. 325.

$ N — Eqgn. 3.3.

wherei is themean fourth power radius of the d electrons of the central jbR3].

Through applying the same principié€an be shown that a tetrahedral crystal field results in the
same form of splitting of the d orbitals but with the opposite sign to that produced for the
octahedral case. The four surrounding anions are considered as point charges at the points

TFP M—_ﬁm—_ and WFP m_‘ﬁ = - The reversal in the splitting can now be pictured astthe
dyxzand d; orbitals having electron density maxima closer to the anions. As the ligand electrons are
not orientated directly towards tl d orbitals, however, the energy splitting will be lower than in

the octahedral case. Indeed, the splitting is 4/9 that of the octahddriéd].
$K -$N Eqn.3.26.

The tetrahedral crystal field still splits the d orbitals into tReleublet and t4triplet. However, in
this case the4is shifted positively by 4Dq and thgreegatively by 6Dq, depicted in fig. 3.17.
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co-ordination co-ordination co-ordination

Figure.3.17. The d orbitals in an Octahedral, Tetrahedral and Trigonal Bipyramidal crysta

The final ceordination to consider for ehexaferrite structure is a trigonal bipyramidal -co

ordination. This consists of five ligands, thiiewhich areequally spaced in the xy plane of the

cation, with one above and one below. This arrangement can be considered as a distortion of an
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octahedralarrangement. Consequently, a further splitting occurs to therel bg states, resulting

in two doublets?9 QQ d.Rand?9 Q6 {Q ) plus a singletd (Q ) [174]. It is seen from fig.

3.17, that the singlet has the highestenergy and®®€2 Q R2 dzof SG Kl & GKS 26
for the trigonal bipyramidal crystal field can be characterised by the introduction of two new crystal
field parameters . | Y R %6 hadanr@ RENHE& 2 F HBQ R2 dedst SG-HIEKYS Sy
b 5_ POYyRQ (R2Sdzo £ S&i - 5174y SONENY 2 FONA T2y 0 A LR NI
Ada y2ey (2 0S I NASNJ ( Kihedingghs. 7andB8.B[1#6]. 0 2 G K L

$A — — — 1 Eqgn. 3.7.
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Here gis the ligands charges: is the distance to the three ligand ions in thepigne andR:the
distance to the two ligands along theaxis.

As well as the cordination, the oxidation state of the cation also has an effect of theegf
splitting of the d orbitals. Typically, the higher the oxidation state the larger the splitting, With V
having a larger slitting thar?V This is as the difference in charge density allows the ligands to be
closer to a ¥ than a \#*, resulting h a stronger crystal field and therefore larger splitting off the
orbitals[170]. Additionally, in complexes with a strong crystal field splitting it can be unfavourable
for the electrons to occupy the higher energy orbitaleerefore, in this case, the lower energy
orbitals fill completely before the upper sets become occupied. Instances where this ordering
200dzNB NB OFftftSR f2¢ alLIAy adriSa | yRwHRB y2i
only cause a week sfting of the d orbitalsit remains energetically favourable to fill the orbitals

F OO0O2NRAY3I (G2 | dzyRQA Nz Sad ¢KAa Aa 1yz26y KI &
spin or low spin splitting has a large effect on the cations magpetigerties, due to the change

in d-shell configuratiorj176].

As has been shown, the crystal field produced due to differertrdinations, result in differences

in the splitting of the d orbitals. Additionally, the valenddtwe cation also affects the extent of this
splitting. Hence, differences will be observed in the XAS spectra due to the changes in the electronic
transitions as the d orbitals are shifted.

€8

i Eqn. 3.8.

3.4.3 X-ray Magnetic Circular Dichroism (XMGD

The effect of Xay Magnetic Circular Dichroism (XMCD) was predicted in 1985 and was first
observed justone year latef177]. A sum rule was derived tR92 thatrelated the integrated
intensity of the XMCD spectrum over theray absorption edgdo the ground state orbital
magnetic moment[178]. This has helped turn XMCD into a powerful technique for the
determination of spin and orbital ngeetic moments.tlcan provide insight into the element
specific microscopic @iAya 2F | YFOGSNRIfQa o6dz 1 YIF3IAySiaa
magnetic hysteresis, coercivity, magnetostriction and the easy direction of magnetifEéioh

XMCDis the difference spectrum of two XAS takeraimagnetic field, one spectrum measured
with right circular polarised (RCRjays and the other with left circular polarised (LCP). The effect
arises from the excitation of core electrons into the unoccupied conduction sta7®4 As stated
previously for the +and Iz edges, the electrons are most notably excited to the 3d states. Thus, for
magnetic transition metal ions such as Fe, with partially filled 3d orbitals, a difference is seen
between the two spectra due to them-up spindown hole imbalance.

As depicted by fig. 3.18(a), the d shell of the ion being measured is initially partially filled up to the
fermi level.For a magnetic material the d shell has a spin momehich is given by the imbalance

of spinup andspindown electrons (or holes). To measure the difference in the number of d holes
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with up and down spin, the-ray absorption process is made spin dependent by using circular
polarised xrays. RCP photons transfer the opposite momentum to the electrdefiasircular LCP
photons, and hence photoelectrons with opposite spins are created in the two ises. the

psi2 (Ls) and pr2 (L) levels have opposite sporbit coupling, the spin polarization will be opposite
at the two edges. As spin flips are lbden in electric dipole transitions, spip photoelectrons
from the p core shell can only be excited into sppd hole states. With the same being true for
the spindown electrons. Thus, the absorption cresetion for a given polarisation is propianal

to the number of empty estates of the given spifi79].
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Figure. 3.18. (a) Schematic diagram representing the processXMiCD. (b)XASof a
SrCaTkFe09 thin film at the Co b3 for RCPo ) and LCRd 7)) x-rays, together with the
difference spectrum: the XMCD.
If a magnetic field is applied in the positive direction, this aligns the valence electron spins along
the same direction and hence leaving more hole states énrtegative direction. Thus, theray
absorption becomes sensitive to the magnetic polarisation of the atoms, which offers a method for
element specific magnetometrfd79]. Essentially, the hole density of states is split whies
sample is magnetised. Because of thasigy of statedifference between sphup and spirdown
holes in the 3d band, the absorption of LCP and R@Psxwill be diffeent, as depicted in fig. 3.18.
Additionally, as is the case for all XAS speth@&a XMCD is sensitive to the-oodinations of the
cations involved, with the effects of the crystal field splitting the d orbitals in energy, resulting in
changes to the xay absorption. As such, the XMCD can be simulated and fitted using atomic
multiplet calculations, providing insight in to the magnetic contributions of cations in different sites,
to the overall magnetic properties of the material. This technique is especially useful in
ferrimagnets, such as hexaferrites, where the different magnetiocaites can be distinguished
using their opposite magnetic alignmenis7].
For consistency, XMCD is defined as-RCP for a positively defined magnetic field and thus, if
there are more spirup than spindown holesavailable, the XMCD spectrum has a net positive L
and negative 1peak, as is the case in fig. 3.18(b). For the#s) transition (2p.Mo R0  vayst E
are more likely to excite spidown electrons than spip and for the k( -s) transition (2p2lo R 0
the spinorbit coupling is opposite, so the excitations spin sensitivity is opposite. In a more
sophisticated picture, the polarization dependent selection rules give rise to a multiplet structure,
which can serve as a fingerprint for the ground statx&bnic and magnetic structuf@79].
The dependence of the XMCD signal on the strength and direction of the@pphgnetic field can
enableelement specific hysteresis measurementenigntspecific hysteresisan be recaded by
measuring the magnitude of the XMCD, at a specific energy, whilst sweeping the applied magnetic
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field. These measurements are important for the understanding of composite magnetic structures
and their magnetic interactionNd67]. As well as in the case of cobalt doped hexaferrites can allow
insightinto the contributions othe Fe and Co to the overall magnetic properties.

3.4.4 Experimental setup

The xray energies required to cover the transition metadges are ithe soft xray range of the
spectrum,100eV ¢ 5 keV[179]. As such, an intense, tuneableay source is required, meaning
XMCD is aynchrotron based techniqueerformed using a specialised experimental setup for x
ray magretic spectroscopy. Asuch,the XMCD measurements performed instlwork were carried
out on the D6 magneticspectroscopy beamline at the Diamond Light Source synchrotron facility.

Storage ring

Booster ——. "\
ring/;

Linear
accelerator

Beamline

Figure.3.19. Simplified sch-ematic representation of the Diamond Light source synchrotro

A simplified diagram of the synchrotron set up is shown in fig. 3.19.iMfitle synchrotron high
energy electrons are accelerated first by a linear accelerator and then, on a circular trajectory
through the use of bending magnets, in the booster synchrotron ugnt@nergy of 35eV[180].
Having bea accelerated, the electron beam is maintained and circulated through a storage ring,
562m in circumferencg180], within the facility. To maintain electrons lost in the storage ring, the
beam is topped up every 10 minutes. k& electron bem passes the front end of th®d
beamline, insertion devices, known as undulators, cause the electron beam to undulate resulting
in the synchrotron radiatiofil 79].

The 06 beamline uses APRLRindulators to produce xays in the energy range 14@800eV.
These undulators consist of a periodic array of dipole magnets, which create a static magnetic field
alternating along their length. A representation of the magnetic arrays in the undulator, and their
effect on the electrons, is shown in fig. 3.20.
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Figure.3.20. Schematic repsentation of an electrons path through an undulator array and
the emission of synchrotron radiation.

Electrons passing through the array are forced to oscillate resulting in the radiation of energy. This
radiation is concentrated at a set of discrete energies, or harmonics, which are dependent on the
periodict Sy 34 K 27T (K S). Bylchangidgittie MagheldNikldstremgth of the undulator
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the wavelength of the emitted- Wl € & 6<0 OFy 06S {lGdzySR® ¢KAa Aa I20SNY
egn. 329[181].

_ —p — I — Eqn. 329.

whererAda GKS [2NBydGl T OG2 Ndsthe magrietic deflBtiomp@rame® Qi A 2y | y 3¢
given byeB<y/2 meC. Here, e and gare the electron charge and nggespectively, andils the

field applied by the undulatof181]. The APPL-E undulator is an elliptical polarisation type
undulator, consisting of four magnetic arrays. The maniputatib these four arrays allosithe
polarisation of the emitted xays to be controlled by manipulatingeir relative position$179].

The polarised xays produced by the undulator travel down the beamline towards the
experimental end station. As softray waveéngths are absorbed easily in fi79], the beamline

is entirely under UHV conditions. Theay beam is passed through several apertures and grazing
incidence mirrors before being monochromatised by diffraction gratingsb&ham is then focused
onto the sample in the experimental chamber by a toroidal mirror to a spot size pfm2By 200

pm. A schematic representation of the experimental setup is shown in fig. 3.21.
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Figure.3.21. Simplified schematic representation of the experimental XMCD §ET9h

The sample iplaced in a &I vector superconducting magndhe split coil design of the magnet
allows the xray beam to pass through the centre of the magnet. This provides a magnetic field,
which can be increased up toTéalong the stay beam direction and anywhere in a sphere af 2
radius. A cryostat alsallows a 1.&K to 400K sample temperatureange.

There are several methods that can be used for the detectioarrafxabsorption. The decay of the
core holes created results in an avalanche of electrons, with photons and ions being emitted from
the sampé surfacq179]. The detection of any of these processes or emitted particles can be used
to measure xray absorptionTypically, the electrons decay to the core holes, created dueréy x
absorption, with the energy differa®e emitted in two ways. Either the emission of Auger electrons
or the emission of photong 82]. Arepresentation of these decgyocesses is shown in fig. 3.22
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Figure.3.22. Representationf the processes of photon and Auger electron emission.
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For photon emission, as electrons decay photons are emitted evidrgies corresporidg to the
electron transitions. fiese photons are detected and measured as the Fluorescence Yield (FY).
Alternatively, the extra energy resulting from an inward electron transition may be used to
reorganise the electron distribution thin the atom resulting in the emission of an Auger electron
from the outer shell[182]. Total Electron Yield (TEY) detection measures the total number of
electrons emitted from the sample, including Auger, secondary aratoglectrons, were the
secondary electrons are the electrons emitted due to interactions of the atoms with any of the
initial x-ray absorption products, such as the primary Auger electrons, photoelectrons or emitted
photons. As such the number of emitted die@ns is proportional to the number of core holes
created by the incident-rays absorbed by the samg&79]. Therefore TEY is proportioral the
absorption coefficient. Transmission detection, which detects the intensity the xrays
transmitted through the samle, is the only detection method from which the absolute absorption
crosssection can be determined. However, due to the short absorption depths of saifys
samples are required to be very thin for transmissiogtedtion [179]. Hence, transmission
measurements have not been performed for the samples considered here in.

