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Abstract

Abstract

Iridium is arguably the scarcest element on Earth and is currently in high demand for a
number of highly technical applications. In recent years Iridium has been introduced in to the read
heads of hard disk drives as well as the next generation of magnetic memory. This has led to a
severe increase in the production costs of these devices because of the continuing increase in the
price of Iridium. In this study the Heusler alloys Ni-MnAl and Fe,VVAI have been investigated as
part of a wider project to find materials that are suitable for replacing the antiferromagnetic
Iridium based compounds used in magnetic media. The alloys were grown and crystallised in thin
film form using Argon sputtering in order to replicate the type of films used in industry. The films
were found to crystallise when annealed at a range of temperatures however the degree of ordering
was not sufficient for an antiferromagnetic state to be observed. Doping the alloys with transition
metals lowered the crystallisation temperature of the films and growth on a seed layer was found
to greatly improve the film quality. This led to the observation of ferromagnetic ordering within
the samples which was not suitable for the replacement of Iridium. An experimental protocol for
energy dispersive X-ray spectroscopy using a scanning electron microscope was optimised for
the measurement of Heusler alloys whereupon the combination of light and heavy elements was
challenging to measure accurately. This is the first time that Ni-MnAl and Fe,VAI have been
produced as polycrystalline thin films with the intention of replacing a critical material used in

industry.
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Introduction

Chapter 1: The Iridium Problem

Iridium is the scarcest element in the Earth’s crust with a concentration of 4 x 10*ppm
[1]. It is far rarer than Gold which has a concentration of 3 x 10-ppm [1]. The Bushveld Complex
in South Africa is the main global producer of Iridium with smaller deposits in Norilsk, Russia
and the Sudbury basin in Canada providing much of the remaining supply [2]. The demand for
Iridium has increased dramatically in recent years. For example the demand in 2010 was
approximately 10 tonnes whereas it was approximately 2 tonnes in 2009 [3]. The sudden increase
in the demand for Iridium is due to number of new technological applications being developed
[4] which include crucibles for production of single crystal oxides [5], spark plugs [6] and read
heads in hard disks [7]. This has led to a significant increase in the price of Iridium from around
$200 per ounce in 2004 to around $600 per ounce in 2014 [4] which has been caused by the global
demand of around 10 tonnes outstripping the global supply of around 6 tonnes per year.

The electronics industry has been the main source of new technological applications for
Iridium compounds. The use of Iridium compounds in light emitting diodes for televisions and
antiferromagnets for data storage has increased the demand from 0.2 tonnes per year in 2009 to 6
tonnes per year in 2010 [4]. In order to prevent the price of future electronic devices from soaring
Iridium must be substituted by cheaper materials. Iridium Manganese is an antiferromagnetic
alloy that has become widely used in spin electronic devices such as hard drives and next-
generation magnetic memory devices for the thermal stabilisation of data. A potential replacement
of Iridium Manganese could be found in a class of ternary alloys known as Heusler alloys. There
are over 3000 Heusler alloys that are predicted to exist and some are predicted to be
antiferromagnetic [8]. A number of the antiferromagnetic Heusler alloys contain cheap elements
such as Iron, Manganese and Aluminium. Therefore cheap antiferromagnetic Heusler alloys could
be a potential replacement for Iridium Manganese in electronic devices. The use of such materials
could potentially reduce the production costs of the antiferromagnetic layers in future devices by

a factor of 10.
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Introduction

