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Functional Magnetic Interface Phenomena in Nano-Architectures

Grace L. Causer

Abstract

The work embodied in this thesis aims to investigate the occurrence of magnetic in-
terface phenomena in low-dimensional thin-film systems which have conceivable util-
ity in future condensed-matter technologies. Namely, the magnetic interface quality
of an FePt3 nano-magnet formed via ion-induced chemical disorder will be critically
analysed, in addition to a Co/Pd bilayer which features modifiable magnetic surface
anisotropy upon exposure to hydrogen gas. The studies are enabled chiefly through ad-
vanced X-ray and neutron scattering techniques specifically chosen to probe interface
structure as well as chemical and magnetic orders, and supplemented by traditional
lab-based characterisation tools.

To begin, a much-anticipated experimental confirmation of the intrinsic sharp-
ness of magnetic interfaces formed by locally driving magnetic phase transitions in
materials using ion beams is presented. This is achieved through a unique experi-
mental design whereby a room-temperature ferromagnetic nano-layer is encoded with
depth-control onto a paramagnetic FePt3 film by inducing chemical disorder using
energy-specific He+ ions. The magnetic transition is investigated through theoretical
modelling, whereby the first density functional theory results for the entire suite of po-
tential long-range magnetically ordered states of FePt3 are presented. In doing so, the
energetically favourable ground-state spin structure is identified. By analysing several
localised defect structures which may form in FePt3 under ion irradiation, the funda-
mental mechanism of the disorder-driven magnetic transition is revealed and shown to
be caused by an intermixing of Fe and Pt atoms in anti-site defects above a threshold
density.

In a second study, hydrogen-induced modifications to the layer-averaged static
magnetisation and macroscopic magneto-dynamic behaviours of a Co/Pd heterostruc-
ture are investigated. The modifications are observed and examined in detail through
simultaneously probing the magnetic anisotropy energy and studying the changing
chemical and magnetic depth-profiles across the entire bilayer during primary hydrogen-
gas absorption. It is revealed that the in-plane interfacial magnetisation of the Co/Pd
bilayer irreversibly increases after primary hydrogen-gas absorption, indicating a weak-
ening of the perpendicular magnetic anisotropy energy. To aid in conducting this anal-
ysis, an original experimental method is first developed which innovatively combines
neutron scattering and microwave spectroscopy; equipment is then commissioned, and
feasibility studies are performed.
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Chapter 1

Introduction

In 1959 Richard Feynman delivered a visionary lecture in which he theorised that if

matter could be assembled at the atomic level, then materials could be designed ‘at

will’ to exhibit properties which are unobtainable in bulk specimens [79]. Feynman

envisaged a world where these artificial nanostructures could be used to solve a myr-

iad of challenges facing electronics, engineering and medicine [230]. In the decades

that have since followed, the words of Feynman have been credited to laying the

foundations of modern nanoscience and are continually reflected in the ever-growing

number of technological developments which lie in their wake. For example, energy-

gap variations across the interfaces of semiconductor heterostructures have provided

high-speed opto-electronics, for which Herbert Kroemer won the 2000 Nobel Prize in

Physics and coined the phrase ‘the interface is the device’ [142]. The ability to con-

trol and transport spin through atomically-thin magnetic layers led to the discovery

of giant-magnetoresistance [16, 29], giving birth to the spintronics paradigm [27, 15],

and acquiring Albert Fert and Peter Grünberg the 2007 Nobel Prize in Physics. More

recent Nobel laureates have highlighted the importance of surface-state topology and

2
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have outlined novel frameworks for predicting and characterising exotic forms of mat-

ter — some of which may even form the basis of quantum computing [205, 104, 137].

Feynman’s ideas brought the realisation that completely new and tuneable properties

could be obtained by manipulating the physical dimensions of matter [264, 183]. And,

as touched on by Kroemer, a further concept which underpins much of all condensed-

matter nanoscience is the importance of interfaces in communicating low-dimensional

phenomena between heterostructure components [70], and which act as anchor points

for the direct control and tunability of device functionality.

In this thesis, the concepts put forward by Feynman and Kroemer are explored

through two magnetic thin-film architectures which are united in the utility of inter-

facial effects and dimensionality. The first study, which is introduced in Section 1.1,

reports on the fundamental sharpness of magnetic interfaces formed by ion-induced

chemical disorder in FePt3 films. A second study, which is introduced in Section

1.2, investigates hydrogen-induced modifications to the magnetic surface anisotropy

of Co/Pd bilayers. The interface physics of the nanostructures detailed in this thesis

have the potential to support a manifold of future magnetic thin-film devices, namely

in the areas of computing and advanced sensing technologies.

1.1 The Fundamental Sharpness of Magnetic In-

terfaces Formed by Chemical Disorder Using a

He+ Beam

In order for storage densities in magnetic recording devices to exceed 5 Tbit in−2,

the current approach to information-storage engineering will drastically need to change

[144, 270]. Up until now, the delicate balance of maintaining workable signal-to-noise
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ratios, while pursuing increased storage densities in conventional hard-disks, has been

managed by reducing the bit size over a fixed number of weakly interacting grains per

bit [271]. However, below a certain finite size the small volume of an individual grain

will render it highly susceptible to thermal-induced switching [196, 289], resulting in a

loss of stored information. To avoid this data-storage dilemma, research focus has now

expanded to consider the potential of storing information on artificially-formed bit-

patterned structures, where each bit constitutes a single-domain ferromagnetic (FM)

entity [270, 162, 196]. This design construction is particularly attractive, because as

each bit comprises of one magnetic domain only, the switching volumes have enhanced

size (on the order of some 10 nm3) and therefore enhanced thermal stability with

respect to conventional hard-disk media [272, 271].

Traditionally, the geometric FM-dot arrays typical of bit-patterned media have

been fabricated using lithographic techniques such as X-ray, electron- or ion-beam

lithography [180, 270]. These methods require the use of both template and resist

materials, plus several chemical treatments to develop the resist, deposit the FM-dot

material, and then lift-off the resist layer. In short, these multiple steps take time

and require numerous equipment set-ups, not to mention the quality of the resist after

chemical development often plays a significant role in determining the definition of the

resulting FM bits [66, 294]. Furthermore, once the film is stripped of the resist layer

the lithographically deposited FM islands are revealed, which are not only chemically

inequivalent to the template material, but also have a different topography [270, 144].

The latter hinders prospective applications in magnetic data-storage because the dis-

crete bits can disturb the stable flying of the giant-magnetoresistance recording heads

which traverse over the media at distances of only a few nanometres. For example, it

is estimated that a 4 nm head-to-media clearance will be required to reach the 5 Tbit

in−2 areal-density point [182], otherwise recording errors will be incurred.
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Consequently, an alternative nano-fabrication technique to lithography is sought

which can preserve surface topography while allowing for the local modification of mag-

netic properties within a thin film. One approach which is highly capable of delivering

such structures on a commercial scale, is to employ energetic-ion beams produced by

particle accelerators to synthesise detailed magnetic nanostructures from continuous

non-magnetic templates [246, 48, 19, 154, 144]. Generally, there are two mechanisms

for inducing magnetic-property modifications in materials using ion beams. The first is

to introduce impurity dopants through ion implantation [191, 154, 131], which openly

introduces additional chemical factors. The second is to drive magnetic phase transi-

tions by rearranging lattice structure and introducing chemical disorder, without dop-

ing, by irradiating with chemically-inert light-ions such as He+ [73]. This dopant-free

approach has the merit of preserving the chemical stoichiometry of the template while

modifying the band structure in the region of exposure. However, it is only effective

in certain material classes [19, 234, 174, 190]. In saying this, both mechanisms provide

the capability to engineer magnetic properties in three dimensions on the nanometre

length scale, with a greater spatial resolution than traditional lithography. These will

be important considerations for several emerging magnetic technologies. For instance,

ion implantations are increasingly being used to prepare novel logic and spintronic de-

vices [54], and to sculpt the conducting edge states of topological insulators [253, 84].

While focussed-ion irradiations are adept to machine superior, three-dimensional, yet

planar, spatial arrays of FM components which are ideally suited to the tribology of

bit-patterned devices [272, 74, 270]. Ultimately, the performance and functionality of

these devices will hinge on the spatial definition of the incorporated magnetic nano-

elements. The parameter of spatial definition is set by the inherent tendency of the

ion beam to widen its energy distribution and angular momentum through statistical

scattering processes within the non-magnetic template [301, 92]. This ‘straggling’ be-
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haviour (which is intrinsic to all low-energy ion beams) will have a profound influence

on the maximum storage-densities achievable in bit-patterned devices, as it will be the

limiting factor to define the minimum separation distance required to prevent mag-

netic coupling among adjacent bits. As such, gaining a quantitative understanding

of the magnetic transition-width of FM/non-FM interfaces formed by ion beams is of

topical importance to the future success of these devices.

The investigation presented in Chapter 3 elucidates the fundamental sharpness of

magnetic interfaces which can be formed locally by driving magnetic phase transitions

in materials using ion beams. The term fundamental is used here, namely, to de-

scribe a magnetic interface arising solely from the ion-matter interaction itself. This is

achieved through a unique experimental design in which the ion distribution is made

independent of all external factors which commonly act to reduce magnetic interface

quality in ion-beam-designed nanostructures (e.g., shadowing effects typical of masked

irradiations) [294, 66].

The investigations are carried out on the intriguing model system — FePt3 —

motivated by its unique quantum chemical feature which allows either a paramag-

netic (PM) or FM state to be selected at room temperature depending on the level

of atomic-site disorder in the material [243, 244, 173, 174]. Through careful selection

of the irradiating ion energy and fluence, room-temperature ferromagnetism is locally

induced into a fractional volume of a PM FePt3 film through dopant-free chemical

order modification. A combination of transmission electron microscopy, magnetome-

try, and polarised neutron reflectometry measurements demonstrate that the interface

over which the PM-to-FM modulation occurs in this model system is confined to a few

atomic monolayers only, while the structural boundary transition is less well-defined.

Using complementary density functional theory calculations, the mechanism for the

ion-beam induced magnetic transition is revealed and shown to be caused by an in-
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termixing of Fe and Pt atoms in anti-site defects above a threshold density. The

results presented in Chapter 3 are closely based on the self-publications contained in

References [43], [45] and [46], but also include some additional and unpublished data.

1.2 Hydrogen-Driven Switching of the Magnetic

Surface Anisotropy at the Co/Pd Interface

While the investigation of Chapter 3 takes advantage of the binary magnetic states

unique to FePt3 and is pertinent to understanding the utmost areal-densities achievable

in forthcoming bit-patterned technologies prepared by ion beams, the FePt3 alloy itself

is far from a competitive data-storage material. Although many previous works into

FePt3 have been motivated by spintronic, magnonic and data-storage applications [174,

173, 234, 244, 243, 164], the alloy is mostly a convenient prototype for demonstrating

the reported concepts. This is because, while FePt3 may be able to display FM and

PM phases simultaneously at room temperature, it is nevertheless magnetically soft

meaning that (in a device) individual FM bits could easily lose their written data

through stray-field interactions or via thermal excitation.

Instead, for application, high-anisotropy materials which display square hysteresis

loops, high coercive fields and which orient their magnetic easy-axis perpendicular to

the plane of the film are required. The myriad of candidate materials exhibiting this so-

called ‘perpendicular magnetic anisotropy’ (PMA) comprise of Co/Pt [288, 42], Co/Au

[279, 278], Co/Pd [267, 266], Fe/Pd [152, 226], and Fe/Pt [185] heterostructures as well

as L10 FePt [23, 146, 299, 94, 55], L10 MnAl [214], and L12 CrPt3 [268, 128] alloys. The

occurrence of PMA in these systems is reported to emerge from the co-operative effects

between the spin moments of the FM 3d transition metals and the large spin-orbit

interactions of the PM 4d transition metals [211, 282, 247]. The proximity interaction



1.2. Hydrogen-Driven Switching of the Magnetic Surface Anisotropy at the Co/Pd
Interface 8

of the elemental species induces a spontaneous magnetic polarisation of the heavier

4d moments (originating from their large Stoner factors [236, 113]) [50, 107], which

then presents as an interfacial or bulk derived PMA within heterostructure and alloyed

films [271], respectively.

According to Néel theory [202], the reduced coordination of interfacial atoms in

heterostructure films plays a significant role in redistributing the spin-polarised elec-

tron density, which alters the spin-orbit energy responsible for the system’s state of

magnetic anisotropy [41]. Consequently, by rearranging interfacial structure it is pos-

sible to modify the PMA. Accordingly, ion beams have been employed to induce inter-

face atomic-mixing in PMA heterostructures to either rotate the magnetic easy-axis

direction [288, 66, 77, 279] or destroy magnetism in the region of exposure altogether

[67, 74]. This has afforded the preparation of arrayed PMA nano-elements separated

by either in-plane magnetised or PM spacer regions, respectively. The latter arrange-

ment represents that of an ‘ideal’ bit-patterned assembly as there is no opportunity

for the PMA elements to exchange couple to their neighbouring spacer elements. Fur-

thermore, in terms of the high-anisotropy alloys, ion-induced chemical disorder has

been shown to lead to the local creation or destruction of magnetism throughout the

irradiated regions of A1 FePt [23, 231] and L12 CrPt3 films [111, 213], respectively.

Among the many high-anisotropy heterostructures the FM/Pd interface represents

a special case in which the interfacial PMA is not only modifiable through ion-beam

irradiation, but rather remarkably, also upon exposure to hydrogen gas [47, 171, 172].

This is made possible by the strong affinity of Pd to absorb large volumetric quantities

of hydrogen whereby it undergoes a chemical, mechanical and optical transformation

[156]. This unique tendency of Pd opens a fascinating possibility for the interfacial

PMA effect to not only be employed in the realm of data-storage media but also in

a multitude of hydrogen sensing and storage applications. Increasingly, hydrogen as
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an energy carrier as well as the development of associated hydrogen technologies, such

as fuel-cells and sensors, are establishing themselves as key and important ingredients

in the race to find economical, renewable and safe solutions to our ever-increasing

demand for energy in the face of dwindling fossil fuel reserves [1, 260]. Kostylev et al.

were the first to exploit the magnetic anisotropy of Co/Pd bilayers to demonstrate the

concept of a hydrogen gas sensor (HGS) which utilises magnetic interface effects [47].

Since then numerous works have extended the appreciation of magnetic HGSs to sys-

tems such as Fe/Pd bilayers [148, 158] and CoPd alloyed films [160]. In general, these

works have demonstrated the commercial viability of PMA-based HGSs; however, a

comprehensive understanding of the fundamental mechanism which drives the changes

to the Pd layer magnetisation at the FM/Pd interface is still lacking. Progress in this

area has been hindered primarily due to the complexity in characterising the interfa-

cial effect during hydrogenation, especially since there is a likelihood of the process

leading to a partial irreversibility of the interfacial properties [212, 197]. Under these

circumstances it is essential to record as much information about the FM/Pd interface

step-wise throughout a single exposure to hydrogen gas, because once perturbed by

the environment the initial state of the sample is unable to be revisited at any later

stage. Addressing this requires the use of an experimental probe which is sensitive

to magnetic anisotropy, while capable of simultaneously resolving the depth-profile of

magnetic polarisation throughout a heterostructure during hydrogen-gas absorption.

In Chapter 4 we devise an experimental procedure capable of mutually extract-

ing information about the static magnetisation and the magnetic anisotropy of a FM

film while its properties are gradually transformed in the presence of an external

stimulus. This is achieved through commissioning an original sample chamber which

combines polarised neutron reflectometry and ferromagnetic resonance. Feasibility

studies performed using the commissioned equipment reveal the profound capacity of
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the measurement approach in being able to detect minute changes between extrinsi-

cally driven states of matter. The commissioned equipment is then used to characterise

hydrogen-induced changes to the magnetic and structural properties of Co/Pd bilayers

of varying Pd layer thickness. It is shown that the total in-plane magnetisation of the

Co/Pd bilayers irreversibly increases after primary hydrogen-gas absorption indicating

a weakening of the PMA strength, and which displays a dependence on the thickness

of the Pd layer. The results presented in Chapter 4 are based on the self-publications

contained in References [40], [44] and [140], but also include some additional and

unpublished data.