Both FY and TEY detection have been used in this work to measayeaksorption. FY and TEY
were recorded simultamously for each measurement taken. The data analysed aed fitas the
TEYdue to selfabsorpton effects in the F¥ignal, however, it was always checked that the
fluorescence data agreed with the results of the THEYY is measured by measuring the mrai
current flowing from ground to the sample to compensate the electron emission current. The TEY
current (key is related to the xay absorption (1) by eqn. 33179].

kO] _ Eqgn. 3.8.

whereXis a constant factof, A &rayiiri¢iende angle antiis the electron escape depth, which

is typically of the order of-83 nm[179]. Hence, the TEY measurements are surface sensitive.

As the TEY signal is proportional to the absorption coefficient, sum rules can be applied. The FY
however, unlike the TEY, is not proportional to the absorption coefficient amtdrsum rules
analysis cannot be perfored using the F¥ignal[179]. As such in this work any sum rules analysis
performed has beedone so on the TEY dat&s the FYrobes deeper than the TEY79], it is used

as a check that the TEY is a true representation of the bulk of the thin film samples. As mentioned
previously selabsorption is an issue with FY detection due to the emitted photons being re
absorbed before exiting the sample. Henceeda this and the resulting emissions of secondary
electrons, in the softxay region, for the ledges TEY the dominant detection methoflL79].

The hexaferrite samples studied were fixed to the sample holder by coppepicigmlates, which

also acted to ground the samples. Each time a new sample was inserted to the experimental
chamber to be measured, theray beam was repositioned onto the centre of the sample by
adjusting the beamline mirrors. The sample height was sedrwhile the xay energy was fixed

on the iron k peak, to find the sample position relative to the beam and then the sample height
adjusted to centre the beam on the sample.

For each sample investigated, measurements were taken at a grazatygncidence angle of 65

at a number of different temperatures between6 K and 30K. AIIXMCD measurements being
performed with a positive saturating magnetic field of 6T and thayxpolarisation was changed
between RCP and LCP through the use of the unohdaXAS measurements were performed at
the titanium, cobalt and iron-edges over the ranges 4480eV, 776810 eV and 695/45eV,
respectively. Oxygen&dge XAS spectra were also measured over the rang&626V. At the Ti

and O edges only XAS measuents were taken for a fixed polarisation. However, for the magnetic
Co and Fe XMCD, measurements were acquired by measuring both RCP and LCP XAS spectra.
remove the effect of drift in the measurements, four spectra were measured consecutively; the
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first RCP followed by two LCP then a final RCP measurement. These measurements were repeated
at each edge until consistent,peatable spectra were obtainedo analyse the spectra, each data

set was interpolated to produce 800 data points over the given gyneange. The RCP spectra,
taken at a given temperature, could then be averaged, as could the LCP spectra. These averaged
spectra were normalised to the first data point taken. The XMCD could then be calculated.

As well as performing the element speci#AS and XMCD measurements for the magnetic
elements within each sample, element specific hysteresis loops were obtained providing further
insight into the role of each magnetic element. The element specific hysteresis was performed by
measuring the XMCD dhe Ls-edge, relative to a predge position, as a function of the applied
magnetic field, by FY detection, as the ramping magnetic field is known to affect the TEY signal. The
magnetic field was swept from positive saturation to negative and then baak agith a step size
appropriate for the coercivity measured in each individual case.

3.4.5 Atomic Multiplet Fitting

The titanium XAS and cobalt and iron XMCD, once normalised and interpolated, were fitted using
simulated spectraThis has allowed the awrdinations, valences and crystal field energies of the
specific elements within the samples to be determined, thus, giving insight into the substitution
sites of the co and Ti dopants. The simulated spectra were generated based on crystal field effects
and atamic multiplet theory, discussed section 3.4.2usingthe CTM4XAS softwaf83].

The CTM4XAS software code incorporates a combination of atomic multiplet theory and crystal
field theory to simulate XAS and XMCD spectrartmsition metal iong183]. The programme
simulates the spectra based on several input parameters. The parameters were chosen to simulate
spectra of the correct valence and-oadination with the ceordination being controlledy the

aSt SOGA2y 2F GKS a@dYYSGNER FyR ONRBAGFET FASER LI NFYS
were the Slater integral reduction parameters, Fdd, Fpd and Gpd, which describe the two electron
integrals defined by Cowda84], with a parameter value ranging between 0 and 1, where a factor

of 1 uses atomic values, which are 80% of the Haieek valuegl83]. The peaks in the simulated
spectra can be broadened through a combination of Gansaiad Lorentzian broadening. The
broadening wasdjusted, using trial and error, to best match the broadness of the peaks in the
experimental dataFor experimental spectra containing contributions from several different co
ordinations and or valences, ttsmulated spectra were combined and the relative contribntof

each adjusted to fit experimenproviding a relative proportion of each valence anebcdination
present for each element.

(arb. units)

XAS
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Figure.3.23. Simulated TiXAS spectra. For an octahedralardination with a 10Dg = 1.9 e\
(red). For a tetrahedral eordination with a 10Dq =0.9 eV (blue).
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As an example of the simulated spectra, fig. 3.23 compares ¢hehedral and tetrahedral XAS
spectra for Ti". The octahedral spectrum is simulated with@Dq of 1.3V and the tetrahedral a
10Dg of0.9eV.These values are consistent with crystal field thearyich states that the-@rbital
splitting due to a tetahedral surrounding ig}/9 of the octahedral splittinglL76]. Both spectra are
simulated with Slater integral reduction parameters of Inloctahedral symmetry, the crystiatld
splitsthe degenerate3d orbitalsinto anegand atzg configuration, where thetygconsists of thely,

dx, and dy; orbitals and the e; configuration, the higher energg,? and d ,? orbitals[176]. Thus,

two peaks are expected for each spin orbit split initial ste2p"2, 2p"?). In the tetrahedral case,
the orbitals are split into the same triplet and doublet but the triplet now has the higher energy
and the splitting is reducefd.76].

XMCD (arb. units)

1 i 1 i 1

710 715 720

Energy (eV)

Figure.3.24. Simulated FeXMCD spectra. For an octahedratealination with a 10Dq = 1.1
eV. Plotted for several different Gaussiaroadening parameters g

For all spectia the Slater paameters and broaening of the peaks adjusted to best fit the
experimental dataThe effect of adjusting the broadening parameters can be seen in fig.3.24, were
the octahedrally ceprdinated Fé" XMCD is plotted as a function of the Gaussian broadening
parameter (@), for afixed Lorentzian broadening of 0.25. It is seen thateasing the broadening
of the spectra decreases the magnitude of the XMCD peakssthibadening the spectral line
To simulate therigonal bipyramidasite the $symmetry was used with 10Dq86+> 5_ [ |
S+ YR B+l ba¢¥gSsSmI SNB 5. YR 5° @I fdzSa NBA&dzA
these values of the crystal field parametetsed for the trigonal bipyramidal, the fiveodbitals
break up into two doubletdd QQd,Rand?0 ©6 {Q )plusasinglet 6 (Q )with 6 >0 Q
>20@ |+ a SELIS GordnBtiot{1Z6Y) G KA a O2
Before settling on the crystal field parameters used for the trigbiaramidal site, the effects of
varying the 10DdD_ andD’ values were investigated. As shown in fig. 3.25, simulated XMCD data
was produced over a range of 10Dq for fiX@dand D', a range oD_ with fixed 10Dq and" as
well as over a range & values.Compaing the simulationgit is apparent that the 10qg value has
I £ FNAHS STFFSOG 2y GKS aLISOGNIf fAYySaKlFLIST | a
in terms of the XMCD lineshaga.fig. 3.25(a), it is evident that for increase@Dy, the main XMCD
peaks reduce in magnitude and the initiapkeak, at 777 eV, becomes increasingly positive.
For both the Fe and Co simulated spectra of both 2+ and 3+ valences were considered for all three
co-ordinations possible and a combination pestra used to best fit the experimental data. Whilst
primarily fitting to the XMCD of the Co and Fe, comparisons were also made between the simulated
and experimental XAS spectihe fitted XMCD spectra for each sample could then be used to
determine the valence and cerdination of the elements responsible for the magnetic
contributions within the sample. Where fitting of the Ti XAS shows the valence amdlic@ation
of the substituted Ti ions within the hexaferrite structure. Hence, the fitting ofXiA& and XMCD
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with atomic multiplet calculations have been used to provide insight into the role of the Co and Ti
substitutions within the magnetoelectric €ad doped strontium ferrite.
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Figure.3.25. Simulated trigonal bipyramidal CXMCD spectra (a) as a function of 10Ddpfar
=5 '=0.0 eV, (bps a function of Dfor 10Dg=0.8 eV andd '=0.06 eV and (@s a function of
D for 10Dg=0.8 eV and =0.15¢eV.

3.4.6 XMCD Sum Rules analysis

As the xrays only interact with the doital and not the spin part of the electrons wavefunction,
XMCD can be used to distinguish between the spin and orbital part of the magnetic md&éht

Ly GKS SIENI& mhppnQaszx | &S iintegfatedXMCD dpbefrudrdo the S NB
ground state spin and orbital momentums. Sum rules provide a method for obtaining ground state
properties; hence, the discovery of these sum rules has transformed XMCD into a powerful
standard technique. In 1992, Thad¢ al [178] derived the sum rule which relates the integrated
XMCD signal to the ground state expectation value of the orbital magnetic morfier®
Subsequently, Carra et[aB5]derived a secoth XMCD sum rule, which relates thBICD branching

ratio to the spin magnetic momené'YQ'and the magnetic dipole ternd,YQ'in the ground state.

The derivations of the sum rules can be foundlin8][185] and a more detailed description has
been provided by van der Laan and Figudiéf]. For the kand ls edges of emetals, the sum

rules aredefined in eqns. 3Band 3.2. These relate the integrated imsities of the two edges to

the ground state expectation values.

6 O
Egn. 3.3.
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Egn. 3.2.

where” °and’ ! are the integrated intensities of the isotropic XAS and the XMCD, respectively, over
the Ls and L2 edges[179] and the isotropic XS is defined as the sum of both the RCP and LCP
spectra The number of holesys, is often unknown but can be estimated for example using band
structure calculations. Howevemis cancelled out when considering the ratio of the orbital to spin
moment, agiven by eqn. 33[179].

_— Eqn. 3.3,

For the simplification of the sum rules analysis, Chen [gi84] introducedan alternative notation
in terms of the orbital and spin magnetic momewmts and /7s,,,, by which;m, =-& Gandm ="

26Y; OThey also define the parametggs” ,q=" " andr =2/3"°. This therallows the
sum rules to be written as follows;

a --£ Egn. 3.3.

a —¢ Eqn. 3.3

o Eqgn. 3.8.
Given that the number of holes ioften unknown, eqn. 3@is most commonly applied. This
equation enables the orbital to spin magnetic moment ratio to be determined from the biagch
ratio of the XMCDp/q . An example of an integrated XMCD spectrum can be seen in fig. 3.26, in
which the parameterg andq are illustrated. Thus, bgxtractingp and g from the XMCD integral

the orbital to spin moment ratio ofite metal ion within thesample can be determined.
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Figure3.26. Normalised XMCD (red) and integrated XMCD (green) spectra for thee@gés,
with the quantities p and q illustratefd. 79].

The magnetic moment of an ion has contributions from both the spin and orbital angular
momentum. Nonrspherical environments can lead to a quenching of the contribution from the
orbital moment[43]. THs manifests itself as a reductiondnwhich as can be seen from egn. 8.3

is directly proportional ton,. However, the spin magnetic moment is dependent on both p and g

so survives in all cases. The spin moment is related to the number of unpaireeseict the ion,

thus, is sensitive to the oxidation state. The orbital to spin magnetic moment ratio determined
through XMCD sum rules analysis can then be used to gain insight into the magnetic properties of
specific elements within a sample and theirvennment. The ratio is also a useful value to be
compared between samples as a comparison of their magnetic structure. The orbital to spin
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moment ratio can also be used to determine the element specific form of #taetgr, discussed
in section 3.3.2CQis given by eqn. 373187].

Q ¢ — p Egn. 3.3.

Transition metals typically havefgctor values close to 2 and the values determined from the sum
rules analysis can be used to compare between samples as well as to evaluatdatierg
determined through ferromagnetic resonance measuremg¢h&y].

In this work, XMCD sum rules analysis has been performed on the XMCx sji#atned for the
hexaferrite thin films studied. The orbital to spin moment ratios have been extracted by measuring
the parametersp and g from the integrated XMCD spectra. To ensure consistency between
samples thep and q values were all extracted at ¢hsame photon energies. For measurements
taken at the iron edge, these were 7&% and 73%®V forp and g, respectively, and at the cobalt
edge 78%V and 80%V. The extraction of reliabjeandq values relies upon the baselines of both
the RCP and LCpestra aligning with each other so it was insured that a matching sedrofialised
spectra were obtained before the integration was performed.