1.1 The HARFIR project

The Heusler Alloy Replacement for Iridium (HARFIR) project began in September 2013.
The aim of the project is discover an antiferromagnetic Heusler alloy that does not contain the
rare metal Iridium [9]. The suitability of any replacement antiferromagnetic Heusler alloys will
be demonstrated in a device concept by the end of the 42-month project. Some potentially
antiferromagnetic Heusler Alloys have been identified and are listed in Table 1.1. The device
should show an exchange bias which is the effect of a hysteresis loop shift caused by the coupling
of an antiferromagnet and a ferromagnet [10] greater than 1 kOe in thin film form with a blocking
temperature greater than 300K in order to qualify with industry read head standards [9]. A number
of potential antiferromagnetic Heusler alloys have been identified for the project and are listed in
table 1.1. The first stage of the project was to produce a series of thin films for evaluation. The
structural and magnetic properties of the materials have been characterised across a range of
growth conditions. The key parameter in realising antiferromagnetic order in Heusler alloys is
tuning the interplanar spacing in the lattice such that the spins in adjacent planes order
antiferromagnetically [8]. The interplanar spacing can be changed in many Heusler alloy systems
with variations in the composition and crystallinity of the compound [8]. Therefore the HARFIR
project aims to optimise the growth conditions for a number of Heusler alloy thin films with
supporting ab initio calculations. The remaining work in the project will focus on the fabrication
of device concepts to measure fundamental properties of the materials such as their
antiferromagnetic anisotropy [9].

Heusler Alloy
FeVAI
NizMnAl
CroMnShb
Fe,TiSi
Co.TiAl
MnsAl

Table 1.1: Heusler alloys identified as being suitable for the HARFIR project [9].

There are several partners that are involved in the HARFIR project. Each member of the
project provides unique a skill set of experimental or computational techniques that provide a new
understanding of the properties of the selected Heusler alloys. The European team is headed at
the University of York where the sputtering growth procedures of the selected Heusler alloys are

optimised. The University of Bielefeld provides growth of epitaxial films. York and Bielefeld
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will produce device concepts with different growth techniques in order to compare how the
fabrication processes affect the properties of the devices. The University of Konstanz and the
Budapest University of Technology and Economics provide ab initio calculations that model the
electronic band structure and magnetic behaviour of the selected Heusler alloys. The Japanese
team consists of the University of Tohoku and the High Energy Accelerator Research
Organisation known as KEK. Tohoku produces both thin film and bulk samples for analysis in
order to support and expand the experimental work conducted at York and Bielefeld. The bulk
samples that are produced in Tohoku are analysed by KEK with neutron diffraction and high

energy X-ray diffraction.

1.2 The growth and crystallisation of polycrystalline Heusler alloy thin films

The Heusler alloys NizMnAl and Fe,VV Al were chosen for study as they were considered
to be the best candidates for displaying antiferromagnetic order as discussed in Chapter 2. The
aim of the work was to crystallise the Heusler alloys that could be suitable for device applications
in thin film form. The magnetic properties and the physical properties of the two Heusler alloys
were compared when analysed under identical conditions in order to understand how the
behaviour of the films varied. ~ The growth parameters of the thin films had to be mapped in
order to optimise the quality of the thin films that were produced. The Heusler alloys were
sputtered at a thickness of 100nm from powder metallurgy targets. The effect of annealing the
films at temperatures up to 700°C for up to 6 hours was studied in order to understand how the
compounds crystallise. The composition of the samples was then adjusted in an attempt to induce

antiferromagnetic ordering of the spins in the lattice following crystallisation of the films.

The quality of the films was characterised by using X-ray diffraction to determine the
crystallisation of the films. The presence and relative intensities of superlattice peaks were used
to determine the ordered phase of the crystals. Magnetic measurements were made in order to
assess how the crystallinity of the samples affects the magnetic ordering of the films. The results
were then compared with data from the literature in order to determine whether the Heusler alloys
were behaving as predicted or whether artefacts being generated by the growth or annealing
conditions. The composition of the thin films was measured using energy dispersive X-ray
spectroscopy in a scanning electron microscope. The initial spectroscopy results found that
measuring the Heusler alloys was difficult to reproduce. Therefore the experimental procedure
was investigated and adapted to improve the accuracy and reproducibility of the results. The
samples also underwent chemical analysis at a company called InterTek [11] in order to validate

the spectroscopy measurements.
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Chapter 2: Technical Background