1.3 Thesis Overview

As the majority of the experimental conclusions contained in this thesis are obtained by

X-ray and neutron scattering techniques (specifically applied to thin films), the funda-

mental principles of the relevant methods are first introduced in Chapter 2. References

to complementary lab-based characterisation tools which have also been utilised as part

of this work are also provided. At the beginning of each research chapter, in Chapters

3 and 4, a more thorough motivation section will prelude the work and outline the

current state-of-play for the topics covered. Following this, in Chapter 3, the growth

conditions, and initial characterisation of the FePt3 films will be presented. Ion-beam

theory is then introduced, and Monte Carlo simulations are employed to model the

disorder distributions anticipated within the FePt3 films resulting from the specified

irradiation conditions. Following this, a comprehensive materials investigation of the

structural properties of the irradiated FePt3 films as a function of the He+ fluence

is presented. Experimental investigations of the magnetic interface quality are then

provided, and theoretical calculations are performed to rationalise the experimental
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findings. Finally, a supplementary investigation into the low-temperature magnetic

coupling generated at the FM/PM interface within the irradiated FePt3 film is pre-

sented. In Chapter 4, a description of the polarised neutron reflectometry with in situ

ferromagnetic resonance sample chamber commissioned at the Australian Centre for

Neutron Scattering (ACNS) of the Australian Nuclear Science and Technology Organ-

isation (ANSTO) over the course of this thesis is presented. The methodology and

the first experimental results obtained from feasibility studies using the commissioned

equipment are provided and discussed. A detailed ex situ and in situ characterisation

of the hydrogen-driven switching of interfacial PMA in Co/Pd bilayers of varying Pd

layer thickness is then presented and analysed. Chapter 5 summarises all the main

experimental and theoretical results presented throughout the thesis and provides sug-

gestions for the future directions of each project.

Although the two research projects outlined in Chapters 3 and 4 of this thesis are

very different in nature and in operation, the investigations are motivated by the same

set of research questions. These are:

• How do the chemical, structural and magnetic properties of a material behave

on the nanoscale and/or near an interface?

• How do external factors, such as hydrogen gas or ion irradiations, modify the

chemical structure of thin films, and what role do these factors play in modifying

the magnetic landscape on the nanoscale and/or near an interface?

• How can X-ray and neutron scattering techniques be used to resolve the depth-

dependent chemical and magnetic signatures of nano-architectures?

• How can the magnetic phenomena of low-dimensional systems (e.g., exchange

bias and perpendicular magnetic anisotropy) be exploited in the operation of



1.3. Thesis Overview 12

forthcoming solid-state technologies?



Chapter 2

Experimental Techniques

X-rays and neutrons are complementary and ideal matter probes routinely employed to

investigate the structure, atomic order and magnetism of thin films [298, 183, 241, 68].

X-rays and neutrons constitute high-resolution probes because they mutually possess

wavelengths comparable to interatomic distances in solids. Both X-rays and neutrons

have enabled studies into bulk materials because each interacts only very weakly with

matter to permit larger depth-penetrations compared to that of proton or electron

probes which are restricted to surface studies [62]. In addition, while X-rays scatter

from the electron cloud, neutrons interact with the atomic nuclei and the unpaired

electrons of an atom, and therefore each provides complementary information about a

specimen — be it electronic, nuclear or magnetic. It follows that neutrons are sensitive

to the isotopes of a given element and are also acutely sensitive to light (low atomic

number Z ) elements [225], whereas X-ray sensitivity scales linearly with Z across the

periodic table. Hence, X-ray and neutron scattering techniques employed in synergy

provide a pathway to directly resolve the atomic and magnetic structures of thin films,

and as such have been used to facilitate a large portion of the experimental work pre-

13
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sented in this thesis. In general, lab-based techniques such as transmission electron

microscopy (TEM) [290] and vibrating sample magnetometry (VSM) [274] are also

commonly used to supplement scattering measurements. However, structural investi-

gations utilising microscopy are restricted to surface measurements, and as such cannot

provide insight into the nature of buried chemical and/or magnetic interfaces within

thin films. While magnetometry provides indirect and volume-averaged information

which cannot spatially resolve variations in magnetisation across film thicknesses. The

fundamental principles of the TEM and VSM techniques will not be discussed in this

thesis, but can be found in several excellent sources [290, 90, 36, 274, 22, 81].

This chapter introduces the scattering theories relevant to the techniques presented

in this thesis. The discussions are intended to be brief, and will focus on scattering

techniques applied to magnetic thin films. As such, discussions will be limited to

scattering which is both elastic (Ei = Ef ) and specular (θi = θf ). Extensive reviews

covering descriptions of the basic principles towards full theoretical derivations of scat-

tering theory (and the numerous techniques which it supports) can be found in the

literature [262, 165, 257, 286, 91, 106].

The principle of scattering is centred around the process whereby an incident beam

of wavevector ki is scattered by a sample resulting in an outgoing beam of wavevector

kf (as depicted in Figure 2.1). For a scattering event which is both specular and elastic,

the difference between the incident and scattered wavevectors contains information

regarding the component of the wavevector transfer Qz normal to the sample surface

[257, 134],

Qz = kf − ki. (2.1)
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Figure 2.1: Scattering measurements in the ω/2θ Bragg-Brentano geometry. An inci-
dent beam of wavevector ki is scattered by a sample resulting in an outgoing beam of
wavevector kf . kf scatters at an angle 2θ relative to ki, which is incident at an angle
ω to the sample surface.

2.1 X-ray Diffraction

W. L. Bragg was the first to realise that X-rays striking a crystal at an angle θ con-

structively interfere to produce a diffracted beam, only if the path difference between

rays reflected from adjacent planes of the lattice are an integer multiple of wavelengths

λ [34]. The condition is termed Bragg’s Law [134], and is given by

nλ = 2dhklsinθ, (2.2)

where n is the harmonic of the diffraction and dhkl is the distance in real-space between

consecutive lattice planes in a given Miller direction denoted by the indices (hkl) [13].

The Bragg angle θ is related to the modulus of the component of the scattering vector
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Qz normal to the sample surface [257], and is given by

Qz =

(
4π

λ

)
sin θ, (2.3)

which is inversely proportional to dhkl (i.e., Qz = 2π/dhkl).

Because a crystal represents a three-dimensional periodic spatial array of atoms,

it is convenient to take the Fourier transform of the real-space lattice to define a

reciprocal-space [257]. Each point of the reciprocal-space lattice can be described by

a reciprocal lattice vector G [134],

G = hâ∗ + kb̂∗ + lĉ∗, (2.4)

where â∗, b̂∗, ĉ∗ are reciprocal-space lattice vectors related to the real-space lattice

vectors â, b̂, ĉ. By substituting Equations 2.2 and 2.4, Bragg’s Law can be used to

determine the distance between the adjacent planes of any crystalline lattice described

by the lattice parameters (a, b, c). For the particular case of a cubic lattice with lattice

parameter a (= b = c) this becomes [134],

dhkl =

(
h2 + k2 + l2

a2

)−1/2

. (2.5)
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Figure 2.2: Reciprocal-space lattice showing the Bragg condition for diffraction where
the wavevector transfer Qz must equal some reciprocal-space lattice vector G in order
for diffraction to occur.

As depicted in Figure 2.2, the Bragg condition for diffraction is satisfied when

G = Qz = kf − ki. However, because of the differing scattering powers and of the

relative locations of individual atoms within the unit cell of a crystalline lattice, not all

diffracted beam intensities recorded at each Bragg angle will be equivalent. Instead,

one must consider the structure factor SG of a lattice [134],

SG(hkl) =
∑
j

fj exp [−2πi(hxj + kyj + lzj)], (2.6)

which is taken as the summation over all the atoms j positioned at (x, y, z) within the

unit cell. The atomic form factor fj describes the scattering amplitude of a given atom,

which (for X-rays) is related to the electron density and can therefore be approximated

by the atomic number Z of the atom.
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2.2 Reflectometry

While diffraction is suitable for determining the atomic structure and lattice spacings

of a crystalline film, it cannot provide information regarding its thickness, layering

sequence and/or interfacial qualities. These latter parameters are obtainable by setting

ω in Figure 2.1 at a glancing angle to the sample surface. In this low-momentum

transfer regime, the plane waves of ki partially reflect and refract from each of the

film’s interfaces undergoing interference with kf to subsequently form a reflectivity

pattern (analogous to optical interference phenomena observed during the reflection

of visible light) [68, 225].

To aptly conduct a reflectometry investigation, it is essential that the film being

studied comprises of a planar surface, and any buried layers or interfaces are laterally

homogeneous across the sample dimension on the length scale of the incident beam’s

wavelength [176]. In this way, each layer can be approximated to be invariant in

the xy-plane (as defined in Figure 2.1) and the scattering problem reduces to one

dimension. In this simplified form, the scattering potential V is only influenced by

variations in the bound coherent scattering length b and atomic density ρ which occur

perpendicular to the sample surface (i.e., in the z-direction), and is expressed as

V =
2πh̄2

m

∑
i

ρibi,nuc , (2.7)

where m is the neutron mass and the summation is performed over all elemental and/or

isotopic (in the case of neutrons) constituents i of a given layer. The product of b and

ρ is termed the scattering length density (SLD) of the layer.

By measuring the reflected intensity R of a sample (where R = |r∗r|2 and r is the

sample reflectance [80]) as the incident angle (or wavelength) is varied, a reflectivity
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pattern as a function of Qz is produced, from which a SLD profile normal to the

sample surface can be obtained. The SLD profile which is sensitive to optical-index

deviations on the nanometre length scale can be used to identify the individual layers

of a system and provide information regarding material and interface properties. A

prominent feature of the reflectivity pattern is the critical edge Qc

Qc =
√

16πρbnuc , (2.8)

which corresponds to a material-specific critical angle below which ki undergoes total

external reflection from the sample surface. At incident angles greater than Qc the

reflectivity falls asymptotically as Q−4
z [6]. The appearance of Kiessig fringes, formed

as a result of the changing SLD throughout the sample depth, provide information

regarding the thicknesses and chemical compositions of the constituent layers within

the sample [85].

At low-momentum transfer (i.e., as Qz → 0), through enhanced incidences of the

self-absorption and refraction of ki, the major assumptions of the kinematical Born

approximation are violated [257]. As such, the analysis of reflectivity data (unlike

diffraction data) cannot simply rely on the reciprocity of Fourier transforms. Instead,

dynamical approaches such as those developed by Parratt [221] need to be implemented

in order to solve the scattering problem. The Parratt formalism solves the matrix

equation [300],

 t

ikn+1t

 exp (ikn+1)ln+1 =

 cos(knl) sin(knl)/k1

−k1sin(knl) cos(knl)


 1 + r

ikn−1(1− r)

 , (2.9)

recursively for a sample consisting of n layers of thickness l in order to obtain the

reflectance r and transmittance t amplitudes of the neutron wavevector k across each
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layer (or, equivalently, in three neighbouring mediums). For example, the distinct

wavevectors of a single-layer film are: kn−1 = vacuum, kn = film, kn+1 = substrate.

The primary quantity of interest is the reflectivity R = |r∗r|2.

2.3 Polarised Neutron Reflectometry

It is beneficial at this stage to draw attention to the detail, that, reflectometry mea-

surements which employ neutrons as the material probe, are particularly well-suited

to the study of magnetic films [62, 225]. This is because neutrons themselves possess

a magnetic moment µ given by

µ = γnµnσ̂, (2.10)

where γn is the neutron gyromagnetic ratio, µn is the nuclear magneton and σ̂ is

the Pauli spin operator [176]. Hence, neutrons can be thought of as tiny bar magnets

which are able to interact with the uncompensated spins of a magnetic sample through

the magnetic induction B (where B = µ0(H + M) and H is the external magnetic

field and M is the sample magnetisation), to provide an additional magnetic scattering

potential V = −µ·B during a reflectivity measurement. Due to the fermionic property

of the neutron, its angular momentum or ‘spin’ S is quantised such that it can occupy

one of two possible discrete eigenstates, either spin-up (+) or spin-down (−), in the

presence of B. For the study of thin films, the typical naming convention stipulates

that spin-up neutrons align parallel to an external magnetic field H, while spin-down

neutrons align anti-parallel to H. As shown in Figure 2.3, H is applied in the plane

of the film along the y-direction, such that ± S ‖ ŷ ⊥ Qz and can take any arbitrary

angle α with respect to the sample magnetisation M. From Maxwell’s equations, Bz

is continuous and can therefore be neglected, such that only Mx and My contribute to
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Figure 2.3: The typical naming convention employed in the neutron reflection process.
The neutron spin S lies in the plane of the film, and either parallel (+) or anti-parallel
(−) to the external magnetic field H. The in-plane magnetisation M of the film, which
can take any arbitrary angle α with respect to H, is assigned the vector components
Mx and My.

the reflectivity at any interface.

By performing a reflectivity measurement using a beam of polarised neutrons —

that is, to perform a polarised neutron reflectometry (PNR) measurement — the

scattering potential of Equation 2.7 is extended to account for the interaction between

µ and B such that

V± = Vnuc ± Vmag =
2πh̄2

m
(
∑
i

ρibi,nuc ±
∑
i

ρibi,mag), (2.11)

where the ± sign denotes the polarisation state of the neutron. The concluding term

of Equation 2.11 is commonly referred to as the magnetic SLD, and can be equally

expressed as

SLDmag =
∑
i

ρibi,mag = C
∑
i

ρiµi, (2.12)

where C = mµnµB/2πh̄
2= 2.645 x10−5 Å/µB and µi is the magnetic moment of the

sample per formula unit [80].
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Typically, the scattering potential of Equation 2.11 is expressed in the form of a

2×2 matrix, by incorporating the Pauli matrices and an appropriate rotational trans-

formation [176], to define four interaction potentials

V ++ V +−

V −+ V −−

 =
2πh̄2

m
ρ

bnuc
1 0

0 1

+ bmag

cosα sinα

sinα −cosα


 . (2.13)

The first and second subscript of each potential denotes the spin state of the incident

and outgoing neutron beam, respectively, and is used to account for instances where

the incident spin state undergoes a π-phase change (is flipped) upon reflection from

the sample to emerge in an opposing spin state. The diagonal elements, V ++ and

V −−, are referred to as the non-spin-flip scattering potentials, and probe the sample’s

nuclear structure and the component of the magnetic moment parallel to the neutron

polarisation axis [177]. The off-diagonal elements, V +− and V −+, are referred to as

the spin-flip scattering potentials, and probe the component of the sample’s magnetic

moment perpendicular to the neutron polarisation axis only. The four scattering

potentials correspond to the four measurable reflectivity cross-sections R++, R+−, R−−

and R−+. In instances where all four reflectivity cross-sections are measured, the in-

plane vectorial components of the sample’s magnetisation parallel and perpendicular to

the neutron polarisation axis can be spatially resolved (e.g., during magnetic reversal)

to provide a quantitative measure of a sample’s magnetic moment per unit volume as a

function of sample depth. Specifically, by taking the normalised difference between the

R++ and R−− cross-sections as a function of Qz, a depth-profile arising purely from

the magnetic signature of the sample can be obtained. This quantity is commonly

referred to as the spin-asymmetry and is expressed as

spin-asymmetry =
R++ −R−−

R++ +R−−
. (2.14)
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Hence, regardless of a sample’s chemical composition (even if it is homogeneous through-

out the sample depth), lateral fluctuations in the internal magnetic structure can be

detected by PNR. Furthermore, due to the quantisation of the neutron it follows that

the degeneracy of Qc in Equation 2.8 is lifted for experiments involving polarised

neutrons, to become

Qc± =
√

16πρ(bnuc ± bmag), (2.15)

where the differences in the Qz locations of Qc± provides a direct measure of the sam-

ple’s total magnetic moment. Overall, PNR is a powerful technique offering nanoscale

resolution for the determination of magnetic and nuclear depth-profiles across thin

films and multilayered structures [178, 91]. The PNR technique is ideally suited to

analysing interfacial structure, as well as the microscopic composition of layer-averaged

FM specimens.

2.4 X-ray and Neutron Data: Measurement and

Fitting

X-ray diffraction (XRD) and X-ray reflectometry (XRR) measurements presented

in this thesis were collected using a lab-based Panalytical X’Pert Pro X-ray diffrac-

tometer located at ACNS, ANSTO. The diffractometer was operated with Cu-Kα

radiation (λ = 1.5406 Å) in the Bragg-Brentano configuration depicted in Figure 2.1

[90]. During XRD measurement, a Ni filter was used to limit contamination from Cu-

Kβ radiation as well as W and Ni impurities in the Cu anode of the X-ray source. XRR

data were modelled using MOTOFIT [203, 204] to obtain a least-squares determina-

tion of the best-fit structural parameters (i.e., layer thickness, interfacial roughness)

of the measured sample.
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Figure 2.4: The PLATYPUS time-of-flight polarised neutron reflectometer located at
ACNS, ANSTO [122].