3.5 Converse Magnetoelectrigleasurements

Theconversemagnetoelectriccouplingmeasurements shownin this thesis were carried ouby
collaborators atNortheastern University,Boston, USAThe magnetisation of th@aamples \as
measured, using a VSM, as a function of applied electric field. The measurements were performed
in a fixed magnetic field of 400 Cappied parallel to the applied electric fielfio apply the electric

field (E) across the thin film samples, a voltage (V) was applied across both film and substrate, by
contacting both the underside of the substrate and the thin film surface, as shown 812ig

Ht

C &
C, e,

O o

g
|
<

Figure.3.27. Schematic representation of the magnetoelectric measurement setup.
LT GKS TFTAEY | yR &adz aiNy R Bspéctivels witR thiGkbeSsesatd, O O2y a il y i
the film and substrate can be modelledta® capacitors in seriesh€ capacitance of the film G
and the substrate’;, then the total capeitance of the sampleQuta) is given byf188]

_— = — Egn. 3.8.

For a given capacitor, the pacitance can be expresses; f188]

0 R i - Eqn. 339.

h

Where A ighe capacitors surface area, in this case the area of the thin flmOusf@ olisyhB
permittivity of free space. Through the combination of equations, 3.38 and 3.39, an expression is
obtained for the total capacitance.

0 —_— Eqn. 3.0.
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The charge stored by a capacitor (Q) is related to the capacitance suck) thaGiowV [188].
Consequently, the potential difference across the filn) ¢dn be expressed as;

w — Eqn. 3.4.
So that the electric field applied across the thin filn) {Egiven by188]

o - —F Eqgn. 3.2.

Making the assumption th&®- | Q- , which is reasonable given that the substrate thickness is
many times larger than the th films, egn. 3.2 can be simplified further.

o — Eqn. 3.3.

Egn. 3.8has then been used to calculate the electric field applied across the film forraappéed
voltage, using the substrate thickness and the dielectric constants of the film and substrate that
are determined from the literature.

At each electric field value, magnetisation was measured feecbnd intervals and an average
value taken oveb0 measurements. The absolute change in magnetisation is then plotted as a
function of electric field applied to the thin film. Using eqn.43[85], the linear magnetoelectric
O2dzLX Ay3 O2STFFAOASY(dH om0 gl a GKSy OFf Odz I SR

| = Eqn. 3.4.

Where W is the permeability of free space.

It is worth noting, eme contribution to the change in magnetisation may occur due to the heating

of the samples due to the voltage being applied. It was ensured that the total change in
magnetisation observed for a given sample, was not as a consequétice beating due to the
applied electric field. In each case the change in M measured was much larger than that observed
in the M(T) over the given temperature range that the sample would heat up over. Thus, the
changes in M due to temperature change agrithe measwgments were deemed to be much
smaller than the magnetoelectric effects and hence not significant

3.6 Summary

The experimental and analytical techniques discussed and explained in this chapter will be used
throughout the rest of this thesit obtain structural, magnetic and magnetoelectric information,
regarding the samples studied.
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Chapter4: Pulsed Laser Deposition Growth System Design and Calibration

4.1 Introduction

One of the main aims of this work has been to developféettdve method for the growth of oxide,

more specifically hexaferrite, thin films. For future practical device applications of multiferroics,
thin films have numerous advantages. For example, the thinner the sample the smaller the voltage
required to appy a given electric field across it. To grow high quality oxide thin film structures, a
pulsed laser depositiofPLD) system has beeleveloped and tested. PLD is well suited for the
growth of hexaferrite films, as it allows for stoichiometric growth of pdew unit cells. It has
previously been demonstrated as a technique to produce high quality hexaferrite films allowing for
cation substitution on the atomic scale duerton- equilibrium growth[133][21] [24].

In this chapter, the design of the PLD growth system is detailed and justified. The system developed
is catered towards the growth of complex oxides, such as hexaferrites, whilst remaining a versatile
sysem, enabling the growth of a wide range of thin film materidsiefly, the PLD system
incorporates a specifically designed target manipulator, allowing for up to 6 targets, which all rotate
individually and can be indexed rapidly. This allows for thevtfr@f hexaferrite thin films with the

R and $lock layers grown from separate targets. Using this ATLAD method, the composition of
the targets could be controlled in such a way that dopant ions can be positioned in just one of the
R or S blocks. Targdtlation is achieved with frequency quadrupletNeodymiumdoped: Yttrium
Aluminium Garnet (Nd:YA@ser, pulsedt 10Hz, andsample heating is achieveasing aunique

35W CQ lase setup.The system desigalsomeans that the samples nébe grown and amealed
safelyin an oxygen partial pressure. This is important for the growth of oxide films in order to
controlthe stoichiometry[19].

Following the design and construction of the PLD, the system has been tested and aalibrate

films have been grown as a function of time, target to substrate distance and growth partial
pressure. The films grown have been characterised magnetically using VSM and structurally, using
XRD and Raman spectroscopy. Calibration of the substratding system has also been
performed, using a pyrometer to measure the substrate temperature, for a given laser power.
Substrate temperatures in excess of 90Mhave been achieved, showing that the substrate heating
mechanism is capable of attainitige conditions required for the formidon of M-type hexaferrite
[21][24] [6]. Using the substrate heating system the growth of an epitaxial magnetite thin film has
also been achieved. Demonstrating that the PLD system developed is effective for the growth of
high quality oxide thin films. Given this achievement, efforts were made to grdypklhexaferrite

thin films. This was ultimately achieved, as detailed in¢hapter.

4.2 Design othe PLDgrowth system
4.2.1 Vacuum chamber design

The first component of the PLD growth system to be designed and constructed was the main
vacuum chamber. Much care and deliberation was taken over the design process to ensure tha
enough ports were available and appropriately placed for the mounting of all the possible
instruments to be used. 8ematic diagrams of theesign are shown in fig. 4.2.1. Once designed,
the chamber itself was constructed by an external vacuum chamlasiajst, to the specifications
required. The portdig. 4.2.1 are numbered and are from here referred to by their number.

Port 6, located at the bottom of the chamber, has been specifically designed to mount the target
manipulator. The centre of the pois offset from the centre of the chamber, such that the centre

of the exposed target lines up with point B, as shown in fig. 4.2.1(b). Ports 2 and 3 are designed to
be used for entrance points of the target ablating, Ukfialet (UV) laser. They are fittevith fused
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silica viewports, to allow the transmission of the UV light. Both ports are centred on the PLD target
located at point B, but at different inclination angles. Port 3 at an angle®artbport 2 at an angle

of 6(°. By aligning the ablatingdar through one or other of the ports, the target ablation angle of
incidence can be changed. For all the samples grown in this chapter port 3 was used, hence a target
ablation angle of 4% Ports 9 and 10 mirror ports 2 and 3 on the other side of the deanmThese

two ports have been included with the intent of being used for diagnostics of the UV laser beam
and or the ablated target plume.
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Figure 4.2.1. Schematic diagram of the PLD vacuum chamber ¢gdront view, (b)side view.

The DN200CF port 1, is used to mount a specifically designed flange that enables the mounting of
the sample stageral shutter. The sample stage allows the position of the sample to be centred on
point A but the stage allows its height and position to be moved relative to this point. The shutter
is used to mask the sample from the target plume duringadvkation. The font and central, port

11, is designed to mount a large viewport, to view the whadi¢he inner chambemnaking it easier

for tasks such as sample transfer and the replacement of the PLD taftetdoadiock sample

transfer system is extended from padt®. Through this, the sample is transferred to and from the
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sample stage. Port 5 is used as the gas inlet into the chamber and port 8 is attached to the vacuum
pumping system, comprising of a turbo backed by a sprotip thatcan be throttled by a valve
system to control the pumping rate. Port 18 and the unlabelled DN100CF port 19, are both centred
on the sample position A. They are inclined at an anglé€ bébw the chamber centre line. These
ports have been designed for the future incorporation of &lédtion HighEnergy Electron
Diffraction (RHEED) screen and gun. RHEED will allow fordtte surface characterisation of the

thin film during growth.

The three ports aligned along the front of the chamber, 13, 16 and 20, are centred on the sample
postion of point A. These three ports are designed for the attachmentlzgd evaporators with

the aim of being able to deposit metal capping layerssiin, to the oxide thin films grown. This

will be advantageous in preventing over oxidation or reductaf the films posgrowth and
additionally allow the samples surface to be contacted, as would be necessary for many electrical
and magnetoelectric measurements. As yet, however, no evaporators have been used in the PLD
growth system and port 13 has beearsed as a window for a pyrometer to measure sample
temperature. Both ports 14 and 15 are designed to be viewports. Port 14 is centred on the target
and is used to vie target motion and degradation, whikort 15 is centred othe sample position

to view the sample and sample stage during sample transfer.

Two different gauges, mounted on ports 4 and 17, measure the pressure of the vacuum chamber.
On port 4, an ion gauge measures the pressure below3xit@r and a pirani gauge is mounted

onto port 17, measring pressures above 1xibar. Port 17 has also been designed to be centred

on point D, which is situated in front of the sample surface position. This was done with the
possibility of using this port in the future to mount a pulsed valve. Eason andrbup at
Southampton have used such a pulsed valve to send intense pulses of gas across the target plume
and have shown that this is effective in removing unwanted particulates from the plume and hence
the thin film grown[189]. This has not yet been replicated in this work but the chamber design
allows for its future incorporation.

4.2.2 Target Manipulator

The target manipulator was constructed by PVD products and enables the mounting of up to 6
targets that can be rapidlindexed as well as individually rastered and rotated. An image of the
target manipulator is shown in fig. 4.2.2.
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Figure 4.2.2. Image showing tBdarget manipulator used in the PLD growth system

The target manipulatois controlled through the use of a labView based software programme. This
programme was written and provided by PVD prot$. The targets are indexed about the carousel
using this programme with the target chosen to grow from being positioned in the centre of the
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slot in the protective plate, as seen in fig. 4.2.2. The UV laser pulses are incident on this target
creating tke growth plume. In order to prevent degradation of just one point on the target and
ensure that the full target was utilised, the target was simultaneously rastered and rotated during
growth. It was found that, to ablate the entire target surface, rastgtime target between 300 and

-300 steps from its zero position, at a rate of 200 steps per second, was optimal. Here a single step
is defined as the smallest unit of movement of the target positionaddition,a target rotation

speed of 17pm was usedas a prime number meaning that this would not synchronise with the
pulse rate of the UV laser. These conditions were then used for the growth of all subsequent thin
films grown with this PLD system.

The PLD targets used, for the growth of thin films is #ystem, were purchased from Testbourne

Ltd. The targets were specified to be disc shaped, with a diameter oimi2%nd a thickness of 5

mm, in order to fit the target holders. The targets had been prepared to a purity of greater than
99.9%. It was alsensured that the density of the targets was greater than 90% of the accepted
theoretical value. This was checked by measuring the mass of the targets prior to use, for their
known dimensions and atomic composition. Usinbigh-densitytarget has been showto be
important in reducing the size and number of particulates in the films grfd&mn).

4.2.3UV laser and target ablation

To ablate the PLD targetsfrequency quadrupledNd:YAQaser is usedThe laser is a LPY6I0

model lase produced by Litron Lasers. The laser outputs pulses of energy, optimised in the UV
region of the spectrum with a wavelengtii 266nm.

The pulses are produced with a repetition rate of® and a pulse duration ofrs. The power
output or eneggy of the laser pulses can be controlled by adjusting tkevi@ch delay. This is the
delay between triggering the laser flash lamp and triggering themich. The peak output of the
laser was found to be 208J per pulse at a-Qwitch delay of 24@s. Fbwever, for target ablation

the laser power was reduced and a pulse energy ofrh0Qvas decided optimal for a controlled
growth rate. This pulse energy was achieved with@@ch delay of 36Q1s.

Figure 4.2.3. The Nd:YAG lagerunted on an optical bench surrounded by safety enclosur

The laser itself is mounted on a 2idby 1.2m optical kench, as can be seen in fig. 8.2The power
output of the laser was measured using a gentec UP19K poweézr. Before operating the laser,

it is ensured that the laser crystal is up to operating temperature and the poveder is aligned

with the beam p&éh before opening the shutter. The laser output is then peaked up to a maximum
manually. The laser then has two options émeration;one is on manual mode with constant set
laser conditions. The other is to use the attacking mode, in which the laseutput is monitored

and the laser setup adjusted to maintain a constant output power. For the two modes of operation,
the laser pulse energy was measured as a function of time, to compare, as shown in4ig. 4.2.
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Figure 4.2.4. Graph showing the UV laser pulse energy as a function of time for a$agtriQ
delay of $0us, under both manual operation (blue) and tracking mode (red).