2.1 Key magnetic principles

Heusler alloys are fascinating because their magnetic properties are tuneable by altering
a wide range of physical parameters such as the chemical composition, crystal ordering and inter
atomic spacing [8]. In this project both ferromagnetic and antiferromagnetic Heusler alloy thin
films were studied. It is therefore important to understand the fundamental physical principles
upon which these different properties are realised. In each of the Heusler alloy systems studied
the magnetic properties can be explained by the exchange interaction between the atoms in the
lattice. Therefore in order to communicate the behaviour of each of the Heusler alloys the key
concepts of magnetism should first be addressed. This section will also discuss the electron
exchange interaction between antiferromagnetic (AF) and ferromagnetic (F) layers in a thin film

sample.
2.1.1 Direct exchange

Direct exchange is the interaction of the spins of two electrons associated with
neighbouring atoms. It is a result of the overlapping of their quantum mechanical wave functions.
In the overlapping region the electrons are indistinguishable therefore the neighbouring atoms can

be said to ‘exchange’ electrons [12]. The energy associated with the electron exchange is given

by:
Eex = —2]exSlS] (21)

where Je is the exchange integral and S; and S; are the spin angular momentum vectors associated

with electrons i and j. The exchange energy describes the direction and magnitude of the coupling
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between spins. The sign of Jex describes the alignment of the spins such that a positive sign
describes parallel (ferromagnetic) coupling and a negative sign describes antiparallel
(antiferromagnetic) coupling [13].

In a metal the magnetic properties are determined by the energy cost of aligning spins
either parallel or antiparallel in the energy bands caused by conduction electrons near the Fermi
energy (Eg). Therefore tuning the band structure of a Heusler alloy can ultimately lead to tuning
its magnetic properties. The condition for ferromagnetism in a metal is defined by the Stoner

criterion [14]:

Jex(Ep)n(Ep) > 1 (2.2)

where n(Er) is the density of electronic states at the Fermi level. Therefore, in order to engineer
a ferromagnetic Heusler alloy a high density of states and exchange integral at the Fermi level is
ideal. A full explanation of the direct exchange in alloys can be found in Morrish [15].

The extent of the overlapping of the electron wave functions leads to Jex being dependent
on the separation of the d orbitals in the localised electrons and the separation of the atoms in a
material. Exchange interactions are incredibly short range (Eex o 1/#/°) and as a result are highly
dependent on the structure of a sample [12]. The Bethe-Slater curve shown in figure 2.1 is most

commonly used to describe the variation of Jex with atomic separation ra:

2y

Jex

Co

Fe
Ni

tttt G
o A TY “fra

Cr

Figure 2.1: The dependence of the exchange integral Jex on the atomic separation r, normalised to the

electron radius in the d orbital rq [12].
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At large atomic separation Jex becomes positive corresponding to the ferromagnetic
alignment of spins. This is because at a large separation the electrons have different spacial co-
ordinates but matching wave functions resulting in the parallel spin alignment being energetically
favourable [14]. It is in the peak of this region the most ferromagnetic materials Iron, Cobalt and
Nickel are found. At very large distances the exchange interaction becomes negligible due to the
electrostatic interaction between the elections becoming asymptotic. At smaller distances Jex
becomes negative as antiparallel ordering becomes favourable. The Pauli Exclusion Principle
dominates for distances small enough for electrons to be considered at the same point in space
and therefore the spins must align antiparallel. The model correctly predicts the magnetic
properties for pure elements however it must be adjusted for alloy systems. This is to account for
the bonding between atoms as well as the hybridisation of orbitals and to adjust Jex for the number
of electrons contributing to the magnetic properties of the system. The magnetic properties of

each Heusler alloy studied in this project will be reviewed in detail in section 2.3.

2.1.2 Indirect exchange mechanisms

Indirect exchange is the coupling of magnetic moments of atoms from mechanisms
mediated by conduction electrons (RKKY) or non-magnetic anions (super exchange). The
RKKY interaction was developed by Ruderman and Kittel [16], Kasuya [17] and Yosida [18] in
order to explain the coupling of nuclear spins to s-electrons. The model has been used to explain
other magnetic phenomena such as coupling between separated magnetic layers and intergranular
exchange coupling in polycrystalline thin films [19]. When a magnetic impurity is placed in the
lattice of a magnetic material the wave functions of the conduction electrons in the local region
change. This is due to the effect of adding possible spin states in alignment with the impurity
electrons [20]. The electrons in this region become part of a series of charge and spin density
oscillations that contain information about the initial spin state of the impurity. Therefore
magnetic atoms within range of these oscillations will couple either ferromagnetically or
antiferromagnetically to each other depending on the spin density of states at their respective

spatial co-ordinates.