PNR measurements were performed on the PLATYPUS reflectometer located at

ACNS, ANSTO [122, 242]. A schematic of the PLATYPUS instrument is shown

in Figure 2.4. The instrument uses low-energy neutrons with typical wavelengths

ranging from 1 Å < λ < 21 Å produced from the cold source of the 20 MW open pool

Australian light-water (OPAL) research reactor. The PLATYPUS beamline operates

with a horizontal sample surface geometry (vertical scattering plane) and employs the

time-of-flight method to acquire data in which the travelling time of the neutron beam

between two points is recorded to provide a retrospective measure of the velocities

(and therefore the wavelengths) of the reflected neutrons. Four in-series dual-selectable

boron-coated disc choppers operating at frequencies of 33 Hz are used to generate broad

bandwidth neutron pulses to complement the efficiency spectrum of the polarising

Fe/Si supermirror (2.5 Å < λ < 12.5 Å) located upstream of the sample position
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[242]. Because the transmitted (−) neutron spin state is the only spin state to emerge

from the polariser, a radio-frequency spin flipper is employed post-supermirror to

initiate spin precession through the application of a time-varying longitudinal field

(198 kHz) to flip the neutron spin during experiments where the non-transmitted (+)

state is required. To enable investigations into the four interaction potentials outlined

in Equation 2.13, a secondary spin-flipper and supermirror package may accordingly

be placed in the beam to analyse the neutron spin state downstream of the sample

position. From Equation 2.3 it follows that the resolution of a reflectometry experiment

is a combination of wavelength and angular resolutions

∆Qz

Qz

=

√(
∆λ

λ

)2

+

(
∆θ

θ

)2

. (2.16)

By selecting different disc chopper pairings, the wavelength resolution of the PLATY-

PUS instrument can be varied between 1% and 9% [122], while the angular resolution

is dependent on the vertical divergence of the incident beam at the sample position

which is controlled by four absolute-encoded slit towers. Sample environments con-

sisting of an electromagnet capable of applying a 10 kOe in-plane magnetic field to

the sample position and/or a cryostat to provide sample cooling/heating over a 5 −

300 K temperature range are also available for use on the instrument.

For all PNR measurements presented in this thesis, PNR data was collected with

a moderate wavelength resolution of 4.3% and an angular resolution of 3% to deliver

a ∆Qz/Qz experimental resolution of 5.2%. The 10 kOe electromagnet was used to

magnetise each sample’s magnetic moment along the applied field direction paral-

lel to the neutron polarisation axis. Spin analysis was not performed and only the

R+(= R++ + R+−) and R−(= R−− + R−+) channels were recorded for each sample.

The experimental PNR data was reduced, background subtracted, corrected for beam
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footprint and polarisation efficiency through the POLSLIM add-in for Igor Pro devel-

oped by A. Nelson and T. Saerbeck [242]. PNR data analysis was performed using

SIMULREFLEC [216] which utilises Parratt’s recursive matrix formalism to simulate

PNR patterns through the construction of real-space models which account for the

thickness, density, scattering length, magnetisation and root-mean-square roughness

of each layer within a multilayered system. The software employs least-squares fit

procedures to continually adjust the parameters of the model (within physical limits)

until a reasonable agreement to the experimental data is achieved. The residual error

χ2 of the modelled reflectometry pattern Mi to the experimental reflectometry data

Ri is given by

χ2 =
1

n− p

n∑
i=1

(
Ri −Mi

σRi

)2

, (2.17)

where n is the number of experimental data points, p is the number of fitting param-

eters in the model, and σRi is the weighted statistical error of the experimental data.

The goal of the fitting procedure is to minimise the divergence between Mi and Ri

until, ideally, a χ2 of 1 is achieved.



Chapter 3

The Fundamental Sharpness of
Magnetic Interfaces Formed by
Chemical Disorder Using a He+

Beam

(left) Illustration of chemical disorder induced in a thin film by ion irradiation, re-

sulting in a magnetic phase transition at room temperature. (right) From a device view-

point, the finite width of the magnetic boundary formed at the chemical order/disorder

interface will influence the minimum separation distance required to prevent data loss

between adjacent magnetic bits in next-generation magnetic-storage media designed by

ion beams.

27
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3.1 Motivation

Artificial magnetic nanostructures synthesised by ion beams exhibit novel properties

which are envisaged to become centrally important to the future functionality of ultra-

high density magnetic recording devices [246, 19] and to the scalability of magnetic

logic-gates in the spintronics paradigm [54, 237, 33, 59, 189]. Aiding a move away from

the traditional nano-fabrication technique of lithography, focused light-ion (e.g., H+,

He+, N+, O+) irradiations have demonstrated an aptitude for crafting superior quality,

three-dimensional nano-elements through a single-step, dopant-free fabrication process

which preserves film topography [213, 144, 234, 73]. This advent has fostered a revolu-

tion in nanostructure design. It is now possible to tune electronic properties and arti-

ficially drive phase transitions through the introduction of chemical disorder in a wide

range of materials with nanoscale selectivity. Cybart et al. patterned thin insulating

barriers into YBa2Cu3O7−δ films using H+ ions to form high-transition-temperature

Josephson superconducting tunnel junctions [64]. Matczak et al. used He+ ions to

continuously modify the effective magnetic anisotropy gradient along Co/Au multi-

layer stripes to produce field-controllable magnetic domain walls [186]. Ramirez et al.

suppressed long-range electronic correlations to tune the metal-to-insulator transition

in V2O3 via disorder-induced O+ irradiation [228]. Bernas et al. reported that the

converse is also true in certain systems — chemical disorder can be driven to chemical

order — after irradiating A1 FePt films with He+ ions to obtain L10 FePt [23].

PM precursors, such as Fe60Al40 and FePt3, which display an attractive interplay

between chemical order and magnetism have also been explored [19, 190, 234, 174],

because they constitute ideal systems for investigating the phenomenon of chemi-

cal disorder-driven ferromagnetism. In these model architectures, impinging ions act

as mixing agents to knock magnetic and non-magnetic atoms from their chemically
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ordered PM sites. The vacancies created during the irradiation process are filled

randomly by the diffusion of atoms to form a non-equilibrium solid solution accom-

modating a modified band structure [19]. Ferromagnetism is then locally generated in

the disordered regions due to a change in the magnetic exchange interactions which

are tied to the Fe-Fe interatomic distances and bond angles. The irradiation leads

exclusively to the substitution of atoms within a few atomic distances of the ion-path,

without the formation of interstitial defects [74], due to the low momentum of the im-

pinging ions which undergo nuclear stopping and later diffuse from the target material.

In this way, by actively tailoring the chemical properties of non-magnetic frameworks,

ion beams provide an avenue for direct stylus-type ‘writing’ of nano-compact FM dot

arrays characteristic of ultra-high density magnetic recording devices [19, 190, 234].

Ultimately, the maximum achievable FM-dot density of these types of devices will be

limited by the intrinsic nature of the ion beam itself, which widens its energy dis-

tribution and angular momentum through statistical scattering processes in the host

material [301, 92]. This character, which is fundamental to all low-energy ions, is

thought to have the potential to blur the intended definition of the resulting magnetic

bit, which could hinder applications. Moreover, as there is generally a dissociation be-

tween ion-induced magnetic and structural property changes [48], this, in turn, raises

further questions about the overall magnetic uniformity of the irradiated volume.

Recently, a semi-empirical model was developed by Bali et al. to account for the

inhomogeneous depth penetration and lateral scattering of ions in matter [19]. The

model revealed an acute sensitivity of the ion-induced FM moment on the number of

displacements undergone by an atom during the irradiation, that is, the displacements

per atom (DPA) [112]. As an outcome, it was modelled that nearly-discrete magnetic

elements with non-depth-varying saturated magnetisation profiles could be obtained

by ion irradiation. A typical FM/PM interface sharpness on the order of 10 nm was
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predicted, and found to be in line with experimental observations [234, 19]. However, as

the collected data were affected by a marginal experimental depth-resolution and also

by the mechanical precision of the resist layer used, the ultimate achievable sharpness

of interface transitions between ion-beam-designed FM and PM regions remains yet

to be experimentally demonstrated.

The work presented in this chapter provides direct evidence of a superior, fun-

damental magnetic interface quality which outstrips the predictions of the model de-

veloped by Bali et al. The investigations are carried out on single crystalline FePt3

films, whereby, through tailoring the ion energy and fluence, a depth-controlled room-

temperature PM-chemical-order to FM-chemical-disorder transition induced by He+

irradiation is reported. Section 3.2 outlines the growth conditions and structural

analysis of the as-prepared FePt3 films. Section 3.3 provides a brief introduction to

the relevant concepts of ion-beam theory, alongside Monte Carlo simulations and an

outline of the unique irradiation configuration implemented in this work. The mag-

netic and microstructural properties of un-irradiated and irradiated FePt3 films are

comparatively characterised in Section 3.4. PNR is employed to fingerprint the FM

profile throughout an irradiated volume to provide insight into the fine resolution

of the terminating FM boundary to the underlying PM framework. In Section 3.5,

density functional theory (DFT) calculations are used to rationalise our experimental

result, as well as to showcase the fine tunability of ferromagnetism in FePt3 lattices

occupying varying degrees of chemical disorder. Finally, a supplementary experiment

is outlined in Section 3.6 which investigates the low-temperature magnetic exchange

coupling generated at the FM/PM interface within the irradiated FePt3 film.
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3.1.1 Introduction to FePt3

The family of intermetallic XPt3 (X = Cr, Mn, Fe, Co, Ni) alloys are ideal frameworks

for studying magnetic nano-elements synthesised by ion beams, because each displays

dual magnetic characteristics depending on the level of chemical order occupied by

their constituent atoms [24, 7, 192, 39]. Formally, chemical order in these crystal lat-

tices is exemplified by the preference of symmetrically-equivalent lattice sites to be

occupied by a particular element, which precedes to a long-range ordered distribution

of atoms across the superlattice. In the case of CrPt3, Cr moments align antiparallel

to Pt moments to support a ferrimagnetic chemically ordered state, which then trans-

forms to a non-magnetic state when the lattice is fully chemically disordered [24]. The

FM moments of chemically ordered MnPt3 likewise give way to a non-magnetic struc-

ture in the chemically disordered state [7]. While CoPt3 and NiPt3 mutually exhibit

chemically ordered FM states which are modified, yet not destroyed, by chemical disor-

der [192, 39]. Of particular interest within the series is FePt3, which uniquely features

tailorable low-temperature antiferromagnetic (AFM) and FM properties (or equiva-

lently room-temperature PM and FM properties) between the chemically ordered and

the chemically disordered states [173, 243], respectively.

As shown in Figure 3.1, fully chemically ordered FePt3 crystallises in the pseudo

face-centered-cubic L12 structure, which is formally described as a simple-cubic lattice

comprised of bi-atomic basis atoms [57]. In stoichiometric compositions, Fe atoms

occupy the corner sites and Pt atoms occupy the face centers of a cubic unit cell with

a lattice parameter of a = 3.87 Å [14]. Cooling the bulk material through the Néel

temperature TN of 160 K, a (1⁄2 1⁄2 0) c-type AFM superlattice structure develops, where

the Fe moments order in alternating FM sub-sheets in the (110) planes [173]. Below

TN the Fe atoms carry magnetic moments of 3.3 µB per atom (extrapolated to 0 K),
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Figure 3.1: Atomic arrangements of FePt3 in the (a) chemically ordered and the (b)
chemically disordered states, showing low-temperature magnetic ordering. Formally,
the crystallographic symmetry of FePt3 transforms from simple-cubic with bi-atomic
basis atoms to face-centred-cubic between the chemically ordered and the chemically
disordered states, respectively.

while the Pt atoms are non-magnetic [14]. Above TN paramagnetism is observed. In

off-stoichiometric Fe-rich compositions, an additional first-order transition to a (1⁄2 0 0)

a-type AFM spin structure is exhibited below a TN = 100 K, causing the Fe moments

to organise into alternating FM sub-sheets along the (100) planes. The occurrence of

this second AFM transition has been attributed to an excess of Fe atoms randomly

occupying face-centre sites of the unit cell [14], which couple ferromagnetically to their

nearest neighbours but retain long-range AFM order if FM clustering of the Fe atoms

is avoided [218].

In the perfectly chemically disordered state of FePt3, cubic symmetry and unit cell

parameters are conserved; however, the occupancy of each face-centred-cubic lattice

site is represented, on average, by 1⁄4 Fe + 3⁄4 Pt atoms. Governed by the random

occupation of each lattice site and a reduction in the average Fe-Fe interatomic dis-

tance, positive exchange interactions develop between Fe nearest neighbour atoms and

strong ferromagnetism prevails below a Curie temperature TC of 425 K [14]. Robust
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3.3 µB moments on each Fe site align parallel to accompanying 0.2 µB moments on

the Pt sites. Above TC the chemically disordered state remains structurally invariant

up to approximately 1000 K at which point thermal activation leads to a chemical

re-ordering of the superlattice [57].

The growth of chemically ordered FePt3 films can be achieved via high-temperature

deposition [167, 173], or by post-deposition annealing [14]. Chemical disorder — which

is ascribed to an asymmetric distribution of Fe + Pt basis atoms over the face-centred-

cubic FePt3 lattice — can be mediated in FePt3 by lowering the substrate tempera-

ture during film deposition [243], cold working [269], or by light-ion irradiation [174].

Because the transformation from chemical order to chemical disorder occurs via the

partial and random growth of disordered domains throughout an ordered domain-

structure, the characteristics of any physical FePt3 sample will be a mixture of the

two aforementioned crystal structures, which are displayed in Figure 3.1, and their

respective magnetic properties arising from the growth conditions.

3.2 Sample Growth and Characterisation

The FePt3 films studied in this chapter were grown by magnetron sputter deposition

at the University of Alabama, in a four-target ultra-high vacuum deposition system

consisting of confocal sputtering guns with independent shutters. The base pressure

of the chamber was better than 2.6 ×10−4 mPa prior to deposition. One-side-polished

15 × 15 mm (001)-oriented MgO substrates purchased from MTI Corporation were

loaded into the chamber and annealed for 12 hours at a temperature of 1023 K to

remove surface contaminants prior to deposition. Deposition took place in an ultra-

high purity (99.999%) argon gas atmosphere at a working pressure of 4 ×10−1 Pa.
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Composite Fe25Pt75 sputter targets (99.99% purity) purchased from ACI Alloys were

employed to predetermine the correct stoichiometric ratio between Fe and Pt atoms

in the deposited FePt3 films. To obtain the chemically ordered phase of FePt3, the

MgO substrate was held at a temperature of 1023 K throughout the deposition process.

The optimal growth temperature had been determined from preliminary investigations

[167]. The substrate to target distance was 125 mm, and the angle of incidence relative

to the substrate normal was approximately 20 degrees. Thin epitaxial seed layers of Cr

(3 nm) and Pt (6 nm) were deposited prior to the FePt3 film to improve the crystalline

orientation of the film, and largely suppress the (111)-oriented FePt3 impurity phase.

The power to the magnetron guns was fixed to 40 W during the deposition of Cr and

Pt layers, and 60 W for the deposition of FePt3. Deposition rates of 0.02, 0.12 and

0.10 nm sec−1 were calibrated for the Cr, Pt and FePt3 targets, respectively, from

preliminary X-ray reflectivity measurements. During deposition, the surface epitaxy

of the film was monitored by in situ reflection high-energy electron diffraction. The

FePt3 film grew epitaxially on the (001)-oriented MgO substrate to a nominal thickness

of 280 nm. To inhibit film oxidation, the FePt3 film was capped with a 9 nm Pt cover

layer.

Structural analysis of the epitaxy and chemical order of the as-prepared FePt3

film was conducted by high-angle XRD. The film was positioned on the horizontal

sample stage of the diffractometer and the X-ray beam aligned to the film surface by

scanning 2θ at an incident angle of zero degrees. Alignment to the film lattice then

proceeded by performing a further 2θ scan with the incident X-ray beam fixed to the

ω position of a film diffraction peak (i.e., at ω = 2θ/2). The resulting XRD spectrum

of the as-prepared FePt3 film measured along the Qz direction (i.e., normal to the

film surface) is shown in Figure 3.2, alongside the XRD spectrum of a clean MgO

substrate for comparison. The data sets were recorded over a 2θ range from 20◦ to
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Figure 3.2: XRD spectrum of the as-prepared FePt3 film and a clean MgO substrate
(shown for comparison). The presence of (00l)-type FePt3 reflections reveals the pre-
ferred epitaxial growth direction of the film along the [001] crystallographic axis

110◦ and obtained with a constant ω-offset of 0.03◦ to reduce the relative intensity of

the substrate reflections. The XRD pattern of the FePt3 film (which is shifted on the

ordinate axis for clarity) displays four (00l)-type FePt3 Bragg reflections. Figure 3.3

displays enlarged views of each reflection, and the corresponding Voigt function fit (i.e.,

the convolution of a Gaussian and a Lorentzian fit) used to extract the 2θ position, full-

width-at-half-maximum (FWHM) and integrated intensity Iβ of the diffraction peak.