It is seen thain the autetracking modethe laser output is much less stable than in the manual
mode. For auteracking the laser power repeatedly drops off before being recovered, whereas in
manual operation the laser output decays initially before becoming stable after approximately 3
minutes.Given this, it was found that to produce the most stable beam output, the laser should be
run on autoetrack for 5 minutes before being switched to manual operation, at which point the
power-meter was removed and the laser readied for target ablation. piudile of the beam
produced by the laser was observessing burn paper. The beam shape was found to be
approximately spherical and at a distance of 3@ from the laser beam output has a diameter

of 8mm.

In order to direct and focus the pulsed lasean onto the PLD target, the optical set up shown in
the schematic diagram of fig. 43avas used. Two 26@m laser line mirrors are used in a periscope
system to direct the beam up and then back down through port 3 towards the PLD target. The port
is fitted with a fused silica viewport to allow the transmission of the UV laser beam. The inside of
this viewport is fitted with a stainless steel cone, to protect the viewport from deposition of the
ablated target material.

o UV mirror

Fused Silica

Substrate Lens

==

; uv
\ ‘ J UV mirror N> Laser

Figure 4.2.5. Schematic diagram of the UV laser optics setup. Showing the Laser beam
passing through a periscope set up before being focussed onto the PLD target
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Upon reaching th@iewport,the beamwas found to have diverged to a diameter9mim. To focus

the beam onto the target a planconvex fused silica lens was positioned in front of the viewport.
This lens was chosen to have a focal length ofrBG0producing a focussed beam with diameter

1 mm incident on the target. This spot size could be adjusted by adjusting the lens to target
distance, allowed for by an adjustable lens mount. An image of the adjustable lens holder mounted
on the fused silica viewport is displayed in fig. @.2.

Figure 4.%6. Image of the Fused Silica lens holder, mounted onto the fused silica viewpor

After the bser was aligned and the warm up procedure, discussed previously, completed, the
pulsed beam was allowed to ablate the PLD target in posifitwe initial target used waske0s

target. An image taken of the plume created by the ablation of this targtde/n in fig. 4.2Z. This
image was taken at a vacuum pressure of 1xhbar with a laser pulse energy &D0mJ.In fig.

4.27, no sample is present but the sample holder can be seen in the centre of the chamber. The
sample shutter is also closed, preximg the plume reaching the sample position. For the growth

of a sample, the target was always mablated for 1 minute with the shutter closed. The pre
ablation of the target has been shown as an effective method for the cleaning of the target and for
achieving the stoichiometric removal of target materjaf0].

Figure 4.2.7. Image showing the plume of material created by the ablation of0a teget,
with a pulsed laser energy of 100 mJ at 266 hma vacuum pressure of 1x1thbar.

The laser system is cooled through the flow ofioleised water and, for safety and to prevent

damage to the laser; several interlocks are in place, which shuagiee down if the interlocks are

broken. The interlocks are on the -@mnised water level and temperature, on the laser case and

shutter, as well as on several other partstioé laser system anthe laboratory door. All in the

laboratory also wore safetgoggles during laser operation and importantly the entire laser path,
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up unto the chamber is enclosed by a Perspex safety enclosure, shown in fig. 4.2.4. The enclosure
has access doors to the side, which are used for the adjustment of optics and beamwstiEzgyn

4.2.4 Sanple Holder and sample stage

The design of the PLD system means that the sample must be mounted above the target in or
around the centre of the vacuum chamber, with the surface of the substrate facing down towards
the target.In order b heat the substrate an Infrared €@ser system was used with the laser
illuminating the back of the substrate from above. To meet these requirgsnthe design
presented in fig. 4.8.was implemented.

ZnSe viewport
|

Rotational Drive
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X, Y, Z-stage

L | Port 1 Flange
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Shaft

=== Sample Holder
= Cradle

—
Figure 4.2.8. Schematic diagram of the PLD sample stage design

Fitted to port 1 of the PLD chamber a specially giesilport adapting flange wasade. This port
adapter on the underside has a DN200CF flange to mount to port 1 of the chamber. On the top side
of the adapter, is a DN100OCF flange, enabling the mounting of an xngnipulation stage.
Surrounding this flage and protruding higher than it are three DN16CF flanges. The shutter is
mounted on the flange to the left hand sidé the stage ands made from an oval shaped piece of
stainless steel sheet, mounted on a stainless steel rod, attached to a manuabmaiadrive. The
other two DN16CF flanges were designed in order to provide alternate positions for thershutt
andalso allow for other components to be added, such as crystal deposition monitors.
The X, y, z manipulation stage, mounted thie top of theport adapter,enables motion of the
sample stage relative to the target. In the plane of the sample, the x and y motion both allow 25
mm of movement about the centre of the chamb&he sample height, and hentaget to sample
distance, is controlletly the z position, enabling0mm of movement about the chamber centre.
As is shown in fig. 42.on top of the x, y,-8tage a rotational drive is mounted. This is a UHV
Design Motorised MagiDrive, which allows for the rotation of the sample stage, to a@nesen
film distribution across the entirety of the sample surface. The sample stage rotation is also
important for the substrate heating mechanism to provide an even distribution of heating across
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the substrate, which is illuminated by the infrared laf®m above. The rotation is driven by a 24

V DC motor, with a 25:1 ratio gearbox, which, on maximum output, produces a rotation speed of
33rpm. However, for sample deposin, a slower rotation speed of 10rpm was found to be more
suitable. To allow théransmission of the infrared laser beam through the sample stage system to
the sample, the interior of the rotational drive is a hollow tube, sealed by a DN16CF zinc selenide
(ZnSe) viewport. To allow transmission of the 106@0infrared laser beam.

The nside of the rotational drive has a flange for the fixing of the remainder of the sample stage.
Fixed to this is a specifically designed hollow aluminium shaft to allow the IR laser beam to pass
down its centre. As seen in fig. 82the shaft passes dowrthrough the X, y, &tage, the port
adapter and into the chamber. To mount the sample holder cradle to the aluminium shaft, two
stainless steel rods are fixed to its end. This aids the access of the area above the sample holder,
which is beneficial for #a beam alignment of the GQubstrate heating laser.

The design of the cradle for the mounting of the sample cartridge is shown in fig. Bh2. cradle

is made from digh-gradestainless steeln the top plate of the cradle, twboles25mm apart are
designed for mountingo the stainless steel rods above. The larger hole in the centre of the top
plate, with a diameter of 1énm, is for the laser beam to access the sample below. The sample
cartridge itself is designed to slide into the slots, such thatsample at the centre of the cartridge

sits in the centre of the cradle. The cradle has been designed with the emphasis on minimising the
contact between sample cartridge and cradle. This is important when the sample is to be heated
to high temperatura, in order to reduce thermal digpation.
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Figure 4.2.9. Schematic diagram of the PLD sample holder cradle

2.5mm holes have been designed in the in the stems of the cradle. The lowest hole is positioned
level with the centre of the sample cartridge slot and the other i@ above this. These holes
were designed witlthe intention of mounting a ball bearing in the lower hole supported by a spring
loaded attachment in the upper. This ball bearing would then position itself within the groove in
the side of the sample cartridge, seen in fig. 4024dnd would act to holthe cartridge in place. It

was found however, when testing the system that this was not needed to hold the sample cartridge
in position, as friction alone was sufficient. The cartridge is made from titanium to withstand the
high temperatures at which theasple is heated.

Thetitanium cartridgeitselfis 2.5mm thick with chamfered front edges to aid its sliding insertion
into the cradle. The front of the cartridge is radial in shape for the same purpose also. The sides of
the cartridge are flat so to beompatible with the slots in the cradle, up to a pointim back from

the centre of the cartridge. Where a step in the edge of tagr@dge prevents it sliding furthento

the cradle, such that the centre of the sample sits in the centre of the sampge.sta
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Figure 4.2.10. Schematic diagram of the sample cartri@gpewing views from the side, rea
top and bottom.

To hold a substrate, the sample cartridge has a holanfi®square, with a 1/ m square recess
around it. Within this recess, a piece of macor ceramic has been designed ta &oich x 5mm
substrate. The Inm tapped holes in the recess of the samphrtridge allow the ceramiaset to

be fixed in position. This system is versatile enabling the ceramic inset to be changed if damaged
and for the insertion of different ceramic insets designed to holdssaltes of different sizes. The
ceramic insefs shown mounted in the PLD cartridgm fig. 4.2.1. The sample cartridge inset is
made from Macor ceramic chosen due to its good thermal insulating properties, in order to
minimise the conduction of heat away from the sample through the sample holti¢he/Acentre

of the ceramic inset is a 5tBm square indent, into which a substrate is placed face down. In order
to stop the substrates falling straight through, the corners of the square are lefG5hick, thin
enough to prevent significant shadowin§the sample.

Figure 4.2.11. Image showing the top view of the PLD sample cartfitigemage was takel
after several hots of deposition with substrate heating.

An image of thesample cartridge is shown in fig. 4.2, Bfter it had been used to gw numerous
samples The sample cartridge is transferred into the chamber from the-loak system using a
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magnetic transfer arm, on the end of whichaispecially designed bayonet type connector. This
connector is spring loaded and is designed to slot into the end of the PLD cartridge. Rotating the
magnet by 90 rotates the bayonet pin in the hole in the cartridge, locking the cartridge to the
connectot

4.2.5 Loadlock system

To transfer samles in and out of the PLD chamber, fast aftéctively, without breaking the
vacuum of the chamber, a loddck system has been designédschematic diagram of the load
lock assembly is shown in fig. 42.1

Magnetic Transfer Arm

Bayonet Connector
Gate Valve 2
[[:::l Sample Stage
ﬂf‘l
S

-

I I

Gate Valve 1 | > N H )
Fast Entry Door ﬂ u:iT' Load-lock N |
HﬁCartrldge Holder ~
-
—
Linear Drive

Figure 4.2.14. Schematic diagram of the PLD-loeki system.

The lower part of the loadock system, below gate valve 1, consists of wd&y DN4OCF cross, on

the bottom of which is mounted a 98m extension nipple with a 158m linear drive. On the front

of the 5way cross is a viewport to see into the fast entryklazn the side is a fast entry door and

to the rear an Edwards EXT 75DX turbo pump is mounted, to rapidly evacuated the fast entry lock.
The fast entry door can be opened and the sample cartridge, loaded with a new cleaned substrate,
is mounted in the lod-lock cartridge holder, as shown in fig. 43.4ttached to the head of the

linear drive. This piece is made from aluminium and has been specifically designed to house the
sample cartridge and transport it to the second part of the l@ak system.

Figure 4.2.13. Image showing tfeat-Hlock cartridge holder. Mounted on the 150 mm line
drive.
With the sample cartridgsecure in the loadock holder, the fast entry lock is evacuated by the

connected turbo. After a sufficient vacuum pressure of <Pxh0ar, is reachedgate valve? is
closed before gate valve 1 is opened and the sample is movedaithe top part of the loadock
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using the linear drive. The top part of the lebitk system consists of two connecteavly DN40CF
crosses. The linear drive moves the sample cartridge into the first of these crosses to a height level
with the magnetidransfer arm. The transfer arm can move the sample cartridge a distance of 600
mm, which is sufficient to transfer the sample into the centre of the PLD chamber.

Fig. 4.2.4(a) shows the loatbck system as viewed from the left hand side of the PLDnblea

This view is the same as that detailed in fig. £2Ih this image, it can be seen that attached to

the end of the magnetic transfer arm is a supporting brace. This effectively supports the magnetic
transfer arm and indeed the rest of the lo#mtk system.

7

“ E]
‘Support Arm

v

Figure 4.2.14. Images showing the PLDJoall sample transfer systenfa) from the left side
of the chamber, (b) from the right side of the chamber.