Like direct exchange, indirect exchange coupling is highly sensitive to the distance
between local moments. Parkin et al verified this experimentally by separating ferromagnetic (F)
layers with transition metals of varying thickness [19]. The experiment showed that the nature
and magnitude of the coupling was represented by the saturation field of the sample. For low
distances of separation (0.5 — 1.5 nm) the F layers coupled antiferromagnetically as was
demonstrated by a large saturation field (10 — 20 Oe). For larger separations the layers coupled

ferromagnetically with effects observed at distances up to a range ~5 nm. The long range is
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important because interactions can occur across crystal grain boundaries. This means that the
grains in a system can become exchange coupled and reverse their magnetisation like a single
body with a ‘weak link’ at the grain with the lowest magnetic energy barrier. The process of
granular coupling has been well documented in granular thin film media [21]. As such,
intergranular exchange is an important consideration while studying polycrystalline Heusler alloy
thin films.

Mn3* 0N Mnez+

3d 2p 3d

Figure 2.2: Antiferromagnetic exchange coupling in MnO

Superexchange is the mechanism by which two magnetic nearest neighbours are coupled
by a mediating non-magnetic ion. The nature of the coupling is dependent on the angle between
the atoms for example in MnO antiferromagnetic coupling is observed for Mn atoms being
parallel to the O atoms, whereas ferromagnetic coupling is observed for Mn atoms being
perpendicular to the O atoms. Figure 2.2 shows the classical example of this interaction as
Manganese nearest neighbours couple antiferromagnetically due to their d shell electron spins
coupling with an intermediary Oxygen p-shell electrons. Kramers proposed superexchange
however the model was refined semi-empirically by Goodenough and Kanamori [22]. By
considering the RKKY interaction for long range exchange coupling in a thin film and
superexchange for the exchange coupling in unit cells it is possible to build a picture of the
magnetic ordering in Heusler alloys as discussed further in section 2.2.2. Changing the
interatomic spacing between neighbouring atoms can cause the exchange coupling to be reversed
in order to obtain desired magnetic properties in a material. This is why the crystallisation and
composition of the Heusler alloys in this work is important for the realisation of properties suitable

for technological innovation.
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2.1.3 Bilayer interactions in thin films

As discussed previously the RKKY interaction can lead to the coupling of adjacent grains
in a thin film. The interaction can also couple grains across interfaces in thin films and is of
significant technical importance as it can explain phenomena such as giant magnetoresistance for
spintronics applications. Exchange bias is the coupling of a ferromagnetic and antiferromagnetic
layer that ultimately leads to an increase in the magnetic energy barrier and coercivity of the
ferromagnetic layer. Coupling of ferromagnetic Heusler alloys to an Iridium Manganese
antiferromagnet has already been demonstrated [23]. For successful exchange bias to be observed
with an antiferromagnetic Heusler alloy the layer must crystallise to favour antiferromagnetic

ordering and the interface with the ferromagnetic layer must be suitable for RKKY type exchange.

Figure 2.3: Interfacial coupling between a ferromagnet (black) and an antiferromagnet (red) in a granular
thin film.

A schematic of interfacial exchange coupling is shown in figure 2.3. The spins of the
antiferromagnet pin the ferromagnet which can lead to an increase in coercivity. In order for the
grains to couple the physical contact of the materials at the interface must be optimised. For
entirely Heusler alloy based systems the ferromagnetic and antiferromagnetic layers must have
the desired magnetic ordering. This means that both layers must crystallise favourably at low
enough temperatures for diffusion of the elements to not disrupt the desired magnetic properties
of the bilayer. In order to surpass this challenge a range of crystallisation parameters must be

mapped and optimised for individual Heusler alloys prior to growing bilayers.
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2.2 Understanding Heusler alloys