The fitting results are summarised in Table 3.1. The low-2θ shoulders which surround

the (002) and (004) FePt3 reflections in Figure 3.3 most likely originate from the thin

epitaxial Pt seed and capping layers of the as-prepared film. Using Equation 2.5, the

average out-of-plane lattice parameter of the film is calculated to be c = 3.89 ± 0.01

Å. This value is consistent with reported bulk (c = 3.87 Å) [14] and previous thin-film

values (c = 3.88 Å) [174, 53]. Because the total unit cell volume of the film must be

conserved, this implies the lattice is strained by 0.5% in the out-of-plane direction.
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Figure 3.3: Enlarged views of the (001), (002), (003), (004) FePt3 reflections. Each
data set has been fitting with a Voigt function. The low-2θ shoulders of the (002) and
the (004) FePt3 reflections most likely originate from the thin epitaxial Pt seed and
capping layers of the film.

The reflections labelled ⊗ and ⊗⊗ in Figure 3.2 originate from diffraction from the

(111) and (222) crystal planes of the FePt3 film, respectively. While every effort was

made to suppress the formation of [111]-oriented crystallites — namely, through the

combined use of Cr and Pt seed layers — these impurity phases are difficult to avoid

during FePt3 film deposition.

The strong Bragg intensity of the (002) and (004) film reflections reveals the pre-

ferred epitaxial growth direction of the FePt3 film along the [001] crystallographic axis.

An assessment of the degree of epitaxy is made by measuring ω-rocking profiles, which

are obtained by fixing 2θ while scanning ω across a shallow range either side of the
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FePt3 reflection 2θ (◦) FWHM (◦) Iβ (arb. units)

(001) 22.84 ± 0.01 0.17 5.30

(002) 46.68 ± 0.04 0.32 31.91

(003) 72.93 ± 0.14 0.56 0.31

(004) 104.87 ± 0.18 0.97 4.95

Table 3.1: Experimental parameters of the peak positions (2θ), FWHMs and the inte-
grated X-ray diffraction intensities (Iβ) of the four (00l)-type FePt3 Bragg reflections
displayed in Figure 3.3.

specular ω = 2θ/2 condition. As a result, ω-rocking curves provide a measure of the

divergence of crystallite orientations from the out-of-plane epitaxial axis to give an

overall indication of the structural quality of the film. Both the film and the substrate

are assessed via ω-rocking because the FWHM of the substrate reflection gives the ex-

perimental resolution of the diffractometer, which is then subtracted from the FWHM

of the film reflection to obtain the true mosaicity of the crystal lattice. Furthermore,

because the uncertainty in the experimental XRD data varies as θ(∆λ/λ), only re-

flections which are positioned low in 2θ are used in the final evaluation of the film’s

epitaxial quality. Accordingly, Figure 3.4 displays the normalised ω-rocking profiles

of the (002) FePt3 film and (002) MgO substrate reflections. The FePt3 reflection is

notably broader than the MgO substrate reflection, indicating a greater texture in

the film. This texture, is however less than 1◦, and thus indicates good structural

alignment of the lattice planes distributed over the entire film thickness. By compar-

ing the FWHMs of the (002) film and substrate reflections, it is determined that the

FePt3 crystallites exhibit an absolute mosaic spread of 0.81 ± 0.03◦ from the [001]

crystallographic axis.
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Figure 3.4: ω-rocking curves of the (002) film and substrate reflections used in deter-
mining the absolute divergence of the FePt3 crystallite orientations from the epitaxial
axis.

The amplitude of scattering from the hkl planes of a unit cell consisting of n basis

atoms at coordinates (xi,yi,zi) is defined by the structure factor Fhkl [134],

Fhkl =
∑
i

fn(Q)e2πi(hxi+kyi+lzi), (3.1)

where Qz = 4πsinθ/λ. The atomic form factor fn(Q) is given by

fn(Q) = (f0(Q) + f ′(λ) + if ′′(λ))e−DW , (3.2)

where f0(Q) is the first-order cross section, which can be calculated over the Cromer-

Mann coefficients [60],

f0(Q) = c+
4∑
i=1

aie
(−biQ2). (3.3)

f ′(λ) and f ′′(λ) are the real and imaginary parts of the dispersion correction for forward

scattering [58], and the exponent (−DW ) = (−BQ2) is the Debye-Waller factor where

B is a temperature-dependent constant [252]. By assigning f as the real part of the
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dispersion correction, so that f = f0 + f ′, Equation 3.1 becomes,

Fhkl = (fFe + if ′′Fe)e
−DWFe +(fPt + if ′′Pt)e

−DWPt [e2πi(h+k) +e2πi(h+l) +e2πi(k+l)] (3.4)

for the case of chemically ordered FePt3 where Fe is located at (0,0,0) and Pt is located

at (1⁄2, 1⁄2, 0), (1⁄2, 0, 1⁄2) and (0, 1⁄2, 1⁄2) within the cubic unit cell. It follows that,

Fhkl =


(fFe + if ”

Fe)e
−DWFe + 3(fPt + if ”

Pt)e
−DWPt , if hkl all even/odd

(fFe + if ”
Fe)e

−DWFe − (fPt + if ”
Pt)e

−DWPt , if hkl mixed even/odd.

(3.5)

The implication of this result is that the structure factor prevents diffraction from

mixed-integer hkl reflections in the chemically disordered state where the Fe and Pt

sites are non-unique. Hence, the existence of mixed-integer hkl reflections — also

known as superstructure reflections — is evidence of long-range chemical order in

FePt3. Consequently, the integrated intensities of superstructure reflections ISuper in a

diffraction spectrum can be used to provide a quantitative measure of the long-range

chemical-order parameter S of a specimen [240],

S =

√
(ISuper/IFund)β
(ISuper/IFund)α

, (3.6)

where IFund are the integrated intensities of fundamental reflections which are indepen-

dent of the degree of long-range chemical order in the specimen. Iβ denotes integrated

intensities obtained experimentally by fitting Voigt functions to the diffraction peaks

of the specimen whose S is to be measured. Iα describes integrated intensities for a

theoretical specimen with perfect chemical order (i.e., of S = 1) calculated over

Iα = |F(hkl)F
∗
(hkl)| × L×D, (3.7)
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where L is the Lorentz polarisation factor [63],

L =
1 + cos2(2θ)

2sin(2θ)
. (3.8)

D is used to correct for the film thickness t [30],

D = 1− exp

(
−2µt

sin θ

)
, (3.9)

where the linear absorption coefficient µ,

µ = ρ
∑
n

wn × (µ/ρ)n, (3.10)

is calculated from the mass attenuation coefficient (µ/ρ)n weight fraction wn of each

basis atom n in a lattice of density ρ. At an X-ray wavelength λ (E = 8.052 keV)

= 1.5406 Å, the mass density of FePt3 (ρ = 18.37 g cm−3) gives µFePt3 = 4141 cm−1

[116].

The long-range chemical order parameter S of the as-prepared FePt3 film has been

calculated based on the four possible (ISuper/IFund)β combinations of the experimental

intensities provided in Table 3.1. The parameters used to calculate the corresponding

fundamental and superstructure Iα values are summarised in Table 3.2. The values of

f
′′

Fe and f
′′

Pt are 3.20 and 6.93, respectively [58]. Using Equation 3.6, the average S

of the as-prepared FePt3 film (with t = 280 nm) is found to be 82 ± 4 %, where the

error in S originates from the uncertainty in the Voigt fit of the experimental data.

As such, the film can be described as a homogeneous mixture of chemically ordered

domains which occupy 82% (and chemically disordered domains which occupy 18%)

of the whole film volume. The computed value of S is comparable to those previously

obtained for FePt3 films grown by following the same optimised sample preparation
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(hkl) 2θ (◦) fFe DWFe fPt DWPt L D Iα (arb.units)

(001) 22.84 21.48 0.009 67.45 0.006 2.38 0.69 3.46

(002) 46.68 16.99 0.038 57.18 0.024 1.01 0.44 15.35

(003) 72.93 13.09 0.086 48.21 0.056 0.57 0.32 0.21

(004) 104.87 10.08 0.150 40.95 0.100 0.55 0.25 2.07

Table 3.2: Parameters used in the calculation of the theoretical integrated intensities
(Iα) for an FePt3 specimen with perfect chemical order (i.e., of S = 1).

conditions [167, 244].

The average size of the chemically ordered crystallites Λ which occupy 82% of the

as-prepared FePt3 film can be approximated using the Scherrer equation [63],

Λ =
Kλ

A cos(2θ)
, (3.11)

where the Scherrer constant K describes the geometry of the crystallite, λ is the X-ray

wavelength, A is the FWHM of the diffraction peak (corrected for the resolution of the

X-ray instrument) at the corresponding 2θ diffraction angle. Adopting a K of 0.94 to

reflect spherical crystallites of cubic symmetry [286], an out-of-plane crystallite size of

62 nm is approximated for the as-prepared film from the (001) FePt3 diffraction peak.

An estimate of the error in the calculated value is not provided because the Scherrer

formulation neglects peak broadening contributions originating from inhomogeneous

strain and crystal lattice imperfections (e.g., grain boundaries, dislocations, stack-

ing faults) and therefore provides a lower bound approximation only of the average

crystallite size.
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3.3 Ion-Beam Theory and Monte Carlo Simulation

When energetic ions pass through matter they lose their energy E via electronic and

nuclear scattering processes with the atomic nuclei of the target [92, 275, 71]. At ion

speeds much lower than the Bohr speed of the target electrons v0, the ion is neutralised

by electron capture, and in this regime collisions are dominated by elastic momentum-

transfer resulting in nuclear-energy loss [32]. At increased ion speeds, energy losses

occurring via nuclear processes decrease as 1/E and inelastic collisions with the target

electrons becomes the dominant energy-loss mechanism [161]. In the range of ion

speeds from 0.1v0 to Z2/3v0 (with Z being the atomic number of the ion), electronic-

energy losses are proportional to E1/2 [302]. At ion speeds much higher than v0,

ion-energy loses are given by the Bethe-Bloch relation [25], and in this regime the ion

can lose electrons up to the state of full-ionisation.

Figure 3.5: The ion-target interaction volume generated by the intrinsic straggling
behavior of a point irradiation incident upon a sample surface. The ion comes to rest
at the end of the path range Rp at a projected distance equal to Rz + δ beneath the
target surface.
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Because the amount of energy-transfer per interaction, and the number of interac-

tions per ion path are both statistical quantities, the energy and momentum of the ion

ensemble becomes distributed over a finite volume in the underlying target material

[92]. Figure 3.5 illustrates this concept. The initial ion trajectory is perpendicular to

the target surface (i.e., co-linear to the z-axis) which lies in the xy-plane. For conve-

nience, we define the z-axis as the projected axis, and the xy-plane (which is governed

by cylindrical symmetry) as the lateral axis. As the ion enters the material it scatters

from the target’s atomic lattice, forming a complex collision cascade, until coming

to rest when the ion energy decreases below the minimum displacement energy. The

mean projected range Rz of the ith ion in an ensemble of N ions is given by [301],

Rz =
1

N

∑
i

zi = 〈z〉. (3.12)

The second moment of the projected range distribution, known as the projected strag-

gling δ, is calculated at the square root of the variance [301],

δ =

(∑
i

(zi −Rz)
2

N

)1/2

= 〈∆z2
i 〉

1/2
, (3.13)

where the variance is the expectation of the sum of the squared deviation of the ion

ranges from Rz. The third and the fourth moments of the projected range distribution,

respectively known as the skewness ξ [301],

ξ =
∑
i

(zi −Rz)
3

Nδ3
=
〈∆z3

i 〉
〈∆z2

i 〉
3/2
, (3.14)

and the kurtosis γ [301],

γ =
∑
i

(zi −Rz)
4

Nδ4
=
〈∆z4

i 〉
〈∆z2

i 〉
2 , (3.15)
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are dimensionless quantities which provide information about the mode of the distri-

bution (skewness) and the extent to which the tails of the distribution deviate from a

true Gaussian distribution (kurtosis).

Essentially, there are two distinguishing parameters of an ion beam which can

be used to predetermine, to a large extent, the three-dimensional spread of the final

ion distribution in the target. These parameters are: the ion fluence and E. The

ion fluence controls the disorder density by predetermining how many ions are active

per unit target area. While E follows a power-law relationship with the path range

Rp of the ion in a target, varying approximately between Rp ∝ E1/2 to E5/3 below

and above the stopping power maximum, respectively [229]. For the investigations

described in this chapter, we are exclusively concerned with employing He+ ions to

chemically disorder FePt3 films, because of their small size, chemical inertness and

inability to ablate target surface-atoms. We place the following two requirements

upon the characteristics of the He+ beam which is to be utilised in the proceeding

experiments. The first restriction is placed upon E, to ensure that the resultant

ion disorder profile remains confined to a fractional sub-surface volume of the total

film thickness, such that a room-temperature FM/PM interface can be created within

the ‘bulk’ of the FePt3 layer. The second restriction is placed upon the ion fluence,

to ensure that the chemically ordered Fe and Pt sites of the as-prepared FePt3 film

become markedly chemically disordered such that a PM-to-FM phase transformation

can be achieved within the irradiated portion of the FePt3 film.

In order to determine the optimal energy and fluence characteristics of the He+

beam, Monte Carlo simulations were performed. The Stopping and Range of Ions in

Matter (SRIM) software [303] was used to compute energy-loss tables to provide details

of the nominal Rz and δ of He+ ions in FePt3 as a function of E. Within SRIM the

Transport of Ions in Matter (TRIM) sub-routine can be used to compute with high
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accuracy the stochastic interactions of energetic ions in targets, which are assumed

amorphous [301]. TRIM was employed to model the collisional damage generated by

He+ ion cascades in a FePt3 target to provide a prediction of the experimental three-

dimensional ion distribution. However, it should be noted that TRIM does not account

for mechanisms such as defect migration and damage accumulation, nor is it able to

model crystalline effects such as ion-channeling [301, 166]. Ion-channeling occurs most

frequently when an ion beam falls at an incident angle parallel to a major crystal

direction of a crystalline target [249]. This results in ions predominately undergoing

small-angle deflections (i.e., losing less energy per collision) along a specific crystal

channel [5], which increases their mean projected range relative to an amorphous

structure [166]. As such, if ion-channeling or defect migration plays a significant role

in the crystalline FePt3 film, we may expect the actual ion distribution to be elongated

along the projected axis (when compared to the distribution modelled via TRIM).

The stopping power Sp of a material is defined as the average ion-energy loss per

unit path length [275, 92], and is subsequently dependent upon E (i.e., Sp = −dE/dz).

Table 3.3 presents the nominal rates for He+ ion-energy losses occurring via electronic

and nuclear processes per unit path length in a bulk density FePt3 target. Based on

the abovementioned experimental requirements, 15 keV is chosen as the preferred He+

ion energy to be used in all the subsequent experimental irradiations presented in this

chapter. According to Table 3.3, the nominal Rz and δ of 15 keV He+ ions in FePt3

are 34.3 nm and 41.9 nm, respectively. These two projected lengths imply that 15 keV

He+ ions can be used to produce a disorder contour which is symmetric across a 76.2

nm region of the FePt3 film (neglecting the third and fourth moments of the ion-range

distribution), which can subsequently be used to create a room-temperature FM/PM

heterostructure from the as-prepared chemically-well ordered 280 nm-thick FePt3 film.
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He+ energy dE/dzElec. dE/dzNucl. Rz δ
(keV) (102 keV/nm) (102 keV/nm) (nm) (nm)
0.01 0.31 0.25 0.2 0.6
0.1 0.99 0.75 0.7 1.9
1 3.14 1.51 3.3 7
5 7.02 1.74 12.2 19.9
10 9.93 1.64 23.2 31.9
15 12.27 1.52 34.3 41.9
20 14.45 1.42 45.4 50.6
25 16.35 1.33 56.5 58.3
30 18.08 1.25 67.5 65.2

Table 3.3: Nominal rates of energy loss occurring via electronic and nuclear processes
for energetic (0.01 − 30 keV) He+ ions incident upon a bulk density FePt3 target, and
the resulting Rz and δ characteristics. All values are calculated using SRIM.

To evaluate the effect of ion fluence on the ion-target interaction gradient, DPA

profiles were calculated over [112],

DPA =
N(d)× F ×M

ρ×NA

, (3.16)

where N(d) is the summation of vacancies generated by the incident ion at depth d

(obtained from Monte Carlo simulation), F is the ion fluence, M and ρ are the molar

mass and mass density of the target material, respectively, and NA is Avogadro’s

constant. Figure 3.6 displays the DPA profiles calculated using Equation 3.16 for 15

keV He+ ions with fluences of 2 ×1016 ions cm−2 (low-fluence) and 2 ×1017 ions cm−2

(high-fluence) incident upon a FePt3 target. To calculate these profiles, full-damage

cascade calculations were performed in TRIM using a total of 106 incident ions directed

perpendicular to the surface of a bulk density (ρ = 18.37 g cm−3) amorphous FePt3

target. A 9 nm Pt cover layer was initially considered as part of the calculation (to

replicate the experimental sample), however later removed for simplicity, as it was

found to have no sizable effect upon the simulation result. It should be noted that



3.3. Ion-Beam Theory and Monte Carlo Simulation 47

the DPA profiles in Figure 3.6, unlike the Rz and δ data given in Table 3.3, account

for the third and fourth moments of the ion distribution, giving the distributions

an overall quasi-Gaussian character. The positive skewness of the distributions (ξ =

0.368) implies that the mode of each distribution is less than the mean depth, which

causes the distributions to skew away from the surface. Furthermore, the constant

kurtosis (γ = 2.63) of the two DPA profiles indicates that the ion distributions exhibit

broader tails than a normal distribution.
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Figure 3.6: DPA profiles obtained using Equation 3.16 for 15 keV He+ ions with
fluences of 2 ×1016 ions cm−2 and 2 ×1017 ions cm−2 incident upon a bulk density
amorphous FePt3 target.