Fig. 4.2.4(b) shows the loadock system from the opposite side. The firstv@y cross has 3
viewports, mounted on the front back and top flanges. These viewports allow theddckdolder

and magnetic transfer arm connector to be seen, whemsferring the sample cartridge. A second
6-way cross with a viewport on its front flange, allows the sample cartridge to be viewed during
transfer. The purpose of the inclusion of this seconslay cross was for the mounting of a sample
storage column. TiB has not yet been included on the system but it is planned at a later, date
allowing several samples to be loaded into the ldadkat once

One important consideration in the design of the ldadk system was the design of the bayonet
style connectomattached to the end of the magnetic transfer arm. This connector locks on to the
sample cartridge and remains fixed as the cartridge is transported between thédola@nd the
sample stage before being easily detachable. The designs of the two maéngbdahte bayonet
connector areshown in fig. £.15. In fig. 42.15(a), the bayonet shaft is attached to the magnetic
transfer arm by the M6 threadlhe flats on the side of the broadest part of the shaft allow the
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thread to be tightened to the transfer ar with a spanner. The shaft narrows to a stretch that is
4mm long and has a radius of @ritn, upon which a spring is mounted. The other end of this spring
fits into the 7.5mm recess in copper sliding bush fitting, shown in fig. (@)1 This copper bush

is mounted on the nm square part of the shaft. This part of the shaft is7it in length, allowing
the springloaded movement along it. The bush is held in place bynandong pin that is inserted
into the 1mm cylindrical hole at the end of the shafiith the pin tight enough to be fixed in place.
The square design of the shaft prevents the bush from rotating. Two shorter pims, i length,

are fixed into the 2.5nm holes in the coppdbush;these are to aid the alignment of the bayonet
and the catridge, when transferring the sample. The shaft is made from stainless steel and the
bush copper. Copper was chosen as the bush material as this is a softer metal than tfiE9dhaft
and would ease the sliding of the buslerd) the shatt.
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Figure 4.2.15. Technical diagrashthe bayonet type connector, attached to the end of tt
magnetic transfer arm, (a) the bayonet shaft, (b) the sliding bush fitting. All measuren
shown in this figure are in mm.

In fig. 4.2.86 the assembled bayonet connector can be seen, attached to the end of the magnetic
transfer arm. The connection is made with the sample cartridge by the pin at the end of the shatft,
in its horizontal position, sliding into théos at the end of the cartridge. This forces the spring to
compress as the copper bush is slid along the shaft. When the pin reaches the cleanimy ihi®

the cartridge, it is rotated 90 degrees and the tension of the spring pushes the bush up to the
catridge locking it in place. The pins extruding from the copper bush fit into the slots in the face of
the cartridge, shown in fig. 4. D1preventing the cartridge from spinning on the bayonet.
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Figure 4.2.16. Image of the bayonet type connector attached to thgnatic transfer arm

4.2.6 Chamber pressure and gas flow system

As previoust mentioned, the chamber and loddck system are evacuated through the use of two
Edwards EXT 75DX turbo punmipsese two turbos are both connected to the same backing pump.
The backing pump is an Edwards nXDS6i rotary pwhjch was chosen for its aljlito safely
pump oxygen ga$Both turbo pumps can be isolated from the backing pump by Edwards speedi
valves that are placed between the turbo and the backing pump. This allows thldagdump to

be isolated from the pumping system and spun down ineortb remove a sample. The PLD
chamber, without being baked can readily achieve pressures as low as mED. This is
significantly lower than the pressures need for the PLD growth. Howeveheéi® evaporators
were to be added to the system lower p®ures would be required and could be achieved through
the baking out of the chamber.

To chamber

O
Swagelock
isolation valve

Mounting holes PLD Gas Manifold

gas bottle 1 MFC

Gas switch valve [}:[
gas bottle 2 Swagelock ©
o isolation valve o

—

To rotary pump

L]

Figure 4.2.17. Schematic diagram of the PLD gas manifold.

An important aspect of PL@rowth is the ability to control the pressure of the chamber during
growth as well as the gas mixtui22] [127]. For the growth of oxides and more specifically ferrites,
a controlled oxygen partial pressure is often required to maintain stoichiometry, with the oxygen
in the chamber replacing any of that lost from the targ@?] [190]. As such, to control the gas
pressure within the chamber, systems to manipulate both the inflow and outflow of gas have been
designed. A gas manifold has been hdi{i. 4.2.17 incorporating a Massléw Controller (MFC),
which controls the rate at which gas is leaked into the system to create a partial pressure. The
manifold allows the option of two different input gasses. The finetmdof the MFCenables the
partial gas pressure within the growtthamber to be reliably controlled. Additionally, as a second
mechanism for controlling the pressure of the chamber, a gas throttling system has been
constructed to control the rate at which the turbo pump evacuates the chamber. A combination of
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both the ga manifold and throttling system have been used to control the flow of gas through the
system and achieve settled partial gas pressures within the chamber. This has been achieved over
a wide range of pressures and the system is adaptable to incorporaidearange of gasses.

A schematic diagrametailing the gas manifolts shown in fig. 4.271 Themanifold is mounted to

the side of the PLD chamber staritvo gas bottles are mounted to the legs of gtand;this set

up is shown in fig. 4.2.20(a). Theawasses used initially were nitrogen and high purity oxygen,
nitrogen chosen due to its inert properties and oxygen for its previously mentioned advantages
when growing ferrite films. These gasses could be readily swapped for other appropriate gasses to
achieve specific growth conditions. The gas bottles are fitted with regulators and stop valves to
regulake the pressure in the gas linas can be seen in fig. 4.8(a). All fittings and connections
made in the gas manifold system are made using Swagetioig$. The incoming pipelines from

the two gas bottles are connected to axdy gasswitching valve, with the valve pointing upwards

gas from bottle 1 can flow along the pipeline towards the MFC. When the valve is turned down gas
from bottle 2 flows to he MFC. The MR@en controls the gas flow into the rest of the system. The
MFC used is an Alicat Scientific MCE series, which was chosen as it controls the flow rate betweer
0.1 and 100sccm, allowng adjustment over a wide range of PLD chamber pressivib. an
appropriate flow rate set for the desired growth pressure, the gas flows further down the manifold
system where a-piece splits the line. One direction leads to a KF connector that has been designed
to be connected up to the rotary pump and usedpurge the pipeline before a different gas is
used. The other direction leads to the vacuum chamber itself. As can be seen in the diagram of fig.
4.2.17, both directions can be closed off by Swagelok isolation valves.

Figure 4.2.18. Images showing, (a) the oxygen gas bottle, with regulator piped up to the P
manifold, (b) the PLD chamber gas inlet, with leak valve and pipatetmithe gas manifold.

The gas line is connected to theachber at port 5, as shown in fig. 48(b), via a VG Scienta
manual lek valve The leak valve enables a further mechanism for the fine control of the gas flow
in to the chamber and allows the gas manifold system to be completely isolated for when pumping
down the chamber or when high vacuum conditions are required.

A specifically designed gas throttling system can also control the evacuation of the gas from the
chamber. This system is shown in fig. #2The image shows the turbo pump attached to théP
chamber through the throttling system. Attached to port 8 of the chamber is a double sided
DN40CF flange, welded through the bottom of which is a pipe, with a 4 mm inner diameter and on
the end of the flange is attached a VG Scienta rigigled gate viae. On the other end of this
right-angled valve is afiece, on the side of which a DN16CF flange is connected to a leak valve,
which is in turn connected to the@m pipe. The remaining flange of thepiece is connected to

the turbo pump.With the right-angled valve opened, the turbo is able to pump on the chamber to
its full capacity. However, in order to effectively throttle the turbo and reduce theging speed
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to the chamber thevalve can be turned to a fraction of its fully opened position. Addiily, for

even further throttling of the turbo, the righingled valve can be closed completely and the leak
valve opened. This allows for a very fine control of the pumping speed. Controlling the pumping
speed, in addition to the fine control availalite the inflow of gas, allows the pressure within the
chamber to be manipulated reliably, producing a stable partial pressure for the growth of thin films.
Ultimately, the gas flow system has been used to effectively control the partial pressure of the PLD
chamber over a wide range, between 1xXIfbar and 1x1& mbar.

Right Angled
Gate Valve -

Figure 4.2.19. Image showing the PLD turbo throttling system.

4.2.7 Substrate heating and temperature calibration

As discusseih section 4.2.4, the sample stage is designed with a hollow centre and a ZnSe viewport
mounted at its top, to allow the dick of the sample to be heated by an Infrared. @Ser beam.

The beam enters the chamber through the ZnSe vitvand passes through the hollow sample
stage while the sample is rotated

CQ laser substrate heating has been used in PLD previously, naialy 9 a 2y Qa I NR dzLJ
University of SouthamptofiLl27]. This method of substrate heating has been adopted for the PLD
system developed in this work as it allows the substrate heating to be maintained whilst
simultaneously raating the sample.For heating methods, such as resistive heating, where
electrical contacts to the sample are required, sample rotation becomes a problem. One possible
solution in this case can be the implementation of electrical rotary bush contactsheset
solutions have been found to be less religldi27]. The laser heating method is also a safer method

for growth within high oxygen partial pressur€&hashiet al[192]developed a PLD substeat aser
heating system, with a similar geometry to that used in this PLD, in which the laser is focussed onto
the reverse side of the substrate from above. Their system uses an Nd:YAG laser optical fibre that
is focussed through a viewport at the top oktkacuum chamber. Alternatively, the laser heating
system developed by Easenhal[127]has a horizontal geometry. Thatilise a 25V CQlaser that

can be focussed onto the back of the substrate using two different mett@s.method they use

to evenly heat the substrate is to raster scan the beam across the substrate. Another unique
method they have developed is to spatially reformat the beam into a square profile, that covers
the entire substrate by a ZnSe tefpaism[193].

Using a C@aser, operating at a wavelength of 10600, is an efficient method for heating the
oxide substrates used as they absorb strongly at this wavelength. Laser substrate heating was also
chosen as it can be used ashieve the high substrate temperatures required, in excess of°@00
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[127]. This method can be used to ramp the substrate temperature very rapidly, with ramping
between room temperature and 80C in a matter of seconds, enaiy the flash heating of
samples. Routinely, however, a controlled ramping of temperature is achieved by a gradual
stepping of the laser power.

The laser used for the PLD substrate heating in this worlBE\& 482 series SYNRAD carbon
dioxide laser. fis is a quastontinuous wave laser, which means that the |&gump source is

only switched on for given time intervals, which are short enough to reduce thermal effects but still
long enough to produce optically a state of continuous wave operatiba.ld®r is powered by

30V DCprovided by a Farrkstabilised power supply. AKBz, TTlpulsed signal is used to control

the laser output, this signal is produced by a TG1010 function generator with an amplitudé of 5
The laser power is controlled loyodulation of the pulse width, so increasing the duty cycle of the
signal increases the power of the laser. The signal generator allows the duty cycle to be adjusted in
0.1% steps enabling fine dool of the output laser powerWith the laser powered byhe 30V DC,

a tickle pulse must first be applied. This is a pulse with a pulse lengthfL5% duty cycle) and
acts to preionise the laser gas to just below the lasing threshold so that any further increase in
pulse width results in laser emissionllBwing this, the duty cycle can then be increased to produce
the desired laser power.

Figure 4.2.20. Image of the €8series SYNRAD {Q&ser, mounted on the cooling base.

As is the case with all high power lasers, the laser must be cooled during operation to prevent over
heating. To achieve this the laser is mounted on a base to véictooling fans are attached, as
shown in fig. 4.2.@ The C®laser, and attached cooling fan base, is mounted on the top of the
optical hutch, designed as the enclosure for the UV laser optics. The laser positioned on this
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platform allows the emitted Iser beam to be directed across the top of the PLD chamber, down
through the ZnSe viewport and through the centre of the sample stage, onto the sample.

An image of the PLD substrate heating optics set up is shown in figl.4r2 @der to mount the

optics associated with the laser, a 360n wide platform is extended from the end of the optics
hutch, as can be seen in the image. The platform has a grid of tapped holes, to replicate an optical
bench for the mounting of optics. As shown in fig. 412.2t the chamber end, the platform is
supported from the top of the port 1 flange by two adjustaldgs.

TheCQ laser is designateds a class 4 lasand emits laser radiation that is invisible to the human
eye. As such, it was imperative that the proper saferecautions were in place when using the
laser. The same interlock is applied to the laboratory door, which is used for the UV laser, and
appropriate eye protection is worn. Additionally, enclosure of the beam is achieved by the optical
set up detailedn fig. 4.2.2.
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Figure 4.2.22. Schematic diagram of the @8er substrate heating optical set up.
The infrared beam exits the laser at a height ol above the height of the optigdatform. To
enclose the beam series of 4nch diameter lens tubes are used. These tubes are anodised in black
to reduce any reflection of the laser bmaand are supported by three optical posts, as shown in
the schematic diagranBetween optical post 2 and 3, there is arith gap in the lens tube. This
gap is designed so that lenses or other optical components may be inserted into the lens tube at
this point, if required. To enclose the gap in the lensdud sliding lens tube piece was designed to
slide over the existing tuheThe third optical post is positioned close to the end of the optics
platform with a 3inch long lens tube extending to above tR&D chamber sample stage. On the
end of the tube a 4nch gold coated copper mirror is mounted in a right angled kinematic mirror
mount. This mirror acts to reflect the laser beam down through the ZnSe viewport and through the
sample stage onto the sampl&he mirror mount has four tapped hole in whiclmén cage rods
are attached and support thenount. These rods can be extended to adjust tharor mount
positionin the x direction, where the x direction is defined as the parallel to the initial doneofi
propagation of the lasedA final lens tube extends down from the mirror mount towards the ZnSe
viewport, with a gap being left between the tube and the port, to allow for adjustment of the z
height of the sample stage. The gap also acts to aid tigaraknt of the laser, as the laser beam
path can be checked in front of the viewport. To allow for flexibility in the height adjustment whilst
enclosing the beam path after alignment, a sliding viewport cover tube was designed.
The laser is specified to & a near Gaussian beam profile and the beam waist diameter at the
output of the CQlaser was measured to be 3®m. The path length between laser and sample
was also calculated to b@250+ 45) mm and at this distance; the beam was measured to have
diverged to a diameter of 4.B.am. Given that, the substrates ararim x 5mm in size it was decided
that no further manipulation of the beam size was required to heat the samples.
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Once the laser had been aligned the PLD chamber was evacuated to a pressur@’afibar and

a silicon substrate positioned in the sample holder. The sample heating system could then be tested
on the Si substrate. It was observed that as the duty cycle, and hence power of the laser, was
increased the substrate began to glow. Theaen initially glowed a faint red, before becoming
brighter with increased laser power and eventually glowing a bright orange. An image of the
glowing silicon substrate is shown in fig. 4&&), taken with an 80% laser duty cydiey. 4.2.3(b)

shows he incandescence of an.8% substrate heated with a laser duty cycle of 80%. By comparing
the images in fig. 4.2 it can be seen that the Ab; incandesces a much brighter white colour
compared to the orage glow of the silicorgs expected due to thALOs; having a larger emissivity

than thesilicon[194] [195].