Heusler alloys are a group of semiconducting or metallic materials of three elements X Y
and Z with a 1:1:1 or 2:1:1 stoichiometry [8]. They have been actively researched since their
discovery by Heusler in 1903 because of their range of properties [24]. These properties form
several sub-classifications which can include tuneable band gap semiconductors [25], half-
metallic ferromagnets with band gaps for only one spin direction [26] as well as several others
[27, 28]. The properties of several Heusler alloys can be predicted by counting the number of
valence shell electrons [8]. More detailed studies predict the properties of Heusler alloys based
on their band structure [27]. The magnetic properties of Heusler alloys are highly sensitive to the
atomic arrangement in the lattice and its degree of structural ordering [8]. Understanding the
order-disorder phenomena of a Heusler alloy is critical to tuning the desired properties. For
example Fe;VVAI fully ordered is ferromagnetic however Fe.sVosAl is predicted to be
antiferromagnetic [29]. Therefore this section aims to detail some of the basic rules for
understanding Heusler alloys to contextualise the results reported in Chapter 4.

2.2.1 Crystal ordering of Heusler alloys and the Strukturberichte notation

The order and distribution of atoms in a Heusler alloy strongly affect their electronic
structure and hence their physical properties. The significance of disorder on the electronic
structure can be demonstrated by TiNiSi [8]. When perfectly ordered TiNiSi has a band gap of
around 0.4eV however when the lattice has a 5% site disorder the band gap is reduced to less than
0.1eV and is completely closed at 50% disordering of the lattice. Therefore if TiNiSi was used as
a semiconductor in industry an extremely well-controlled production process would be required.
The term disorder refers to any deviation from an idealised unit cell. However a greater level of
detail is required in order to communicate exactly how the lattice is disordered. For example X
elements could be occupying Y sites or there could be no ordering between the Y and Z sites in a
lattice. Due to the difference between the properties such as the electronegativity and atomic
radius of each element, knowledge of the subtle differences in the types of disorder are required
to explain the changes in the properties of a Heusler alloy. Therefore the type of disorder
associated with a Heusler alloy is described by the Strukturberichte notation as shown in figure
2.4[8].

The Strukturberichte notation is common in the field of Heusler alloys; it is used to
describe disorder based on the occupancy of different atomic sites with various elements or
vacancies. In practice the Strukturberichte notation is analogous to the other common
crystallographic classifications Pearson, prototype and space group [30]. The notation works by

classifying a metallic structure by using a capital letter followed by a number and sometimes a
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subscript [31]. The A-series is supposed to describe fcc-order in elemental structures however it
is used in XoYZ Heusler alloys to describe a system whereby an ordered lattice that is present that
is occupied by random elements within the alloy composition. The B-series is used to describe
binary systems for example ‘B2’ describes the CsCl structure in prototype notation. In X;YZ
Heusler alloys it is used to describe the situation when the lattice is formed of two sublattices.
Finally the L-series is used to describe alloy structures whereupon L2; describes a fully ordered
X2YZ alloy structure. The Strukturberichte notation is ideal for this work as samples can be
identified from having the minimum A2-type disorder to the perfect L2;-type order. The notation
forms a convenient system for discussing how the crystal structure of the samples changes under
specific growth conditions. Figure 2.4 is a schematic of the three Strukturberichte classifications
used to describe the experimental results found in Chapter 4. It should be noted that the
classifications shown are displayed with unit-cells to reflect how the structures are commonly
used to describe Heusler alloys. For example where B2 would normally describe a CsCl structure
of two elements, in Figure 2.4 it is describing two ordered sublattices occupied by element X in
one sublattice and elements Y and Z in the second sublattice. Therefore Strukturberichte is used
in the rest of this work to describe the structures shown in Figure 2.4 which are discussed further

below.
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Figure 2.4: A diagram of disorder in a X,YZ Heusler alloy lattice based on the occupation of sites by