Independent of the ion fluence, it is computed that the quasi-Gaussian DPA profiles

(which have a resolution of ca. 0.01 DPA) exhibit peak centroids located 28 nm beneath

the target surface, and equally extend approximately 120 nm into the sub-surface

region of the FePt3 target. At the peak location, a fluence of 2 ×1016 He+ ions cm−2

causes the FePt3 target atoms to undergo approximately 2.5 lattice displacements on

average. Increasing the ion fluence by an order of magnitude (from 2 ×1016 ions cm−2

to 2 ×1017 ions cm−2) results in a comparative order-of-magnitude enhancement to the
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DPA of the FePt3 target at each corresponding depth (i.e., ≈ 25 lattice displacements

at the peak location). This trend suggests that disorder, and therefore ferromagnetism,

can be tailored in FePt3 by modifying the fluence of the irradiating ion. This is because

higher ion fluences support a greater probability of interaction between the ion and

the target atom, which should then give rise to a greater density of chemical order-to-

disorder transformations throughout the FePt3 domain structure. However, as one may

easily visualise, 25 DPA (corresponding to a fluence of 2×1017 ions cm−2) would lead to

an extreme over-saturation of the site disorder needed to drive the room-temperature

PM-to-FM transition in FePt3. For example, site disorder below 1 DPA resulting from

light-ion irradiations (i.e., He+, N+, Ne+) has been shown to be sufficient to drive

magnetic phase transitions in a range of comparable alloyed systems, such as Fe60Al40,

Fe50Rh50, Fe50Pd50 and Fe50Pt50, as well as FePt3 itself [190, 108, 146, 23, 174]. As

such, a fluence of 2 ×1016 ions cm−2, analogous to a peak DPA of 2.5, is implemented

as the primary ion fluence employed in the proceeding sections.

3.4 Sample Irradiation and Characterisation

To investigate the role of ion-induced disorder on the magnetic and microstructural

properties of FePt3, He+ irradiations were performed on the chemically well-ordered

FePt3 films characterised in Section 3.2. The irradiations were performed at room

temperature on the LEII-Surface Engineering beamline of the 6 MV SIRIUS Tandem

Accelerator at the Centre for Accelerator Science, ANSTO [222]. 15 keV He+ ions at

a fluence of 2 ×1016 ions cm−2 were directed normal to the film surface. A broad-

ion beam was employed during the irradiation to ensure the resulting atomic collision

profile was invariant across the xy-plane of the film (creating a DPA profile with

translational in-plane symmetry), while remaining heterogeneous over the projected
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depth. Such an experimental configuration affords an artificial construction of a one-

dimensional irradiation profile which is independent of all external lateral-scattering

contributions (e.g., effects due to beam focusing and/or shadowing effects associated

with masked irradiations), and only dependent upon the inherent depth-varying na-

ture of the DPA curve. The reduction from a three-dimensional to a one-dimensional

investigation of the magnetic interface is justified, because the ion undergoes nuclear

stopping in the target material, forming a complex collision cascade comprising of

large deflection angles, in which case the ion-beam scattering amplitude is form factor

independent. This means the lateral (xy-plane) and projected (z-axis) interaction gra-

dients are effectively commensurate. Hence, the magnetic and structural properties of

the terminating one-dimensional FM/non-FM interface arising from this arrangement

will be exclusively dependent upon the intrinsic straggling characteristic of the ion dis-

tribution in the FePt3 film. In the proceeding section, the volume-averaged magnetic

moment and the cross-sectional morphology of an un-irradiated (as-prepared) and an

irradiated (15 keV, 2 ×1016 He+ cm−2) FePt3 film are comparatively investigated by

magnetometry and TEM. Detailed knowledge about the evolution of the magnetic,

atomic and microstructural properties of FePt3 upon He+ irradiation is gained.

3.4.1 Magnetometry

The volume-averaged magnetic moments of the films were investigated by VSM mag-

netometry. The samples were measured in a Quantum Design Physical Properties

Measurement System (PPMS) VSM located at ACNS, ANSTO. The films were field-

cooled from room temperature to 10 K in a 10 kOe in-plane magnetic field, and

field-cycled three times between ± 20 kOe to provide magnetic training prior to data

acquisition. Magnetic hysteresis loops were measured at 10 K and 300 K upon warm-
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Figure 3.7: m-H behaviours of the (a) as-prepared and the (b) irradiated FePt3 films
measured at 10 K and 300 K.

ing across a ± 20 kOe field range. Data sets have been corrected for the diamagnetic

response of the substrate. The 10 K and 300 K magnetic moment vs field (m-H)

variations of the as-prepared and irradiated FePt3 films are shown in Figure 3.7. The

irradiated film displays a higher magnetic moment compared to the as-prepared film.

At 10 K, in the presence of a 20 kOe external field, the magnetic moment of the sam-

ple increases from 3.2 x10−4 emu (as-prepared) to 6.3 ×10−4 emu after irradiation1.

This is in agreement with ferromagnetism existing within chemically disordered grains,

which take the largest volume fraction within the irradiated film. However, detailed

quantitative conclusions of the former sample’s magnetic properties are difficult, be-

cause magnetometry averages over both the irradiated and non-irradiated volumes of

the film. Despite this, we observe the following: At the lowest temperature of 10 K,

neither film can be fully saturated in the highest applied field of 20 kOe. In both cases

we observe a hysteretic behaviour below |H| = 10 kOe and a non-hysteretic linear

increase in magnetic moment above |H| = 10 kOe. This suggests there are two mag-

netic contributions to the overall moment of the sample. The hysteretic behaviour of

1A combination of SI and CGS units are used throughout this thesis. Appendix A provides a table
of magnetic quantities and the corresponding conversion factor between SI and CGS units.
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the low-field (|H| < 10 kOe) regions, which display enhanced coercivity and magnetic

moment upon cooling to 10 K, highlights the presence of relatively soft FM domains

throughout both films. While the non-saturation feature in the high-field (|H| > 10

kOe) region, and the general ‘wasp-waisted’ shape of the hysteresis curves, are equated

to populations of superparamagnetic, PM, and weakly coupled AFM moments. These

defect moments, which effectively work to increase the film’s magnetic hardness, have

the ability to align along the applied-field direction, giving the hysteresis curves linear

characteristics in the high-field regions. The defects are believed to be more prevalent

in the irradiated film because of the enhanced coercive fields and the enhanced posi-

tive slope of the data in the high-field region, when compared to the as-prepared film.

Moreover, the weakly coupled AFM defect spins may either partially rotate into the

field direction, or exchange couple to neighbouring FM domains, where the former act

as pinning centres causing the moment to increase reversibly with the field. This pic-

ture is supported by the high-temperature (300 K) magnetometry data recorded well

above the AFM TN of FePt3. Here the slope of the high-field region reduces to zero and

both samples can be fully saturated in external fields of 10 kOe. As a final note, the

10 K hysteresis loops of the as-prepared and irradiated films are non-symmetric about

the applied field axis, where this effect is greatest observed for the irradiated film.

This is due to a particular type of exchange coupling — formally known as exchange

bias [264, 135] — which is generated between neighbouring FM and AFM domains

within the as-prepared film, and additionally at the FM/AFM interface within the

irradiated film at low temperature. The relationship between chemical disorder and

exchange bias has previously been studied for single-layer FePt3 films similar to the

as-prepared film considered in this work [244], as well as for magnetically stratified

FePt3 multilayers obtained by modifying the substrate temperature during deposition

[243]. In Section 3.6, a detailed investigation into the exchange bias behaviour of the
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irradiated FePt3 film will be presented.

3.4.2 Transmission Electron Microscopy

The microstructural characteristics of the as-prepared and the irradiated films were

comparatively investigated by TEM. Samples were fabricated using a Zeiss Auriga 60

crossbeam focussed-ion beam and TEM images were recorded using a JEOL 2200FS

TEM device (operating at 200 kV) at ANSTO. Figure 3.8(a) shows the cross-sectional

TEM image of the as-prepared FePt3 film. The FePt3 layer thickness is found to be ap-

proximately 280 nm, which agrees with the nominal film thickness estimated from the

sputtering rate. To study the presence and growth of chemically disordered domains

within irradiated FePt3, the films were investigated by dark-field TEM (DF-TEM)

[90]. Figure 3.8 shows the DF-TEM morphologies of the (b) as-prepared and the

(c) irradiated FePt3 films. The DF-TEM images of the irradiated film were recorded

within the ion-impacted volume. The images were measured with a {001} diffracted

beam, where (for the same reasons as in Equation 3.5) diffractions along the 〈001〉

crystallographic directions are structure factor forbidden by the chemically disordered

face-centred-cubic FePt3 structure. Therefore, when ordered domains are viewed un-

der the DF-TEM condition they will have a bright contrast-level, and correspondingly

disordered domains will appear to have a darker contrast-level. The domain charac-

teristics of the as-prepared film in Figure 3.8(b) are predominantly chemically ordered

as seen by the high density of bright contrast areas. The average size of the chemically

ordered domains in the as-prepared film complements the 62 nm lower-bound approx-

imation obtained from Equation 3.11. After irradiating the FePt3 film with 15 keV

He+ ions at a fluence of 2 ×1016 ions cm−2, in Figure 3.8(c), the areal density of dark

contrast domains increases slightly, and the average domain size noticeably reduces
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Figure 3.8: (a) Cross-sectional TEM image of the as-prepared film, showing the 280
nm FePt3 film thickness. DF-TEM morphologies of the (b) as-prepared film and the
(c) irradiated (2 ×1016 He+ ions cm−2) FePt3 film. The red boarders are guides for
the eye to separate domains of high chemical order (bright-contrast level) and high
chemical disorder (dark-contrast level). (d) Low-magnification DF-TEM image of
the irradiated (2 ×1016 He+ ions cm−2) FePt3 film. (e) DF-TEM morphology and
(f) low-magnification DF-TEM image of the irradiated-reference (2 ×1017 He+ ions
cm−2) FePt3 film. The location of the film surface and the 120 nm-thick ion-induced
chemically disordered layer are shown.

to approximately 20 nm after irradiation. To observe the chemically disordered layer

within the irradiated film, low-magnification DF-TEM imaging was performed. How-

ever, as seen in Figure 3.8(d) there is no appreciable change in colour contrast between

the sub-surface (irradiated) and the bulk (un-irradiated) domains, despite the magne-

tometry data in Figure 3.7 showing evidence of ion-induced ferromagnetism. This is

believed to be because of the disorder level, which according to Figure 3.6 is predicted

to be no greater than ≈ 2.5 DPA, being below that required to observe dark contrast

via TEM (while being above the VSM resolution of 10−6 emu). To overcome the TEM

‘resolution’ problem to enable an observation of the chemical order/disorder interface

within the irradiated film, an additional ‘reference’ irradiation was performed at a flu-

ence of 2 ×1017 ions cm−2. According to Figure 3.6, irradiating with 15 keV He+ ions
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at a fluence of 2 ×1017 ions cm−2 will result in an order-of-magnitude enhancement to

the DPA while preserving the maximum He+ penetration depth (when compared to

an irradiation using 15 keV He+ ions at a fluence of 2 ×1016 ions cm−2). Figure 3.8(e)

and Figure 3.8(f) respectively show the high- and low-magnification DF-TEM images

of the irradiated-reference FePt3 film. In Figure 3.8(e), the microstructural domains

of the film irradiated with the highest ion-fluence are shown to be approximately 10

nm in diameter and based on the observation of majority dark contrast domains, it is

interpreted that a predominantly chemically disordered structure has been induced in

the FePt3 film by the irradiation process. Furthermore, a dark-contrast layer of chem-

ical disorder is clearly observed in Figure 3.8(f). The thickness of the dark-contrast

layer is approximately 120 nm, which is in good agreement with the He+ ion pene-

tration depths simulated in Figure 3.6. However, due to the resolution limitation of

the TEM device (described above), the actual film thickness disordered by He+ ions is

expected to be broader than 120 nm (i.e., not equivalent to the thickness of the dark

contrast layer). Moreover, due to the likelihood of ion-channeling and diffusion [5], the

projected He+ range may be even further increased beyond that simulated in Figure

3.6.

Selected-area electron diffraction (SAED) patterns were recorded for each FePt3

film to enable a numerical evaluation of the degree to which chemically disordered

domain formation occurs within FePt3 subjected to varying He+ ion fluences. Figure

3.9 models the expected change in position for chemically ordered FePt3 lattice atoms

during a low-energy He+ irradiation. The FePt3 crystal structures were modelled us-

ing CrystalMakerTM, and SAED simulations were generated using SINGLECRYSTAL

software [61]. The incident He+ ions modify the site occupancy of the chemically

ordered L12-type Fe-Pt nearest neighbours, resulting in the nucleation and growth

of chemically disordered domains throughout the ion-impacted area. As seen by the
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Figure 3.9: Schematic of the expected change in position among the L12 chemically or-
dered lattice atoms of FePt3 during low-energy He+ irradiation, showing the formation
of ion-induced chemically disordered FePt3 domains. The simulated [103] zone axis
diffraction patterns for the fully chemically ordered and fully-chemically disordered
arrangements of FePt3 show the presence and absence of {010} diffraction peaks, re-
spectively.

simulated SAED patterns, domains which are fully chemically disordered display the

conventional face-centred-cubic structure and an absence of mixed even-/odd- integer

(hkl) reflections, in contrast to domains which are fully chemically ordered. Figure

3.10 displays the SAED patterns obtained for the (a) as-prepared, (b) irradiated and

(c) irradiated-reference FePt3 films. Each SAED measurement was recorded in the

[103] zone axis, and within the ion-impacted volumes of the two irradiated films. The

presence of a single set of diffraction spots in all SAED images indicates that the

single crystallinity of the FePt3 lattice is preserved after irradiation. The line profiles

through the fundamental (i.e., {000} and {0-20}) and superstructure (i.e., {0-10})

reflections are plotted as normalised intensity spectra to the right-hand side of each

corresponding SAED pattern. The relative integrated intensity relationship between

the {0-20} and the {0-10} reflections is proportional to the extent of chemical order-

ing, and as such, can be used to quantify directly the chemical-order parameter S of
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Figure 3.10: SAED patterns of the (a) as-prepared, (b) irradiated (2 ×1016 He+ ions
cm−2) and (c) irradiated-reference (2 ×1017 He+ ions cm−2) FePt3 films, with corre-
sponding normalised intensity profiles through the {000}, {0-10} and {0-20} reflec-
tions. Using the relative intensity ratio between the {0-10} and {0-20} reflections, the
chemical-order parameter S of each film can be determined.

each FePt3 film. Performing the required calculations, using formalism described in

Section 3.2, the S of the as-prepared film is found to decrease from 93% to 57% after

irradiation with 2 ×1016 He+ ions cm−2. In Figure 3.10(c), irradiation with 2 ×1017

He+ ions cm−2 substantially decreases the intensity of the {0-10} FePt3 reflection,

resulting in a calculated S of 30%. The general trend that S reduces as a function

of the ion fluence is in collective agreement with the abovementioned DF-TEM re-
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sults. It is duly noted that the calculated S is an average over the probed area which

encompasses both higher-disorder (lower S) and lower-disorder (higher S) domains,

which mirror the quasi-Gaussian trends of the simulated DPA profiles given in Figure

3.6. Nevertheless, for the current set of irradiated FePt3 films, determining S from

SAED patterns is a far more accurate approach than by, XRD, for instance, which can

only provide a whole-film-averaged S due to the strong penetration of X-rays in matter

(i.e., includes contributions from both the irradiated and un-irradiated volumes). This

distinguishing point of difference between the two measurement techniques is further

apparent when S of the as-prepared film obtained from global-probe XRD (82%) and

local-probe SAED (93%) measurements is compared.