€))

Figure 4.2.23. Images showing, (a) a silicon substrate, (bY@ns@bstrate, heated by the GC
laser with an 80% duty cycle.

The three different substrates used in the initial growths, using the PLD chamber, were Si, MgO and
ALQGs. It was found that, while te Siwithstood easily the substrate heating and temperature
gradients involved, the MgO and:@} substrates were damaged in the process. Both the MgO and
ALQO; appeared to crack andedorm, when the laser power was greater tha@W (60% duty cycle).

By the form of thedamagejt was suspected that this damage was caused by thermal expansion as
the sample was heated. In order wvercome this problem, a Substrate was used as an
intermediate layer, as the & a better thermal conductor and will act tlistribute the heat more
evenly across the MgO or.8% substrate, via thermal conduction.

Before the growth of samples, the temperature of the substrates was calibrated as a function of
laser power. To measure the temperature of the substrates duringitngan infrared pyrometer

was used. This measures the infrared radiation emitted by the substrate through incandescence to
determine its temperature. Where the irradiancg, is a function of the substrate temperature,
given by the StefaBoltzmann lawequation 4.1/196].

Q.Y Eqn. 4.1

Where,uA & GKS SYAaaigdaigis te BtefarBofzmandzioasiamiIHénSe, fory R
substrate with a given emissivity the temperature can be deiaed.

The pyrometer used is an Ircon MODLINE PLUS infrared thermometer and for was positioned
pointing towards the surface of the sample, through port 13 of the &idnber The controller of

the pyrometer displays the temperature measured and this vex®rded for the three different
substrates, Si, MgO and.®, as a function of CQOaser duty cyclelt was found that as the
temperature was increased the pyrometer became saturated, thus, neutral density (ND) filters
were needed to reduce the light intsity at the pyrometerThese filters reduce the intensity of all
wavelengths, numbered according to their transmittance (ND1 transmitting 50%, ND2 25% and
ND3 12.5%T0 measure between 45600°C an ND1 filter was used, between 6800°C an ND2

filter andabove 900C an ND3 filter.

At each duty cycle, the temperature was observed over a period of 5 minutes to ensure that the
temperature had settled, before increasing the laser power. An emissivity §f®43was used for
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the dlicon substrate, while for the MgO and.@} emissivity values of 0.3897] and 0.48[195]

were used, respectivelyfhe graphs of the results, showing substrate temperature against laser
duty cyce, are displayed in fig. 4.212 The relationship between duty cycle and substrate
temperature follows a similar form for all three substrates and this relationship idinear. With
increased dutycyclethe increase in temperature with each incremestreduced. The pyrometer
does not measure below 250 and it is seen that for all three substrates this temperature is
exceeded with a laser duty cycle as low as 8%. In fig.44a,2he silicon substrate reaches a
temperature of over 908C for an 80% du cycle. For the MgO and &%, in Fig. 4.2.2(b) and (c),
these substrates follow a very similar temperature relationship at low duty cycles and as the duty
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reaches 858C at 80% duty cycle and the.®d reaches 88%C. These small reductions
temperature compared to Sire expected due to the presence of the extra silicon contact layer.
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Figure4.2.24.The sibstrate temperature as a function of €@ser duty cycldor (a)a silicon
substrate (b)an MgO substratand (c)ALO; substrate, measured at a pressure of 1xdtar.

The temperature could only be measured from the pyrometer scalabglito thenearest 10C
hence, this is the source of the error bars associated with the data in fig44@n2occasions where

the temperature fluctuated by more than this margin, this was accounted for in the error bars.
These temperature variations we attributed to fluctuations in theCQ lasef@ power output.
Additionally, there is some form of systematic error associated with the temperature, rexbby

the pyrometer due tahe values of emissivity used for each substrétereality, the emissity of

the substrates is a function of both temperature amdvelengththus variesdepending on the
exact relationship as temperature is changed. It is seen from the SBeftirmann law however,

that the temperature has a far greater contribution to threaidiance measured for the substrate
than the emissivity. As such, the effect of variations in emissivity on our temperature calibration is
small. Given these considerations, the calibration graphs for the given substrate can be used as a
guide for the duy cycle required to achieve a given substrate temperature.

The temperatures achieved cover the range desired for the growth of most oxide thifI&3js

[198] [199] [200] [17]. To grow high quality E@; thin films temperatures of the order of 500

[200] are required and are readily achievable with this, GSer heating, as are themperatures
previously used for the PLD growth oftiypbe hexaferrite thin film$133][24][20]. Hence, the laser
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heating system works effectively and meets the demamedglired to grow high quality hexaferrite
thin films.

4.2.8 The constructed PLD growth system

The finished PLD growth system is shown in f&j28. The rack to the right of the optical bench is
used to house the controls for the turbo pumps, as wadl the vacuum gauges and target
manipulator controller.

Figure 4.2.25. The PLD growth system with PLD chambe#ddadJV and CQasess.

4.3 Calibration of the PLD system [5ye04 thin film growth

In thissection,a series of thin films have been grown usihg newly developed PLIN order to

test and calibrate the system. Magnetithin films grown as a function of time, targatbstrate
distance and growth partial pressure have been characterised. Magnetite was chosen, as it is a
ferrite with a much simpler structure than that of a hexaferrite, the growth of which is the ultimate
aim for the PLD system. The series of films were grown &&m0O, target, all at a sample stage
position of x Zl1 mmand y =14 mm, which corresponds to the substrate being positioned directly
above the target.

These initial calibration films were grova room temperature, as they were grown before the
substrate heating system was in place. This still however enabled the calibration of the rest of the
system. The films were grown on Si (001) substrates, which although having a poor lattice match
to the desired magnetitgphase[201], was clesen due to it being readily available aadeavily

used semiconductor material in electronics and many technological uses of iron oxide thin films
would require compatibility with a silieolike material[202]. The thinfilms characterisedn this
chapter were grown with the UV laser pulsaed10Hz and a pulse energy of 16€). Dudo the
focussing of the laser beam, this results in the PLD target ablation avidiser fluence of
approximately 3Jcn?.

4.3.1 Deposition time calibration at an 8m targetsample distance

Initially Fe;Os films were grown, with a fixed target to sample distance o, as a function of

time. For each film, the conditions were gkeconstant only changing the deposition time. An

oxygen partial pressure of 1x¥tnbar was maintained during growth, as similar conditions had

been found optimal for the growth aihagnetite [203] [204] [200]. It is expected that if all the
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growth conditions are reproducible then the thickness of the thin films should be directly
proportional to the deposition time. Samples with deposition times of 2, 3, 4, 5, 6, 1dnd.20
minutes have beesharacterised both structurally and magnetically in this series.
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Figure 4.3.1. XRR measurement (blue) with fitted curve (red) for # Ba silicon thin films,
(a) 3 minute deposition time, (b) 5 minute deposition time.

Xray reflectivity measurements were performed on aflithe samplesn the series primarily to
determine the thicknesses of the films growrhe measurements wergerformed following the
procedure outlined irsection 3.2.2.3and fitted using both the software packages Glob§l#7]

and GenX148]. XRR measurements for the films with deposition times of @ @aminutes are

shown in fig. 4.3.1The measurements for these two samples are displayed as examples and
corresponding measurements were obtained and fitted for all films in the series. The fitting
procedure required the densities of both the substrateddiim to be set. For the Si substrate a
densityof 2.33gcn® [205] was used and a film density of 5.%8m* wasset, in accordance with

an FeO4, composition[206]. Comparing the reflectivity measements for both the 3 an8-minute
samples, it is evident that the Kiessig fringes have a longer period and are less damped for the film
with the shorter deposition time. This suggests that Baminutefilm is thinner as expected. Indeed
extraction of he fitting parameters reveals film thickness#413.6 + 0.8m and (323+ 0.9 nm,

for the 3minute and 5minute films, respectively.

The XRR for the films grown for 10, 15 and 20 minutes show no Kiessig fringes. As such, no definitive
thickness valuesould be determined from their reflectivity. The absence of the Kiessig fringes for
these films is due to their thicknesses being too large to be measured by XRR. This critical thickness
limit is dependent on both the films density and surface roughrné@<®)], with the surface
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roughness also affecting how rapidly the XRR signal drops off with increased angle of incidence,
damping the Kiessig fringes more rapiflli40]. The film thickness and surfaceughness values
extracted from fitting are all displayed in table 4.1.

Deposition time Thickness rms Surface Resistance
(minutes) (nm) roughness 01l mo
(nm)
2 11.7+0.5 0.22 £ 0.06 500 = 50
3 13.6+0.8 0.24 £0.02 90 + 20
4 21.7+0.7 0.17+0.04 50+ 10
5 32.3+£0.9 0.22 £0.03 25+5
6 36.6 £0.4 0.19+0.04 20+ 3
10 NA NA 11+1
15 NA NA 8+1
20 NA NA 55+0.3

Table 4.1. Table showing the XRRedamined thicknesses and surface roughness of each sar
as well as their measured resistances.

It is evident from the values in table 4.1hat the thickness of the depositeiiims increases with
deposition time These values of thickness do not scale exactly, but approXyndoeble as the
deposition time is doubled. The error values associated with both the thickness and surface
roughness are taken from the discrepancy between the fitting values calculated by the two
different software.

The rms surface roughness values allesimilar in magnitude, of the ordaf 0.2 nm, and no
obvious correlation is seen between deposition time and film roughness. For epitaxialtiia

films grown on Si with a TiN seed layer Reisimge [207] measured oughness values between
0.3 and 0.7nm. In many technologicapplications,a low surface roughnesis essential and
improves the films desired optical and electronic proper{@d8]. The roughness associated with
the Si substte surfaces was typically determined to be betweenrvband 1Inm for all the films.
These values are within the range reported in the literature for commercially produced and
polished Si waferR09]. Although the Si subsites were chemically cleaned before film growth, it

is possible that the surface of the substrates oxidised, resulting in the formation of an ultrathin
layer of silicon oxide at the substrai@m interface. However, no evidence of such a layer can be
seenin the fringe pattern.

Film thickness has been plotted as a function of deposition time in fig. 4Btlng of this
relationship can then be used to determine the growth rate of thin films at tbm&argetsample
distance and under the specific catidns used.A linear fit to he experimentally determined
thicknesses iplotted in fig. 4.3.21t is seen that the data points fit this trend relatively well,
however several points lie away from the best fit line by a factors that are larger than their
associated error bard'hese variations in growth rate may be as a result of several experimental
factors, such as laser power fluctuations during growth or variations in the chamber prelSsure.
the laser fluencegchamber pressure anirget-sampledistance of8 cm used, the average growth
rate can be determined by the gradient of the linear béfstine. Thus, the growth rate was
determined to be(5.9 + 0.3 nm/min. The average growth ratean be used to calculate values for
the thicknesses of the 105land20-minute films thatare too thick to bedetermined byXRRThe
thickness of the 10 minute film is found to (&9 + 3) nm and for the 15 and 2@inute films,(89

+5) nm and(118+ 6) nm, respectively.
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Figure 4.3.2. The relationship between deposition time and thickness for the films growi
targetsample distance of 8cm. The red line represents alifieto the data points.