specific elements as described by the Strukturberichte notation.
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The types of disorder shown in figure 2.4 are considered the most important for this work
because they are associated with the different types of magnetic ordering in the Heusler alloys
chosen. The L2; structure is perfectly ordered by definition whereupon the X, Y and Z unit cells
form an interlocking fcc-based supercell. The B2 disorder describes the situation whereupon the
X element has formed ordered cells within the lattice however the Y and Z elements occupy
adjacent sites at random. The A2 disorder describes the situation whereupon a Heusler alloy has
formed a lattice however the elements are randomly distributed amongst the lattice sites. The
films grown in this work are typically deposited in an A2 matrix. Fleet et al [32] observed the
crystallisation of CoFeSi from the A2 to the L2; phase using transmission electron microscopy.
Highly ordered nanocrystals were observed growing from the deposited matrix in a layer-by-layer
crystallisation process. The work also indicated that there could be preferential crystal growth
along a specific axis. A great deal of time must be invested in studying materials using transition
electron microscopy therefore a more efficient measurement technique was required to screen

samples.

The most common method for determining the structure of Heusler alloys is X-ray
diffraction [8]. This is because the different ordering structures exhibit different reflection
profiles based on the relative intensities of the planar reflections as shown in table 2.1. The
absence of peaks can be used as a strong indication of the degree of ordering with more peaks
indicating a higher degree of crystallinity. The ordered L2; structure is identified by the presence
of the (111) and (200) fcc-typical reflections with respect to the (220) reflection. However for
compounds containing elements of similar atomic number the (111) and (200) reflections can be
below 1% of the intensity of the (220) reflection [8]. Therefore a simulation of the expected
sample response is valuable for the interpretation of X-ray data. The elements comprising the
Heusler alloys in this project had a sufficient difference in mass for there to be enough intensity
in the reflections to justify X-ray diffraction as a primary measurement. The different types of
disorder in Heusler alloys have characteristic X-ray diffraction profiles [8]. Therefore the phase
of the material could be identified by the relative intensities of the diffraction peaks observed.
Table 2.1 lists the reflections and relative intensities used to identify the different types of
disorder. Figure 2.5 is a simulation of the X-ray profile of a perfectly ordered L2; structure. This
phase and the B2 and A2 were identifiable because the (220) intensities were at least 10° counts
per second (cps) which meant minor peak intensities were of the order of 102 cps which exceeded

a typical noise floor of 10cps in the X-ray diffractometer.
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Figure 2.5: The X-ray diffraction profile and schematic of L2, ordered Fe;VVAI calculated using the

CaRlne crystallography software package.

The CaRlne crystallography software package [33] was used to calculate the diffraction
profile shown in figure 2.5. In order to calculate the intensities of the peaks CaRIne applies Bragg
diffraction to a unit cell designed by the user. Each plane is described by Miller indices (hkl)

which are used to calculate the structure factor Fs:

N
E, = z fn_fOCC.e27ti(h.xn+k.yn+l.zn) (2.3)
n=1

where f, is the atomic scattering factor for X-rays, X» ¥ and z, are the atomic coordinates for the
n™ atom and foc is the occupation factor of the site (0<foc<1). The occupation factor is addition
of the Lorentz and polarisation factors to account for unpolarised incident X-rays and the change
of the diffraction geometry as the incident X-rays are swept across the diffraction angle 6. The

software uses the following equations to calculate these factors:

frorentz = 1/4.5in?8. cos0, (2.4)

1
fpotarisation = 2" (1 + cos?9). (2.5)
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The software also allows the user to add a temperature factor fr to describe the Debye Wallor
attenuation of X-ray scattering due to thermal motion in the sample. Once the structure factor has
been calculated CaRlIne then calculates the intensity | of X-ray diffraction for a given diffraction
angle:

14 cos?20\ 2 (ﬂ)z (2.6)
I = ||E||l.| ——]. N2 ) pyvt
I (sin29.0059> € .V

where p is the X-ray polarisation and V is the volume of the unit cell. The intensities of the
respective peaks are around 2% different to the values quoted in table 2.1 because the Heusler
alloys used in the calculations have different lattice parameters resulting in a different volume of

the unit cell.
Structure (111) (200) (220) (311) (222) (444)
L2, 4.30 4.67 100 2.01 1.30 16.46
B2 - 4.67 100 - 1.30 16.46
A2 - - 100 - - 16.58

Table 2.1: The relative X-ray diffraction intensities of Co.MnSi for different structures [34].

2.2.2. Magnetic ordering of Heusler alloys

The Heusler alloy famil