Figure 3.11 displays the filtered high-resolution TEM (HR-TEM) images of the

(a) irradiated and the (b) irradiated-reference FePt3 films. The measurements were

recorded in the [110] zone axis over shallow depths in the near-surface ion-impacted

regions of either film. The lattice parameter of the FePt3 crystal structure in Fig-

ure 3.11(a) is found to be modified slightly by the ion-beam damage, however still

displays a stacking sequence of ABCABC, and so forth, for example, for the close

packing (-111) plane, which is consistent with the L12 crystalline structure. Even

after irradiation with a substantial ion fluence, the FePt3 lattice structure in Figure

3.11(b) retains its single crystallinity (in agreement with SAED data) with only minor

evidence of dislocations and/or stacking-fault formation. Figure 3.11(c) is a magnifi-

cation of the HR-TEM image in Figure 3.11(b), where fast-Fourier transforms (FFT)

(outlined in red) have been applied to several sites across the image plane. The FFT

of areas 2 and 4 contain {001} spots (shown by the blue arrowhead), while the same

diffraction spot is absent from the respective FFT of areas 1 and 3. As such, the FFT

verify the co-existence of chemically ordered and chemically disordered domains in the

near-surface regions of the irradiated-reference FePt3 film (which is analogous to the
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Figure 3.11: (a) Filtered HR-TEM image measured within the irradiated volume of
the 2 ×1016 He+ ions cm−2 irradiated FePt3 film in the [110] zone axis. Corresponding
SAED pattern displays single crystalline diffraction peaks. (b) Filtered HR-TEM
image measured within the irradiated volume of the 2 ×1017 He+ ions cm−2 irradiated-
reference FePt3 film in the [110] zone axis. (c) High-magnification image of the marked
area in (b) with FFT areas. (d) Chemically disordered domains are modelled as
precipitates of the chemically ordered phase, and (e) simulated HR-TEM image map.

domain structure throughout the irradiated film, but as previously discussed has a

DPA below that required to observe dark contrast via DF-TEM). Referring to Figure

3.6, the near-surface (i.e., < 10 nm) regions of the film should remain predominantly

chemically ordered, firstly, because the disorder concentration is comparatively low

throughout the region and, secondly, because of the likelihood of ion-channeling [5].

As a result, the chemically disordered domains in the near-surface region of the film

can be modelled as precipitates of the chemically ordered phase. Figure 3.11(d) dis-
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plays the domain modelling results which were performed using JEMS software [263],

and the unit-cell arrangements given in Figure 3.9. Because the apparent morphology

of a HR-TEM image depends on the thickness of the sample and the focus of the TEM

instrument, image-map simulations are performed over a range of target thicknesses

t, 4.29 < t (nm) < 8.21 and defocus conditions d, 167 < d (nm) < 171, as shown in

Figure 3.11(e). Because the actual structure of the film is inevitably very complex,

and the exact thickness and defocus conditions are not known, a quantitative determi-

nation of the atomic arrangement by HR-TEM is difficult. Nevertheless, it is seen that

the chemically disordered domain exhibits a different morphology to the surrounding

chemically ordered domain. Qualitatively, the top right-hand side of the simulated

HR-TEM image map defined by t = 8.21 nm and d = 171 nm in Figure 3.11(e), is

morphologically equivalent to the experimental result shown in Figure 3.11(b). When

viewed from the 〈110〉 direction, the chemically ordered domains of FePt3 consist of

atomic rows which alternate between Pt and (Pt + Fe) atoms, as shown in Figure

3.11(d). In the HR-TEM simulation of Figure 3.11(e) the dark and bright contrast

planes consist of Pt and (Pt + Fe) atoms, respectively. Correlating these results to

the atomic rows labelled (i) and (ii) in Figure 3.11(c) we are able to elucidate experi-

mentally the lattice planes within chemically ordered domains which consist only of Pt

atoms and those which consist of (Pt + Fe) atoms, respectively. Chemically disordered

domains, on the other hand, are simulated to exhibit very little contrast between ad-

jacent atomic rows (Figure 3.11(e)) due to the mismatched orientation of FePt3 atoms

between adjacent lattice planes within the three-dimensional domain volume (Figure

3.11(d)). These results are confirmed experimentally by Figure 3.11(c) where a larger

contrast gradient between adjacent atomic rows is observed within chemically ordered

domains (areas 2 and 4) compared to that of the chemically disordered domains (areas

1 and 3).
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3.4.3 Polarised Neutron Reflectometry

So far, the FePt3 films have been analysed by XRD, magnetometry and TEM. Each

technique has a drawback when it comes to characterising the chemical order-to-

disorder transition and the FM/PM interface of the He+ irradiated FePt3 film. Namely,

XRD and magnetometry are both global-probe techniques which can only provide

sample-averaged S and magnetisation information, respectively. On the other hand,

while TEM is a localised technique, it is insensitive to magnetisation and suffers from a

preparation step (i.e., focussed-ion beam cutting) which locally anneals and therefore

chemically re-orders the sample region under investigation. Therefore, high-resolution

PNR measurements were performed to compare the chemical and temperature-dependent

magnetic depth-profiles of the as-prepared and the irradiated FePt3 films. Because

PNR probes small momentum-transfers at low angles of incidence, the technique is

sensitive to magnetic periodicities on the sub-nanometre length scale. As such, PNR

is capable of depth profiling layer-averaged FM moments, however is incapable of

investigating AFM order on the atomic scale.

All PNR experiments were conducted in a 10 kOe external magnetic field on the

PLATYPUS time-of-flight polarised neutron reflectometer at ACNS, ANSTO, after 10

kOe field-cooling from room temperature to 5 K. During the experiment, the specular

reflected neutron spin-up R+ and spin-down R− intensities were recorded as a function

of the incident angle θ using a time-of-flight data collection mode, which allows data

to be analysed in terms of the wavevector transfer Qz = 4πsinθ/λ directed normal to

the sample surface. The magnetisation detection limit of the PNR instrument (with

∆Qz/Qz = 5.2%) was approximately 35 − 85 emu cm−3, corresponding to ≈ 0.05 −

0.1 µB per Fe atom. A determination of the nuclear and magnetic SLD profiles across

all samples at each measured temperature were obtained by fitting model structures
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to the respective PNR data sets using SIMULREFLEC.

Figure 3.12 displays the 5 K and 300 K PNR data collected for the (a) as-prepared

and the (c) irradiated FePt3 films. Open symbols show the R+ and R− cross-sections

collected with the incident neutron polarisation oriented parallel (+) and antiparallel

(−) with respect to a 10 kOe external magnetic field, respectively. The R+ and R−

reflectivites encode information regarding the nuclear and magnetic SLD profiles of

each film. The simulated SLD profiles obtained from the best fits (solid curves in

Figure 3.12(a) and Figure 3.12(c)) to the PNR data are shown in Figure 3.12(b) and

Figure 3.12(d) for the as-prepared and irradiated films, respectively. Magnetic SLD

profiles are given in terms of the µB per Fe atom where 1 µB per Fe atom = 0.4697

×10−6 Å−2 (note: the conversion has been calculated for a bulk FePt3 lattice of ρ =

18.37 g cm−3 [14]).

In Figure 3.12(a), no significant asymmetry is observed between the two spin-

dependent reflectivity channels (R+ and R−) for the as-prepared FePt3 film at 300 K.

Accounting for the magnetisation detection limit of the PNR instrument (i.e., 35 −

85 emu cm−3 corresponding to ≈ 0.05 − 0.1 µB per atom for pure Fe), this indicates

that the sample is very weakly FM, in agreement with the magnetometry data of

Figure 3.7(a). The best-fit structural model of the as-prepared FePt3 film, shown by

the black nuclear SLD profile in Figure 3.12(b), consists of a MgO substrate (grey)

with a 2.5 nm Cr (yellow) seed layer and a 5.4 nm Pt (red) buffer layer, upon which a

277.7 nm layer of FePt3 (blue) sits below a 9.5 nm Pt (red) capping layer. Each layer

is assigned a nuclear root-mean-square roughness between 1-2 monolayers, aside from

the FePt3 layer which has a surface roughness of 2 nm. Bulk scattering lengths and

atomic number densities were used to model the MgO, Cr and Pt layers. To achieve a

fitting to the critical edge, which is positioned at Qc = 0.0168 Å−1, the FePt3 layer was

modelled with an SLD of 6.28 ×10−6 Å−2 (note: SLD of bulk FePt3 is 6.59 ×10−6 Å−2



3.4. Sample Irradiation and Characterisation 62

Figure 3.12: PNR data (open symbols) and best fits (solid curves) to the R+ and R−

channels of the (a) as-grown and the (c) irradiated FePt3 films, each measured at 300
K and 5 K. For clarity, the 5 K PNR data sets and best fits are shifted on the ordinate.
Corresponding nuclear and magnetic SLD profiles obtained from best fits to the PNR
data of the (b) as-grown and (d) irradiated FePt3 films.
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Layer Thickness

(nm)

Nuclear SLD

(10−6 Å−2)

Roughness

(nm)

MgO Infinite 5.99 1.5

Cr 2.5 3.03 0.1

Pt 5.4 6.36 0.1

FePt3 277.7 6.28 2.0

Pt 9.5 6.36 0.2

Table 3.4: Parameters of the nuclear model obtained from best fits to the PNR data
of the as-prepared FePt3 film at 300 K.

[82]). The SLD for the layer is reduced by approximately 5% relative to that of bulk

FePt3, which is a common feature in non-perfectly lattice-matched epitaxial films, and

usually indicates a slightly reduced mass density or minor deviations in stoichiometry.

The parameters of the structural model are summarised in Table 3.4. It should be

noted that parameters of the structural model, including the film thickness and a

distinction between the nuclear SLD of the FePt3 and Pt layers, cannot be determined

from fitting the PNR data directly (due to the resolution of the experiment). Instead,

these parameters must be determined from independent measurements. For example,

information about the total film thickness was obtained from the cross-sectional TEM

image of Figure 3.8(a), while the nuclear SLDs of the FePt3 and Pt layers were modelled

on bulk structures. As there are no known structural phase transitions to occur in the

materials over the temperature ranges considered here, the parameters of the nuclear

model are held as constants during the subsequent fitting procedure performed at lower

temperature.

At 5 K, a slight difference in the spin-dependent reflectivity is seen for the as-

prepared film in the high Qz region of Figure 3.12(a). The asymmetry most likely

originates from a small net moment provided by a minority of chemically disordered

domains, in the otherwise nominally chemically ordered FePt3 film, at low tempera-
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ture. The distribution of magnetic splitting which is minimal in the region surrounding

the critical edge and maximum at Qz = 0.06 Å−1 can be suitably described by a model

which allocates a moment of 0.24 µB per Fe atom homogeneously throughout the FePt3

layer, with the exception of a magnetically modified region close to the Pt buffer layer

interface. In the latter region, the FePt3 possesses an increased magnetic moment of

0.76 µB per Fe atom. The resulting magnetic SLD profile of the as-prepared film at 5

K used to obtain the best fit to the experimental data is shown in Figure 3.12(b).

Apart from changes to the magnetic structure, no chemical modulation is assigned

to the FePt3 film after irradiation. This is because the scattering lengths of Fe and Pt

are comparable (9.45 fm and 9.6 fm, respectively [82]), and the size of the FePt3 unit-

cell is not reported to change in the chemically disordered state [14], and therefore the

PNR technique is incapable of resolving any changes to the local chemical structure

within the film resulting from the irradiation. As such, and for consistency, the chem-

ical model established for the as-prepared film is likewise adopted to fit the PNR data

for the irradiated film. As shown in Figure 3.12(c) and in contrast to the as-prepared

film (Figure 3.12(a)), a clear spin splitting between the R+ and R− channels is found at

the critical-edge location for the irradiated film at 300 K. Upon cooling to 5 K, an even

greater spin-asymmetry develops, suggestive of a highly FM sample. In addition, the

appearance of Kiessig fringes in both data sets — which result from the constructive

and destructive interference of neutrons reflected from the FM/non-FM (AFM or PM,

depending on the temperature) interface at the irradiation/non-irradiation boundary

— provides a clear indication that magnetic contrast now exists within the chemi-

cally homogeneous FePt3 layer. The period of the Kiessig fringes is determined by the

thickness of the FM layer relative to the total film thickness, while the Qz-dependence

of the amplitude of the Kiessig fringes is determined by the quality (i.e., roughness) of

the FM/non-FM interface. The magnetic SLD profiles of the irradiated film obtained
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from best fits to the PNR data at both 5 K and 300 K are shown in Figure 3.12(d).

Accurately fitting the period of the Kiessig fringes in Figure 3.12(c) determines that

the lower 97.4 nm of the FePt3 layer remains non-FM (on the layer average), while

the remaining upper 180.3 nm thickness now carries a net in-plane magnetic moment

because of the chemical disordering of the Fe and Pt atoms by the He+ beam. During

the fitting procedures, the magnetic SLD throughout the non-irradiated region of the

FePt3 layer was fixed to the model determined for the as-prepared film, and only the

magnetic moment throughout the irradiated region was allowed to vary. This can be

seen by comparing the magnetic SLD profiles of Figure 3.12(b) and Figure 3.12(d),

in which the non-irradiated portion (>190 nm from the sample surface) of the FePt3

layer’s SLD profile is identical to the as-prepared film at the corresponding tempera-

ture. At this stage it is worth commenting that the data of Figure 3.12(c) could also

be suitably described by a model consisting of an arrangement where the magnetic

SLD profile of the FePt3 layer in Figure 3.12(d) is inverted along the abscissa (i.e.,

resulting in a near-surface non-FM layer and a sub-surface FM layer). However, such

a model is rejected because it is non-physical since the DF-TEM image of Figure 3.8(f)

predetermines that the irradiation results in a sub-surface chemically disordered layer.

To obtain a best fit to the 5 K data, a bulk FePt3 FM moment of 3.3 µB per Fe atom

was modelled throughout the majority of the layer. This moment decreased slightly to

a value of 3 µB per Fe atom in proximity to the Pt capping layer. At 300 K, the FM

moment carried by the disordered FePt3 layer increases from 1.52 µB per Fe atom (at

the surface) to 1.8 µB per Fe atom towards the interface which separates the chemically

disordered and ordered regions of the FePt3 layer. The suppression of the ion-induced

moment at the sample surface is attributed to ion-channeling along the film’s crystal-

lographic axes. In addition, the thickness of the irradiated layer obtained from PNR

analysis is slightly higher than the maximum ion-penetration depth determined from
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Monte Carlo simulations. This suggests, firstly, that the FePt3 film may have a lower

density than the bulk FePt3 density (ρ = 18.37 g cm−3) used to simulate the DPA

profiles in Figure 3.6. This picture is supported by the approximate 5% reduction from

bulk SLD (i.e., 6.59 ×10−6 Å−2) used to model the FePt3 layer during the PNR analy-

sis. Performing TRIM calculations based on the reduced number density of the FePt3

layer extracted from the PNR fits, the modified DPA profile shown in Figure 3.13 is

calculated. The DPA profile modelled for a 95% bulk density FePt3 target, which is

plotted alongside the magnetic depth-profile of the irradiated film obtained from the

best fit to the 300 K PNR data, displays an increased ion-penetration depth compared

to the DPA profile modelled using a bulk density FePt3 target. Secondly, it is recalled

that TRIM calculations neglect ion-channeling effects in crystalline materials, which

have in our case significantly increased the projected ion-range compared to the mod-
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Figure 3.13: DPA profiles calculated for 15 keV He+ ions at a fluence of 2 ×1016

ions cm−2 incident upon: a bulk density FePt3 target (grey DPA profile), and a 95%
bulk density FePt3 target (yellow DPA profile). The DPA profiles are plotted on a
logarithmic scale for clarity. The magnetic depth-profile of the irradiated FePt3 film
(obtained from best fits to the 300 K PNR data) is plotted for comparison.
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elled amorphous structure. As a result of the significant influence of ion-channeling in

our single crystalline FePt3 film, we are prevented from providing a direct numerical

relationship between the DPA and the ion-induced FM moment.

In order to account for the amplitude of the Kiessig fringes which appear in the

data sets between Qz = 0.03 − 0.045 Å−1, various models of the magnetic interface

roughness at the FM/non-FM boundary have been assumed. The models, which for

simplicity are only shown in relation to the 5 K data, are summarized in Figure 3.14.

The models assign a magnetic roughness R of 0, 2, 3, 4, 5 and 10 nm, respectively,

to the FM/non-FM boundary of the irradiated film. Upon comparison of the fits it

is evident that subtle changes to the roughness of the FM/non-FM interface have a

strong bearing on the amplitude of the Kiessig fringe oscillations in the Qz region of

interest. To establish the best-fit parameter of the interfacial roughness, the stability

plot of Figure 3.15 was computed. Stability plots compare model parameters against

the residual error χ2 obtained through the least-squares refinement process of the PNR

data. This aids in determining a unique solution to a set of refined model parameters,

which is denoted by a single and stable minimum within the two-dimensional param-

eter space. It is important to ensure that best-fit models represent unique and stable

solutions because there is potential for non-unique solutions to arise when modelling

PNR data, due to the loss of phase information during the scattering process [250].