The resistances of the thin films grown atecadisplayed in table 4.1. The resistance of each film
was measured by applying a current of G2 to the film and measuring the corresponding
potential difference across the film. The current was applied by a Keithley 2601A SourceMeter and
the voltage neasured independently via an NI MyDAQ input interface. The thin films were
contacted using dour-point probe technique[210]. The probe setup consists of four equally
spaced (Inm) metal tip contacts that are brought into caut with the thin film surface. A current

is passed between the outer two contacts, with the voltage measured across the inner two. For a
thin film, whose thickness (t) is much smaller than the probe pin separation, as is the case for all
the films grownm this work, the average film resistance)(R given by eqn. 4.2.

Y 1P x- Eqgn. 4.2

Where the 4.17 is a geometrical factor that is dependent on the ratio of the sample width relative
to the probe spacing and found from a table of standard raf@i0]. For each samplehe
resistance was measured twice by applying the current in two different directions across the film,
from left to right and top to bottomThe mean of thesenio values was taken and the range over
which they varied used to determine the associated error value. It is evident from table 4.1 that
the resistance of the films increases as thizkness increase As theory states the relationghi
between resistance and film thickness is governed by eqri243,

Y — Eqgn. 4.3

the resistance of the films should be inversely pndjpmal to the film thickness. Hence, this
relationship is investigated by plotting k/Rgainst thickness, as shown in fig. 4.3.3. The film
NB & A & ) da@asd Be foand from the relation in eqn. 4.3.

Fig. 4.3.3 shows very clearly a linear relatiopdietween film thickness and the inverse of the film
resistance as anticipated. Interestingly thestfit line intercepts thex-axisat a thickness value of

8nm, suggesting that the resistance of the film becomes much larger below this thickness. This
perhaps indicate the presence of a dedalyer, withthe magneticdeadlayer havinga much higher
resistivity than the rest of the film.

The slope of the linear relation in fig. 4.3.3, can be used, in accordance with egn. 4.3, to calculate a
value forthe rd A A G A @A G & 27T Rris KaRulated fo Yiei (6.3 NI BOYmdN, \Which
corresponds well to the range of resistivities reported in the literature for magnetite, with Morris
and Williams reporting 4x1twm for polycrystallinesampleg212] and Samura reporting 4x$0

m-m for single crystal B€s [213]. This provides a strong indt@an that the samples grown are
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FeOs and not a phase of B, that is known to have much highegsistivity, of the order of 200
m-m [214]. The reason for this is that the &8 does not possess the abilitgrfhoping conduction
that is possible in E6s, due to the presence of both Feand Fé* at the octahedral sites.
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Figure 4.3.3. Graph showing the relationship between film thickness and 1/R for the films ¢
at a targetsample distance of 8 cm. The blue line represents a linear fit to the data points
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XRD measureants performed on all eighilms show the expected Si substrate peaksyhver,

no other diffraction peaks could be easily obsen@dme samples show a weak broad peak at the
angle associated with the magnetitgl(l) diffraction peak. This reflectionksown to be the most
intense for polycrystalline magnetite and can be used as a hallmark for the inverse cubic spinel
structure [215]. Thesemeasurements then suggest that the samples are largely amorphous in
nature, with someamount of polycrystalline ordering. This is not surprising given that the films
were grown at RT and with a large lattice mismatch between the substrate a@d $eucture.

Even with the presence of substrdieating,others have only grown polycrystalif-eO, thin films

on Si (001) substratd216][217]. Inorder to grow epitaxial maggtite thin films one musgrow

on a substrate with a closer lattice match, such as NRiD] [204].

Even for samples with readily indexdiffraction peaks, XRD cannot be used to easily distinguish
between magnetite and maghemite due to their matchioupiccrystal structure and very similar
lattice constant4152]. As such, an alternative method is required to distinguish between the two
phases, Raman spectroscopy, therefore, has been used. The Raman spectra of magnetite,
maghemite and hematite are all distinctly different and shaan be used as a fingerprint to
determine which phase or phases are present within the fli2d8][219]. Magnetite is known to

have 14 Raman active phonon modes. The most intense of whichAsstimde located at around
672cm?. For Maghemite however this mode is still the most pronounced but is shifted tei00

1 with maghemite only having 5 Raman active modes. This shift then is often the easiest way to
quickly distinguish between magnetitand maghemite using Raman spectroscoji8].
Maghemite Raman spectra also display a broad peak at aroundct4b@ here is no mode present

for FeOs in this range of the spectrum, as such the presence of this peak camalssed to
distinguish between the two phases. A relatively intense peak is also seen in this region for
hematite, at 1305cm? [220]. Hematite has a total of 7 Raman active modes, the most intense of
which are typicallyat 295cm* and 229cm?, thesebeing g and Agmodes, respectivel{218].

Raman spectra were acquired for the samples studied in this chapter, following the procedure
outline in section 3.2.3. For direct comparison between samplespectra were all normalised to

the Si substrate peak &50cm™, and displayed in fig. 4.3.4.
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Figure 4.3.4. Graph showing tRaman spectra of the K& thin films, grown at a targesample
distance of 8 cm.

The Raman spectra, all have the prominent substrate peak®@cm?, 520cm® and 950cm?,
with the 520cm™? peak being by far the most intense. The sjpa also show no sign of a peak in
the range around 130@ 1400 cm?, this strongly indicates that the film has no maghemite or
hematite phase. The strongest film peak in all spectra is located at®i?6 This is within the
narrow range of values repatl in the literature for the A magnetite Raman mod¢221].
Additionally with no peak present around 7@dn?, which would represent the 4 mode in
maghemite, this confirms that the films are singllease magnetite in compdgin. To confirm this
the magnetite Iy mode is seen at 55¢m?. What is expected to be the third most intense
magnetite mode, the & should be present at 316m?, however, this peak cannot be easily
distinguished as it lies under a more prominent sudist peak.

From observation of the 676m*! magnetite peak it is apparent that the Raman intensity of this
mode increases significantly as the deposition time and hence the film thickness increases. It may
be possible to correlate thickness to the Ramaalpintensity and use this relation to indirectly
determine the thickness of magnetite thin film grown.
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Figure 4.3.5. M(H) of the iron oxide thin films, grown at a taggehple distance of 8 cm.
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VSMmeasurements perfoned on the samples are displayed in fig. 4.8.5% clear from the graph

that Msincreases with increased sample depositiong as expected. The Malues approximately
scale linearly with sample thickness. By applying the sample thickness values previously
determined, the saturation magnetisation per unit volume of each sample was calculated. The
thickest of the samples haveMalues of 250 emu/cc. It may be expected that thepdr unit
volume would remain constant between samples, however it is seen that this reduces as the
sample thickness is reduced. This effect may be indicative of a magnetically dead layer at-the film
substrate interface. The Mvalue of 250 emu/cc achieved is somewhat reduced compared to the
theoretical bulk value for magnetite (480 emu/¢8p], although this is anticipated given the films
were grown at RT.

The coecivitiesof the filmsrange between 100 to 450 Oe. dde valuesire in the range of values
reported in the literature for thin film magnetite sampl&k99][222][223][203]. Itis evident that

Hc increasa along with filmthickness A similar trend was also observed by Schenetnal [224],

when studying F©; films grown on MgO (001), who attributed this to strain affezsised by the
substrate.

4.3.2 Deposition time calibration at a 1@8m targetsample distance

Once the PLD gwth system had been calibratedth a targetsample distance of 8m, the effect

of changingarget-sample distance was investigated. This @aie by growing a series of samples
with a larger targessample distance of 10criour samples were grown, under the same conditions

as insection 4.3.1with deposition times of 5, 10, 15 and 20 minutes. With a greater tesgatple
distance, it was antipated that the growth rate of these films would be slower. Due to the
increased distance, the ablated material reaches the substrate with a reduced kinetic energy. This
may improvethe film<propertiesand act to reduce the numberf particulates
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Figure 4.3.6. XRR measurement (blue) with fitted curve (red) for timei@@e deposition time,
FexOs on silicon thin film, grown at a 10cm targeample distance.

XRR reasurements performed on the four samples grown at this taggahple distance all display
visible Kiessig fringes. The reflectivity data for the film grown with-m2@ite deposition time is
shown in fig. 4.3. Good agreement is seen between the fit agxperimental data for all four
samples, allowing reliable film thickness values to be determinedisptayed in table. 4.2n the

table the roughness values, also determined by XRR, are stated, along with the measured
resistances of th four films. Fiing to the 20minute film XRR produces a thickness valti62.6

+ 0.6)nm, with clear Kiessig fringes visible at this thickness. For the samples growmahi was

not the case for samples of a comparable thickness, suggesting that the increageestanple
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distance acts to reduce the surface roughness of the films. Perhaps by the reduction in number and
size of any particulates.

Deposition time Thickness rms Surface Resistance
(minutes) (nm) roughness 01 mou
(nm)
5 17.8+0.3 0.16 £ 0.07 50+5
10 27.3+0.8 0.21 +£0.05 40+ 3
15 46.1+0.4 0.09 £ 0.02 201
20 62.6 £ 0.6 0.03+0.01 16+1

Table 4.2. Table showing the XRR determined thicknesses and surface roughness
sample, grown at a 10 cm targesample distance, as well as their measured resistances.

Through observation of the surface roughness values, table 4.2, it can be seen that indeed the
roughness values are aawverage smaller than those measured for tilens grown at an &m
distance These results then suggest that the larger targgple distance help reduce surface
roughness. It is evident, again that the thickness of the samples increase as the depiivs#icn
increased as expected.

Fig.4.3.7, shows a linear relationship between deposition time difith thickness. At a 1@m
target-sample distance, this relationship gives a growth ratdf + 0.) nm/min, which is slower

than the growth rate of te samples grown at 8cm for which a rate(6© + 0.3 nm/min was
determined. These values indicate that thec@ increase in targetample distance results in
almost a 50% reduction in growth rate. Thus, as expected, the growth rate of the systemys highl
dependent on the targesample distance.
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Figure 4.3.7. Graph etving the relationship between deposition time and thickness for 1
films grown at a targesample distance of 10 cm. The red line represents a linear fit.

The resistance of these samples vadso measured and are displayed in table 4.2. It is evident, as
was the case for the samples grown at®, that the fim§ NI & fedudelwjftOikreased
thickness. Again,\bplotting the inverse of the resistance against film thickness, from the gradient
of the linear fit a value for the resistivity of the films is calculated to be%0.0)x10°m-m., which

is within the range of values reported in the literature for magnef@&2] [213].

To verify that the films were indeed singdhase magnetite Raman spectroscopy was performed.
The Raran spectra obtained for the four films grown at aci targetsample distance are shown

in fig. 4.38. It is apparent that the most prominent k& Raman mode is present for all four films
at 676cm?, strongly indicating that the films are all singlbase magnetite. For the thicker films,
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the shoulder of the % FeO, Raman active phonon mode can also be seen at&87, further
confirmation of the magnetite structure. As expected from the results for the films grown at 8cm,
the AgFe:Os Raman peak hght increases in intensity as deposition time and hence, film thickness
is increased. It is apparent that this increase is-tio@ar, with the peak height increase becoming
much larger for the thicker films. This relationship is investigated furthsgdtion 4.3.5
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Figure 4.3.8. Raman spectra of the®«ilms, grown at a 10 cm targestample distance.

The magnetic properties of these samples were measured using VSM and-pgranénM(H)
measurements, at RT, are shown in fig. 9.3t is apparent, again, that Mncreases with film
thickness and this increase is approximately linear tnnea Similar to the films grown at@n, the
coercivites range between 100 and 450 Oe, withrétlucing for the thinner films.
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Figue 4.3.10. Graph showing the M(H) of the®ghin films, grown at a targesample distance
of 10 cm.

Applying the film thickness values determined by XRR the saturation magnetisation per unit volume
was calculated to be betweeb30 and 200 emu/cc. ThesesMalues are comparable to those
observed for the films of similar thickness in the series of films growncat &s the Mper unit
volume appears to reduce for the thinner films, this may again suggest the presence of a
magneically dead layer at the substrafém interface.
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In all,these results show littlehange in the films structural and magnetic properties, as a result of
the increased targesubstate distance, other than the reduced growth rate. A reducfioaurface
roughness iobserved, most likely due to the reduced incident energy of the plume of target
material incident upon the sample surface.

4.3 .3 Nitrogen growth pressure calibration

Oncethe systermrhad been tested and calibrated as a function of depositimie and targetsample
distance, the next logical step was to investigate the effect of growth pressure. As sg©h, Fe
samples were grown as a function of an inert nitmogmrtial pressure betweenxd0’ mbar and
2x10?mbar. Apart from the growth chambepartial pressure, all other growth parameters were
kept constat, with a targetsample distance of 8m. Four samples were grown, each with a
deposition time of 10 minutes, at partial pressures of 3kdfbar, 1x1@ mbar, 1x16' mbar and
1x10?mbar.It is anticipated that an increased pressure will reduce growth rate due to an increased
numberof collisions between thgas molecules and the species of the plum&adet material

XRR measureemts were performedo determine film thicknessnd surfaceroughness. These
values are displayed in table 4he films thicknesses decrease with increased gngevessure.
We see a reductiom thickness obver 13nm inthe range of pressures used.

N2 Growth pressure Thickness rms Surface Resistance
(mbar) (nm) roughness 01 mou
(nm)
3x10’ 46.2+0.8 0.15+0.05 12+1
1x10° 39.9+05 0.26 £ 0.04 302
1x10* 33.5+£0.6 0.12 £ 0.03 505
1x102 32.9+0.8 0.28 £ 0.07 2500 + 500

Table 4.3. Table showing the XRR determined thicknesses and surface roughness
sample, grown as a function of nitrogen partial pressure, as well as their meelsistances.

The increase in nitrogen partial pressure does then affeetgltowth rate as anticipated, but the
guestionto be now asked is what oth&ffect the nitrogen partial pressure has on the properties

of the films grown. fie surface roughness valuage comparable in magnitude those measured

for the films grown as tunction oftime. Additionally no obvious correlation can be found between
surface roughness and the nitrogen growth pressure.

The resistances of the three films grown at 3xhibar, 1x1¢ mbar and 1x10 mbar are very
similar to the values measured ftire films grown as a function of time, when taking into account
their thickness. The resistivity of the film grown at the highest nitrogen pressure however, is much
larger. The resistance measured for the film grown in the £xilbar oxygen partial pressgwas

25 + 51 mthis is two orders of magnitude smaller than thattleé 1x10?* mbar grown film, which

has within error the same thickness. As such, the resistivity of this film must be of the order of a
hundred times greater than the other films, implying that thgher nitrogen partial pressure has
affected the structure of the thin film grown.

The Raman spectra, measured for the four films are shown in fig0418i& immediately apparent

that the characteristic s Aigpeak is present for all films. Therediso no clear evidence of the
presence of any hematite or maghemite related Raman peaks. Ti® Re, peak reduces in
magnitude as the growth pressure is increased. This is, at least in part, due to the thickness of the
films reducing with increased prasg. The sample with the much higher film resistance, grown at

a pressure oflx102mbar, however, has an#4FeO, peak intensity that is smaller than expected
when comparing to a film in the original series of comparable thickness. This further supgésts
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this higher N partial pressure film has different structural properties to the others. Although the
Raman shows that, the film is at least in part®eand does not contain any observalfeO;
phase
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Figure 4.3.10. Raman spectra of the@dilms, grown as a function of nitrogen partial pressui

In fig. 4.3.1, the inplane M(H) measuremeniserformed at RT are shown. The magnetisation per
unit volume is plotted for direct comparison between samples. If the four films all had the same
composition and structure, one would expect the hysteresis loops to be identical. This is evidently
not the ase and in fact, we see thatskeduces as the growth pressure is increased. Theflthe
sample grown at 3xX0mbar is of a similar order to that typically seen for the samples grown as a
function of time, at 150 emu/cc, but as the growth pressure iases Mis reduced and is as small

as 30 emu/cc for th&x10?mbarfilm. These results suggest that the presence of the inert nitrogen
acts in some way to affect the magnetic structure of the film grown.
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Figure 4.3.11. M(H) of the ¥ thin films, grown as a function of nitrogen partial pressure.

4.3.4 Film properties as function of sample thickss

For the series of films grown in an gen partial pressure both alistances of 8 and 1€m, My has
been investigated ®a function of film thickness and is plotted for both series of films in fig.24.3.1
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It is evidentthat in the two cases the magtisation increases linearly with film thickness. The
relationship for the samples grown at a targgmple distance of 8cm is shown in fig. 428a).
Data points of all samples are within error of the linear fit line. It is clear from the figure that th
bet fit line does not pass through the origin. The line intercepts th&ix at a thickness value of
10nm, suggesting that the films have a 10nm magnetically deager. The presence of a delager
was also suggested by the differences in magnetisgi@runit volume values, as well as the films
resistance measurements shown in fig. 4.3.3. A dead layer formed at the interface between
substrate and film may result from an intermediate structure forming in this region as the lattice
transitions between he substrate and film. This layer may form due to strain, the presence of a
silicon oxide layer on the substrate surface, -peposition or the ballistic collisions with the
substrate surface by the higgnergy plume material during deposition, creatingixed layer.
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Figure 4.3.12. Graphs showing ttedationship between deposition time and thickness for filr
grown at a targetsample distance of (a) 8 cm and {®)cm.

Alternatively, Parkiet al[225]observed a 151m deadlayer at the surface of magnetite thin films.
They find no evidence that these surface layers are different structurally from the bulk of the film,
however, hey observe a higher number of defects in the surface region as a result of the oxidation
process and attribute the deddyer formation to this. The exact effects of intrinsic defects on the
magnetic properties of BE&, thin films is still an uncertain fc[226]and the magnetic properties

of a surface or interface is thought to be strongly dependent on the surface reconstr{2#6h

It is of course ab possible that the total dealdyer measted is a combination dboth interface

and surface deadlayers. Further investigation using techniques such as ces$onal
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transmission electron microscopy are required to gain a more detailed understanfiihg films
structure and deadayerformation.

TheM:s- thicknesgelationshipfor the samples grown at a Ifin targetsample distanceshown in

fig. 4.3.2(b), is again linear. The befit line fits closely to all the data points and it can be seen
that the line intersects the-axis at a thickass value of 4m. This suggests that for tleamples,
grown at an increased targsample distance, the magnetic dead layer is smaller. It is possible that
this reduction in the dead layer thickness is a consequence of the reduced plume energy upon
incidence with the sample surface. As such, for the growth of future films the tezglestrate
distance will be an important consideration, with a balance between growth rate and dead layer
reduction required. Naturally, faultra-thin films the dead layer withave a greater effect on the
films overall properties.
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Figure 4.3.13. The normalised Raman intensity of th®f# 4 phonon mode as a function o
film thickness, for the E®, films giown on silicon.

Previously it was noticed that the intensity of the:fAFe:Os Raman peak increasedith film
thickness and that this increase was Horear. To investigate this further the Raman intensity of
the Ay peak was measured, after the spectra had been normalised, then plotted against film
thickness, in fig. 4.33L This reveals that the incase inpeak intensitywith film thicknessis
exponential The literature in fact suggests an exponential relationshiould be observed via the
BeerLambert lanf227][228]. The Raman response of thin films typically includes a contribution
from the substrate due to the laser excitation penetrating through ilme fo the substrate. When

this is the case, the attenuation effects of the film have been used to determine the films thickness.
The film layer attenuates the intensity of the laser light passing through it according to the Beer
Lambert law[228].

O 8 Q Eqn. 4.4

whichstates that the intensity of the substrate pehks is proportion to the exponential of the film
thicknessd. Herel sy is the wavelengthof the substrate scattered light and the parameter is

the imaginary part of the films complex refractive index.

In fig. 4.3.38, using an exponential function to fit the data points, it is seen that the points do indeed
fit well to the exponential relbonship and the Beekambert law is upheld. As such, this
relationship may be used for determining values of film thickness. Of course, this method of
thickness determination is notsaeliable as XRiut may be useful when the films are too thick to
measire with XRR.
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4.3.5Fe;0, film grown with substrate heating

Once, the basic conditions and set up of the growth chamber had been tested, the substrate
heating systenwasconstructed and calibrated\s such, an attempt was made to grow an epitaxial
FeOq thin film. In order to achieve this a substrate with a close lattice match to the magnetite
structure was needed. MgO (001) was used as it is known to have a lattice constant that is almost
exactly half that of F©, [224]. Thesample was grown at a targsubstrate distance of 8cm and
with a laser fluence of 3Jcthin an oxygen partial pressure of 1¥€Ifibar. The substrate was
outgassed at a temperature of 28D for 1 hour prior to growth and the film was grown at a
temperature of 400C for a deposition time of 8 minutes. This deposition time was chosen to ensure
that the film was thin enough for its thickness to be measured by XRR and the other growth
conditions were decided upon through observation of the growth conditiontile in the
literature [229] [203] [200].

The XRR measurement taken on the film grown is shown in fig.44.Bdt the fitting of the
reflectivity curve, the densitgf the MgO substrate was taken be 3.58gcn®[230]. The curve has
clearly visible Kiessig fringes that when fitted reveal a film thickne@3d+ 0.6)nm. The fitting
procedure also suggests a film surface roughne$8.20 + 0.05m, which is well matched to the
values found for the films grown on Si and very similar to those measured by Bextiralif204]

for FeO, thin films grown on MgO (001).
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Figure 4.3.14. XRR (blue) with fitted curve (red) for th&©Hdm grown on MgO (001).

XRDH‘ K. YSIad2NBYSyia pSadrpayes R fig24/B51Thkss shaw that

the film has an epitaxial crystal structure. The only peaks present are the MgO substrate (002) and
(004), as well as two peaks that are higher in angle than the two substrate peaks, which correspond
to the (004) and (008) magnetite diffraction peaks. As previously discussed, it is difficult to
distinguish between magnetite and maghemite using XRD due to their crystal structures. Bertram
et al[204] have seen very similar diffragn patterns to those measured here, for#g thin films

grown on MgO (001). We see that the film peaks appear broader than the substrate peais due
the films finite thicknessThe positions of the film (004) and (008) peaks are &l 95.0,
respedively. These peak positions can then be used, by applying the method outlined in section
3.2.2.1, to determine the lattice constant of the film along the direction normal to the film plane.
This is calculated to b@.36+ 0.02)A, which is close to theekOs bulk value of 8.396 204][206]

and is within the range of values measured in the literature for magnetite thin {2®3] [231]

[204]. It was also expected that the lattice constant of the film would be lower than the bulk value,
due to the strain from the substrate due to the 0.4% lattice mismatch.
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Figure 4.3.15. XRD measurement for theJz&Im grown on MgO (001).
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Theseffinges are identified tdbe Rendelléssung fringg which are only present if the film is of high
crystalline quality and suggest that the film has good homogef2t%]. Penddlossungringesare
analogous to the Kiessig fringes observed via XRR, and appear as a result of interference
phenomena, but in this case are specific to the crystalline pf2&d.

A rocking curve measurement was performaabut the film (008) diffraction peak. This is shown

in fig. 4.3.8. The FWHM of the reflection was determined from the figure tq®&0+ 0.01}. This

small breadth of the film reflection indicates that the atomic plane spacing is relatively uniform
throughout the film, with little relaxation towards the bulk. The low FWHM value ultimately
suggests a high degree of orientation quality and is comparable to those reported in the literature
for the high quality, epitaxial E@, thin films that have been gwon [233][234].
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Figure 4.3.16. XRD rocking curve taken at the (008) diffraction peathefd-€O, film grown

on MgO (001).
The Raman spectrum of the sample, fig. 43\as measured, withthe three most prominent
FeO, Raman active phonon modes all clearly present. These three modes are the only three
magnetite modes that could be observed by Jubb and Af#&8]. The intense # peak is present
at 674cmt, when combined with the previous XRD results confirms that the films@; Bed the
absence of any Raman peak that dcsnassociated with either hematite or maghemite suggests
that the film is single phase magnetite. Peaks are also seen in the spectra at battmb&6d 314

cm! which coincide with the positions reported in the literature for the, and E modes,
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respedively [221]. It is also worth noting that no peaks are present due to the MgO substrate, as
MgO has a rockalt structure and hence shows no first order Raman efz®5].
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Figure 4.3.17. Raman spectrum measured for th®Hdm grown on MgO (001).

The magnetic properte of this FgOs film were investigated by VSM. The-ptane M(H)
measurement is shown in fig. 4.8.1This indicates an Mf (290 + 30) emu/cc, which is smaller
than the theoretical bulk value for magnetite (480 emu/¢80]. However, it is larger than the
values obtained for the films grown on Si at RT. ThiMthis film is actually comparable to values
measured by Mauiet al [236] for FeO, on MgO. Matsuzalét al [25] also observed a saturation
magnetisation that was reduced from bulk, when measuredrasvn, however an increase insM
was seen as a consequence of annealing the sample producing a bulk like stoichiometry
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Figure 4.3.18. Graph showing the M(H) of the iron oxide thin film, grown on MgO (001).

It is noted that the magnetisation of thesple may not be completely satted at the maximum
field of 17 kOe displayedn fig. 4.3.B, as aggrown magnetite samples have been known to be
difficult to saturate[25]. The reduced Mcompared to bulk and high field reqed for saturation
indicates that defects and artihase boundaries are likely presd@b]. As was the casfor the
films grown on Sit is possible that a deddyer may be presenhat would account for the reduced
Ms. Thecoercivity of the sample was measured to (@0 + 20)Oe. This is within the range of
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