However, in saying this, a definite minimum is observed in Figure 3.15 which is indica-

tive of a convergent solution (for the parameters considered). The minimum identifies

that the best-fit parameter to the roughness of the FM/non-FM interface within the

irradiated FePt3 film lies between 2.5 and 3 nm. This result, which essentially es-

tablishes that the FM/non-FM boundary transitions over a distance of less than 10

unit cells, is of experimental significance, as it highlights that for ferromagnetism to be

induced in FePt3 by ion-irradiation, it seems as though the target atoms must undergo
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Figure 3.14: Magnetic interface roughness R models of the FM/non-FM boundary.
(a) 5 K PNR data (open symbols) and selected fits (solid curves) corresponding to R
= 0, 2, 3, 4, 5 and 10 nm. (b) Corresponding nuclear and magnetic SLD profiles and
(c) a magnified view of the sharp transition-width of the R models at the FM/non-FM
boundary.
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Figure 3.15: Stability plot of the thickness of the non-FM layer relative to the rough-
ness R of the FM/non-FM interface. The thickness of the non-FM layer was con-
strained to 97.4 nm throughout the fitting procedure. A unique and stable solution is
identified by the minimum corresponding to a FM/non-FM interface roughness R of
2.5 − 3 nm.

a threshold number of atomic displacements. If, for instance, at a particular depth

within the FePt3 layer this condition is not met, the material will remain AFM or

PM, depending on its actual degree of chemical order and temperature. From this

perspective, unlike the quasi-Gaussian structural DPA distributions of Figure 3.6, an

abrupt step-like magnetic interface would result in the material, between those depths

within the FePt3 layer that meet the condition for ferromagnetism, and those that do

not.

3.5 Density Functional Theory

The previous section presents a comprehensive experimental data set that provides a

solid foundation for constructing realistic models of the spin and chemical structure

of ion-beam-disordered FePt3. To that end, the next section discusses complementary
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DFT calculations to draw additional insights into the underlying quantum chemical

mechanisms that facilitate the low-temperature magnetic transition between the chem-

ically ordered (and AFM) and the chemically disordered (and FM) states of FePt3.

Using the spin polarised DFT method, the electronic, ionic, and magnetic structure

of FePt3 is self-consistently solved for various models of chemical order and disorder.

DFT calculations were performed using Wien2K Version 14.2 (2016) [31], and the

standard GGA-PBE(96) exchange functional were used allowing for collinear spin po-

larisation. Atomic sphere sizes were set to 2.43 atomic units for both Fe and Pt atoms.

The separation between core and valence states was -6 Ry. The crystallographic data

for the starting FePt3 unit cell was taken from reference [38] (International Crystal-

lographic Database Collection Code: 42588) which has the Pm-3m (221) space group

and a bulk lattice parameter of a = 3.872 Å. Supercells were constructed of periodic

2×2×2 unit cells allowing for different types of magnetic order designation (i.e., FM,

g-type AFM, a-type AFM, c-type AFM). Site disorder and vacancies were simulated

by switching Fe-Pt positions, or by removing a Fe or Pt atom. To find the most stable

local atomic configurations, ionic relaxation was performed to allow for a self-consistent

crystal where forces converged to beneath 0.002 mRy Å−1. The total energies were

convergent to within 10−7 Ry. Final results are presented for a 10×10×10 reciprocal-

space mesh used for integrations in the supercell, equivalent to 8000 points in the

single Brillouin zone, providing well-converged energies tested to within 100 µeV. The

local moment was extracted from the difference in spin density within the spheres, and

the total spin density was extracted on a 40×40×40 Cartesian grid.

The trial models considered herein were chosen to reflect two well-established ex-

perimental ideals. Firstly, FePt3 remains crystalline after moderate ion-irradiation

(i.e., no amorphous regions can be detected) and secondly, the main effect of ener-

getic ions is to introduce local defect structures while preserving the average cubic
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symmetry and the overall lattice structure. Accounting for these constraints three

types of defect structures were considered as perturbations within a large cubic lattice

supercell of crystalline FePt3: (i) anti-site defects (denoted by Fe ↔ Pt) involving an

interchange of Fe and Pt atoms between their respective sites, (ii) unoccupied vacan-

cies (denoted by VFe or VPt), and (iii) rare-occurrences of He-vacancy pairs (denoted

by He-VFe or He-VPt). For each isolated defect structure, the energetic differences

between the disordered and ordered states after ionic relaxation were analysed. It is

worth noting that there seems to be no prior ab initio calculations concerning the

disordered magnetic state of FePt3 for any of the three cases mentioned above in past

literature. Nevertheless, high populations of Fe ↔ Pt defects are directly analogous

to the effect of thermal treatment, and consequently, the current proof-of-principle

results are universally relevant to the many ways in which FePt3 can be disordered

(e.g., low-temperature deposited [243], cold worked [269], or ion-irradiated [174]).

To begin our calculations, it is first useful to study the magnetically ordered states

of FePt3. Figure 3.16 displays the four potential long-range magnetically ordered

configurations which can be supported by the FePt3 supercell. The types are labelled

according to nomenclature first introduced by Wollan et al. for cubic lattices [291]. The

top row of the figure shows a simplified representation of the corresponding detailed

spin structure (bottom row of Figure 3.16) where, for clarity, only the Fe spins are

shown labelled with a vector. The vector is used to denote either a spin-up (red) or

spin-down (blue) site within the magnetic sub-lattice. Although there are several ab

initio calculations published for the chemically ordered state of FePt3 [8, 265, 276], it

appears that the early works only treated the magnetic structure of FePt3 as either FM

(corresponding to Figure 3.16(b)) or the simplified planar form of antiferromagnetism

(corresponding to Figure 3.16(c)). Meanwhile, our calculations show that overall the

(1⁄2 1⁄2 0) c-type AFM structure (Figure 3.16(d)) is the most energetically favourable, in
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Figure 3.16: The four, potential long-range magnetically ordered configurations of
the chemically ordered FePt3 supercell. The relative internal energies ∆ are given
for (a) (1⁄2 1⁄2 1⁄2) g-type AFM, (b) FM, (c) (1⁄2 0 0) a-type AFM and (d) (1⁄2 1⁄2 0)
c-type AFM structures in order of descending energy. (Top) The simplified structure
shows only the Fe spins corresponding to the different propagation vectors used in the
calculations. (Bottom) A detailed representation of the corresponding spin-density
isosurfaces indicates patches of small quadrupolar and induced moments surrounding
the Pt sites, together with a much larger component localised on the Fe sites. The
isosurface is drawn at a value of 5% of the maximum difference density.

direct agreement with previous neutron diffraction experiments [173]. Deeper analysis

of the (1⁄2 1⁄2 0) c-type AFM structure reveals several interesting details. For instance,

the structures in Figure 3.16 are arranged in terms of ascending relative enthalpy ∆.

The FM state is higher in energy than the (1⁄2 0 0) a-type and the (1⁄2 1⁄2 0) c-type AFM

structures; however, it is lower in energy than the (1⁄2 1⁄2 1⁄2) g-type AFM structure.

Nevertheless, in all cases the calculated magnetic moment per Fe atom remains close

to 3.3 µB, in agreement with our experimental PNR results. This indicates that

considerable magnetic frustration can be present in the Fe-Pt AFM exchange bonds

while still preserving the site moment. Furthermore, in order to stabilise the (1⁄2 1⁄2 0)

c-type AFM structure, the dominant interactions must extend beyond simple nearest-

neighbour Fe-Pt-Fe exchange distances. The bottom row of Figure 3.16 shows the

full set of fine details for the calculated spin electron densities of the four magnetically
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ordered FePt3 supercells. The majority of the spin density is located on the Fe sites, in

agreement with past experiments [14]; however, small complex quadrupolar patterns

are apparent on the Pt sites for certain AFM states. One can see that the quadrupolar

order disappears in the FM state, and gives way to simple induced moments that

appear on the Pt site with a magnitude of up to 0.3 µB per Pt atom. Using element-

resolved X-ray magnetic circular dichroism, Pt moments of this magnitude have indeed

been detected in FePt alloys [115].

Collectively the above results show that even the chemically ordered state of FePt3

is very close to the magnetic critical point. It is therefore natural to expect that subtle

perturbations of the chemical order may act as a strong control parameter to drive

magnetic transitions by modifying the delicate local exchange pathways. To confirm

this trait, Figure 3.17 shows a simplified model of chemical disorder in (1⁄2 1⁄2 0) c-

type FePt3, whereby the fully chemically ordered AFM state can be converted into

an 87.5% chemically ordered cell simply by switching the atomic locations of a single

Fe and Pt atom pair. This corresponds to creating a single Fe ↔ Pt defect. From

calculations of the total energy difference between the FM and the (1⁄2 1⁄2 0) c-type

AFM structures (∆EFM − EAFM), it is clear the Fe ↔ Pt defect has a significant

effect on the magnetic state, effectively making the FM and AFM states degenerate to

within a meV. We also investigated other forms of disorder, for example the VFe,Pt and

He-VFe,Pt cases, but found in general these types of defects have much weaker effects

on the magnetic energy of the system, such that an unrealistically high concentration

of defects of this type would be required to modify the chemically ordered state of

FePt3.

To pinpoint the critical limit required to achieve an onset of ferromagnetism by

Fe ↔ Pt type disorder in FePt3, simulations were conducted as summarised by the

sequence of images in Figure 3.17. The figure illustrates the crystal structure and
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Figure 3.17: The lowest energy states of (1⁄2 1⁄2 0) c-type FePt3 under variable degrees of
anti-site disorder (Fe↔ Pt) were calculated to model the effect of ion-irradiation upon
the magnetic state of FePt3. (Left) Without anti-site disorder, the (1⁄2 1⁄2 0) c-type
AFM solution is strongly preferred over the FM state. (Centre, Top) By interchanging
a neighbouring Fe and Pt site, the global magnetic energy is dramatically modified,
and the AFM state is only weakly preferred. (Centre, Bottom) A second symmetrically
unique configuration for a single anti-site defect can be created if a Fe atom effectively
jumps two Pt sites; however, the energy is essentially comparable to the (Centre, Top)
configuration. (Right) By creating two anti-site defects, the system can be driven
towards an energetically favourable FM state.

the lowest-energy spin configuration of the FePt3 supercell for several different Fe ↔

Pt configurations and concentrations. It is worth noting that statistically there are

many more different possible disorder configurations than those shown here; however, it

would be impractical to test all possible arrangements. The current results are intended

merely to show the general trend, which indicates that a stable FM state in FePt3 can

become favored after flipping at least 25% of the Fe-Pt sites. Our computational

result proposes that two anti-site defects per FePt3 supercell are sufficient to induce

ferromagnetism in FePt3. This corresponds to a DPA of 0.125, which is in close

agreement with reference [234]. Qualitatively, the result indicates that a threshold
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level of ion-beam damage is required to trigger the chemically ordered (i.e., AFM) to

chemically disordered (i.e., FM) phase transition in FePt3. Meanwhile, lower levels of

defects (Fe ↔ Pt < 25%) would push the system into a PM or a locally frustrated

magnetic state. The surface plot in Figure 3.18(a) illustrates the impact of these

findings in terms of the spatial extent of FM elements formed within damage cascades

regions of ion-irradiated FePt3. The three-dimensional DPA profile was produced using

TRIM software for a 15 keV beam of He+ ions incident upon the surface of a FePt3

target. The approximate width of the ion-beam, set by the resolution of the TRIM

calculation, is 5 nm. Nevertheless, the beam-width is an accurate depiction of the

smallest beam sizes used in many modern-day focused-ion beam devices. Likewise,

the needle-like shape of the beam enables a visualisation of the global (i.e., the lateral

and the projected) intrinsic straggling behaviours for the specific ion-energy used in

the calculation. The horizontal plane in Figure 3.18(a) which cuts the DPA axis at

a constant value of 0.125 identifies the critical disorder level, at and above which,

the DFT result indicates that ferromagnetism can be induced in FePt3 by anti-site

disorder. By examining the two-dimensional projection of the surface plot onto the

lateral axis, it is noted that the critical DPA is located at a region on the quasi-

Gaussian profile where the slope to the DPA data begins to increase rapidly over

the lateral distance. This trend would warrant the formation of a relatively distinct

magnetic interface at this boundary within the ion-impacted volume. We therefore

propose that the concept of the threshold defect effect, put forward by the DFT result,

may be the physical source of the abrupt magnetic interface observed experimentally

by PNR in the irradiated FePt3 film. Figure 3.18(b) displays the two-dimensional

top-down projection of the surface plot from Figure 3.18(a), where the DPA colour

grading has been scaled to the critical value. The purple contour represents the two-

dimensional spatial boundary within the disorder profile where the DPA is equal to
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Figure 3.18: (a) DPA surface plot calculated for a beam of 15 keV He+ ions incident
upon the surface of a FePt3 target. The ion-beam is centred at the origin of the ab-
scissa. The plane through the surface plot at 0.125 DPA identifies the critical disorder
level, at and above which, the DFT result indicates that ferromagnetism can be in-
duced in FePt3 by anti-site disorder. (b) A two-dimensional top-down projection of the
surface plot in Figure 3.18(a). The area enclosed by the purple contour encompasses
the FM element. Note: The colour grading in Figure 3.18(b) is scaled to 0.125 DPA.
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0.125. Hence, this boundary separates the regions which exceed the critical DPA

condition required to induce ferromagnetism in FePt3 by anti-site disorder (shown in

white), from the regions which experience lower levels of disorder. It is noted that the

size of the FM element is confined spatially (i.e., 40 nm × 20 nm over the projected

and lateral axes) relative to the broad length-scale of the entire ion-impacted area.

3.6 Sample Annealing and Characterisation

In the previous sections it has been established that through low-energy He+ irradi-

ation a FM (≈ 180 nm)/AFM (≈ 100 nm) bilayer — herein referred to as the FePt3

FM/AFM bilayer — can be derived from an AFM chemically ordered FePt3 film (at

low-temperature) as depicted in Figure 3.19. In this section, a supplementary experi-

ment is outlined which takes a deeper look at the low-temperature magnetic coupling

which is artificially created at the FM/AFM interface within the chemically continuous

FePt3 film. The strength of the magnetic coupling is investigated and tailored through

high-temperature annealing. In section 3.6.1 the specific type of exchange coupling

generated exclusively at interfaces between FM and AFM domains is introduced and

defined alongside the motivations for the project. The annealing-temperature depen-

dence on the magnetometry and TEM behaviours of the FePt3 FM/AFM bilayer are

presented in Section 3.6.2. The magnetic model developed from fitting the character-

istic PNR spectral features of the FePt3 FM/AFM bilayer reveals that dual interfacial

interactions can be attributed to the observed exchange coupling which is optimised

after annealing at 840 K.
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Figure 3.19: Structure of the (a) as-prepared ≈ 280 nm-thick chemically ordered FePt3

film and the (b) irradiation process resulting in a ≈ 180 nm-thick chemically disordered
(near-surface irradiated) / ≈ 100 nm-thick chemically ordered (un-irradiated) FePt3

bilayer. The chemically ordered and the chemically disordered unit cells of FePt3 are
shown which exhibit AFM and FM character, respectively.

3.6.1 Introduction to Exchange Bias

Exchange bias (EB) is a unique type of magnetic exchange coupling which arises at the

interface between FM and AFM domains, after cooling through the Néel temperature

of the AFM component in an external magnetic field [187, 227]. These conditions

impose a uni-directional magnetic anisotropy on the system, which horizontally offsets

the origin of the magnetic hysteresis loop by an amount defined as the exchange bias

field HEB. The magnitude of the HEB,

HEB = (HC1 +HC2)/2, (3.17)

is generally expressed in terms of the coercive fields of the ascending HC1 and de-

scending HC2 field branches of the hysteresis loop. The formula implies that EB is



3.6. Sample Annealing and Characterisation 79

synonymous with the coercive field HC,

HC = |HEB −HC1|, (3.18)

which is enhanced in the EB state due to the pinning effect supplied by the antiferro-

magnet. EB has been widely researched for its fundamental scientific importance and

for the numerous applications which it serves, including spin-orbit torque devices and

spin-electronics implemented in magnetic sensors and non-volatile magnetic random-

access memories [259, 201, 145, 207, 277]. For example, the effect of EB reduces the

writing fields required by magnetic-storage media utilising exchange springs, while it

can also act to magnetically pin FM layers in giant-magnetoresistance multilayers to

separate the high and low resistivity states. In these devices, the magnitude of the

HEB can vary between a few Oersted to several kOe depending on various sample

parameters, such as, size and shape, as well as the choice and individual thicknesses of

the AFM and FM materials [264, 251, 195]. While, on the other hand, recent obser-

vations of EB in FM/spin-glass and FM/ferrimagnetic heterostructures generalise the

requirement of the AFM spin structure [3, 297]. No attempt is made in this thesis to

provide an overview of the historical development of EB, nor to review the material

classes involved, or the current gamut of EB models which co-exist in the literature

(for reviews see [207, 210, 227, 135, 248]). However, common to all models is an under-

standing of the importance of the FM/AFM interface. The interface has been shown

to play a crucial role in communicating the exchange anisotropy between the FM and

the AFM materials. It has been further shown that, the functionality of the FM/AFM

interface is often modified by complex chemical structures, such as: incommensurate

growth parameters, alloying, lattice mismatch, layer roughness and/or interdiffusion

of atoms across the interface [206, 296, 293, 143, 26]. For this reason, it would be

highly desirable to lift the structural constraints of the interface to enable a consid-
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eration, purely, of the magnetic exchange across it. Doing so would enable a better

quantitative determination of the EB mechanism, which continues to remain a topic

of controversy to this day, partly due to the difficulty in ascertaining the microscopic

magnetic structure of the FM/AFM interface [264, 135].

In this section, the low-temperature EB characteristics of the irradiated FePt3 film

are investigated. By design, the FM/AFM heterostructure exhibits stratified degrees

of chemical order; however, the chemical composition and stoichiometry are invariant

throughout the film volume. This uniquely allows for a consideration purely of the

magnetic exchange across the FM/AFM interface without the added hindrance of

structural boundary parameters which inherently affect EB quality. Such systems are

scarcely reported in literature, because usually two chemically different materials are

needed in order to show both FM and AFM phases at the same temperature [164].

The main objective here is to enhance the low-temperature magnetic coupling across

the FM/AFM interface of the ion-beam-designed FePt3 bilayer — which exhibits a

very sharp magnetic interface — via thermal annealing. Annealing is a common post-

deposition treatment effective in modifying the structural and magnetic properties of

thin films [137, 223, 21]. It is anticipated that annealing may help to remove structural

defects, such as dislocations and vacancies which may be acting to impede the magnetic

stiffness of the AFM interface coupled to the FM region within the irradiated FePt3

FM/AFM bilayer.

The FePt3 FM/AFM bilayer was annealed in a PLD450 high-vacuum chamber

system at the Institute for Superconducting and Electronic Materials (ISEM) of the

University of Wollongong. The base chamber pressure was 3.6 ×10−4 Pa, and bet-

ter than 5.9 ×10−4 Pa at each annealing temperature. The sample was annealed in

40 K intervals from 800 K to 1000 K for periods of 20 minutes each, and with a

heating/cooling rate of 1.2 K min−1.
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3.6.2 Magnetometry

Between each annealing step, the m-H behaviours of the FePt3 FM/AFM bilayer were

measured using a Quantum Design PPMS DynaCool VSM at the ISEM of the Uni-

versity of Wollongong. Low-temperature hysteresis curves were acquired after 10 kOe

field-cooling from room temperature to establish a preferential EB direction in the film.

Data sets were recorded after first cycling the field three times to provide magnetic

training to the film, and the data sets have been corrected for the diamagnetic response

of the substrate. Figure 3.20(a) shows the 5 K m-H data of the FePt3 FM/AFM bi-

layer before and after annealing at several temperatures between 800 K and 1000 K.

The low-field regions of the m-H loops display the typical hysteretic behaviour of a soft

ferromagnet, as evidenced by the relatively small coercive fields (top left-hand inset).

In the high-field region (bottom right-hand inset), the magnetic moment of each data

set increases linearly with field and is thought to originate from PM as well as weakly

coupled AFM moments aligning with the applied field. It should be noted that none

of the films were able to reach magnetic saturation over an extended ± 60 kOe applied

field range. By comparing the data sets in Figure 3.20(a), it is established that the

FePt3 FM/AFM bilayer prior to annealing displays the highest volume-averaged mag-

netic moment. This is in agreement with ferromagnetism existing within chemically

disordered domains, which take the largest volume fraction within the nominally FM

layer of the FePt3 FM/AFM bilayer before annealing. The maximum FM moment of

the FePt3 FM/AFM bilayer (in the high-field region) then steadily decreases as the

annealing temperature is raised. This can be explained by considering that elevated

annealing temperatures provide increased amounts of thermal energy which allow the

substitutionally displaced Fe and Pt atoms within the chemically disordered domains

to transform into a more long-range chemically ordered arrangement. Depending on

the localised degree of chemical order, these ‘higher order’ domains will either have
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Figure 3.20: (a) 5 K m-H data of the FePt3 FM/AFM bilayer before and after an-
nealing at several temperature stages between 800 K and 1000 K. Insets show the
magnified low-field (top, left) and high-field (bottom, right) regions of the hysteresis
loops. (b) Annealing-temperature dependence on the exchange bias field (HEB) and
the magnetic coercivity (HC) of the FePt3 FM/AFM bilayer. The solid curves are
guides for the eye.



3.6. Sample Annealing and Characterisation 83

PM or AFM character, such that increased annealing temperatures will systematically

lower the volume-averaged FM magnetisation of the specimen. However, because mag-

netometry records the volume-averaged magnetic moment of a sample, it is difficult to

decipher from which layer within the FM/AFM FePt3 bilayer these changes originate.

Furthermore, potential PM impurities within the MgO substrate [130], and their mod-

ification upon annealing, cannot be accounted for because their volume contributions

are unknown. To assist in separating the film’s FM response from AFM and PM con-

tributions, magnetic depth-sensitive measurements are later conducted; however, for

now it can be assumed that the majority of the changes occur throughout the domain

structure of the nominally FM layer of the FePt3 FM/AFM bilayer.

The dependence of annealing temperature on the HEB and the HC of the FePt3

FM/AFM bilayer (extracted from the respectivem-H loops) is shown in Figure 3.20(b).

The HEB and HC characteristics of the FePt3 FM/AFM bilayer prior to annealing were

− 49 Oe and 941 Oe, respectively. A peak in the HEB curve is observed at an anneal-

ing temperature of 840 K. This signifies the annealing condition required to achieve

the maximum magnetic stiffness within the EB system. The peak value of – 81 Oe

represents a 66% increase in the HEB of the FePt3 FM/AFM bilayer prior to conduct-

ing any annealing procedures. Continued increase in the annealing temperature above

840 K results in a systematic decline in the HEB as the interfacial coupling between

the FM and the AFM domains weakens. In addition, the evolution of the HC with

annealing temperature is found to follow the typical EB behaviour, where a coercivity

enhancement accompanies the effect.
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3.6.3 Transmission Electron Microscopy

TEM examinations were conducted on the annealed FePt3 FM/AFM bilayers to ascer-

tain the dependence of microstructural characteristics on EB properties. TEM samples

were fabricated using a Zeiss Auriga 60 crossbeam focussed-ion beam and TEM images

were recorded using a JEOL 2200FS TEM device (operating at 200 kV) at ANSTO.

Figure 3.21(a) and Figure 3.21(b) show the SAED patterns obtained from within the

nominally FM layers (close to the irradiation surfaces) of the FePt3 FM/AFM bilayers

annealed at 840 K and 1000 K, respectively. These films were purposefully chosen

for TEM analysis because they constitute the morphology of the strongest EB (840

K annealed) and the weakest EB (1000 K annealed) systems, as determined by mag-

netometry. The single-set of regular diffraction spots present in each image confirms

that the FM layers of the FePt3 FM/AFM bilayers remain single crystalline after He+

irradiation and subsequent heat treatment. Both patterns can be indexed as the [110]

zone axis of FePt3 and each contain fundamental (all even-/odd-integer hkl) and su-

perstructure (mixed even-/odd-integer hkl) reflections, the latter of which are evidence

of chemical order in the specimen. Each mixed-integer hkl diffraction peak in Figure

3.21(a) clearly exhibits a weaker intensity compared to the equivalent diffraction peak

presented in Figure 3.21(b). This indicates that the 1000 K annealed FePt3 FM/AFM

bilayer has an enhanced proportion of chemically re-ordered Fe and Pt atoms within

the nominally FM layer, in comparison to the 840 K annealed bilayer. This trend

agrees with the magnetometry data of Figure 3.20(a). A quantitative determination

of the S for each annealed film from the respective SAED pattern is not provided

here because it is unknown the effect of annealing on the volume of the nominally FM

layers within the FePt3 FM/AFM bilayers, where the thickness of the layer must be

a known parameter to calculate S (see Equation 3.9). Nevertheless, the results col-

lectively assert that the evolution of chemically ‘higher order’ domains are mutually
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responsible for the systematic reduction in the FM response of the FePt3 FM/AFM

bilayer with increased annealing temperature.

The DF-TEM morphologies recorded within the nominally FM layers of the 840

K and the 1000 K annealed FePt3 FM/AFM bilayers are correspondingly shown in

Figures 3.21(c) and (d). To enable an evaluation of domain size, shape, and density,

the DF-TEM images were recorded with a {001} diffracted beam. When viewing

the films under this condition, bright regions correspond to highly chemically ordered

domains, whereas dark areas identify those domains with a lower chemical-order per-

centage. The arrowheads in Figure 3.21(c-d) indicate the nominal low-temperature

Figure 3.21: SAED images recorded within the nominally FM layers of the (a) 840
K and the (b) 1000 K annealed FePt3 FM/AFM bilayers. DF-TEM images formed
with an {001} diffracted beam for the cross-sections of the (c) 840 K and (d) 1000 K
annealed FePt3 bilayers. Arrowheads indicate the expected low-temperature magnetic
ordering of each specified domain.
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ordering of the Fe moments within the bright and dark contrast domains of each film.

Primarily, it is most likely that the fine domain size (< 10 nm) of the 840 K annealed

FePt3 FM/AFM bilayer shown in Figure 3.21(c), in addition to a mixed population of

chemically ordered and disordered domains, are the origins of the structure’s strong

EB characteristics. Besides this important feature, it is quite evident in Figure 3.21(d)

that the 1000 K annealed FePt3 FM/AFM bilayer has a greater areal density of bright

contrast, and therefore a greater proportion of chemically ordered domains than that

of the 840 K annealed film. Moreover, both the chemically ordered and disordered do-

mains are larger within the nominally FM layer of the film annealed at 1000 K. These

results collectively suggest that annealing can transform disordered domains into or-

dered domains, while the aggregation of equivalent domains occurs more frequently at

elevated annealing temperatures. Similar trends between chemical order and domain

size have been previously observed by Saerbeck et al. [244].

3.6.4 Polarised Neutron Reflectometry

To investigate further the origin of the peak EB in the FePt3 FM/AFM bilayer an-

nealed at 840 K, PNR measurements were performed. PNR data was recorded in 10

kOe after field-cooling from 300 K in the presence of a 10 kOe external magnetic field.

This resulted in an identical field and temperature history of the bilayer to that used

in the magnetometry measurements. The R+ and R− reflectivity data and best fits to

the data sets for the 840 K annealed FePt3 FM/AFM bilayer measured at 300 K and

5 K are shown in Figures 3.22(a) and (b), respectively. The reflectivity data is plotted

against the Fresnel reflectivity RQz
4 which compensates for the intrinsic Qz

−4 decay of

the reflectivity curve, to better aid in visualising the features originating from the film’s

magnetic interface structure [56]. The Qz-dependence of the neutron spin-asymmetry
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Figure 3.22: PNR data (closed symbols) and best fits (solid and broken curves) to
the R+ and R− channels of the 840 K annealed FePt3 FM/AFM bilayer, measured
at (a) 300 K and (b) 5 K in 10 kOe. The spin-asymmetry of the annealed FePt3

FM/AFM bilayer is plotted below the corresponding PNR data set. For comparison
the spin-asymmetry of the FePt3 FM/AFM bilayer prior to any annealing treatment
is also plotted.

data (calculated via Equation 2.14) is displayed below the corresponding reflectivity

data, and is compared to the spin-asymmetry of the bilayer prior to annealing (i.e.,

the spin-asymmetry of the PNR data presented in Figure 3.12). Figure 3.23 shows

the (a) nuclear SLD profile, and the magnetic SLD profiles of the FePt3 FM/AFM

bilayer (b) before and (c) after annealing at 840 K. Each profile was selected from the

best-fit parameters to the respective PNR data set. As prior established in Section

3.4.3, the structural model of the film prior to annealing consists of a uniform 277

nm-thick FePt3 film, with a fitted nuclear SLD of 6.28 ×10−6 Å−2. After annealing at

840 K, the increased Qz-space location of the film’s critical edge of neutron reflectivity

(i.e., from Qc(before) = 0.0168 Å−1 to Qc(after) = 0.0175 Å−1) corresponds to the

same 277 nm-thick FePt3 film, which now acquires a bulk FePt3 nuclear SLD of 6.69
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Figure 3.23: (a) The nuclear SLD profiles of the FePt3 FM/AFM bilayer before
and after annealing at 840 K. (b) The temperature-dependent magnetic SLD pro-
files of the FePt3 FM/AFM bilayer before annealing (reproduced from Figure 3.12).
(c) The temperature-dependent magnetic SLD profiles of the FePt3 FM/AFM bi-
layer after annealing at 840 K, showing a roughened magnetic interface at the non-
irradiated/irradiated boundary. A re-crystallisation of the chemically ordered FePt3

phase propagates from the centre of the irradiation layer which effectively increases
the number of magnetic interfaces potentially exchange biased within the film.

×10−6 Å−2, as shown in Figure 3.23(a). Overall, these changes indicate a 7% decrease

in the average free-volume of the FePt3 film post-annealing. This is attributed to the

heat treatment reducing the density of crystal defects (e.g., voids, lattice distortions,

stable point defects and defect clusters) within the film, allowing the atomic density

of the FePt3 lattice to increase towards the bulk value. Furthermore, the uniformity

of the nuclear SLD across the irradiation/non-irradiation boundary in Figure 3.23(a)

reinforces that the film remains free of chemical modulation after irradiation and sub-

sequent heat treatment.
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The size of the splitting between the R+ and R− channels at the critical edge

of the specimen (i.e., where reflectivity = 1) defines the overall FM moment of the

annealed FePt3 FM/AFM bilayer at any given temperature. At 300 K, almost no

spin-asymmetry is observed between the two spin states in the inset of Figure 3.22(a).

This confirms a proximity to the TC of the FM chemically disordered domains within

the irradiated surface-layer of the FePt3 bilayer. At 5 K a relatively large spin splitting

at the critical-edge location is evident in the inset of Figure 3.22(b). It is noted that

the magnitude of the spin-asymmetry, however, remains reduced in comparison to the

bilayer measured at the same temperature prior to annealing. This result complements

the magnetometry data discussed earlier, and suggests that the reduced FM moment

of the film after annealing at 840 K is likely due to a reduction in the chemical disorder

of the film. Overall, it is evident that annealing the FePt3 FM/AFM bilayer at 840 K

has strongly affected the depth dependence of the film’s magnetisation. As previously

analysed in Section 3.4.3 (and reproduced in Figure 3.23(b) for clarity), the magnetic

SLD profile of the film prior to annealing can be described by an effective two-block

model, consisting of a 97.4 nm-thick AFM chemically well-ordered (non-irradiated)

layer extending from the substrate into a 180.3 nm-thick FM chemically disordered

(irradiated) surface region. The average FM magnetisation of the chemically disor-

dered layer is 3.25 µB per Fe atom at 5 K (1.60 µB per Fe atom at 300 K). The

interface between the two layers has a magnetic roughness R between 2.5 − 3 nm,

as determined from Figure 3.15. In Figure 3.23(c), after annealing, the net moment

of the irradiation layer degrades to an average of 0.62 µB per Fe atom at 5 K (0.04

µB per Fe atom at 300 K). It is noted that the reduction in magnetic moment of the

film before and after annealing obtained by PNR (approximately 80%) does not reflect

the reduction in magnetic moment obtained by magnetometry. This is attributed to

the ‘bulk’ nature of magnetometry measurements, and the differing magnetic signals
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which are obtainable via each measurement technique. For instance, magnetometry is

sensitive to FM, AFM and PM field-induced responses, while only FM order (i.e., net

magnetisation) is observable by PNR. Hence, PM impurities in the substrate could

contribute to the magnetometry signal (and evolve with annealing); however, do not

influence the magnetic signal obtained by PNR. Throughout the irradiation zone the

overall effect of annealing results in the formation of two FM volumes separated by a

layer-averaged non-FM section, which has effectively increased the number of magnetic

interfaces within the bilayer. The location of the non-FM region within the irradiation

layer suggests that annealing causes a re-crystallisation of the chemically ordered phase

of FePt3 which propagates from the centre of the ion-impacted layer. The remaining

FM regions within the irradiation layer of the annealed film have reduced magnetic

SLDs in comparison to the same section of film prior to annealing. This indicates that

the irradiation layer is no longer uniformly chemically disordered, but rather consists

of some partial mixture among FM (chemical disorder), AFM (chemical order) and

PM domains, as confirmed by SAED measurements. In addition to this, the boundary

between the irradiated and non-irradiated regions develops a root-mean-square rough-

ness of approximately 10 nm once annealed. This suggests that the heightened EB

observed by magnetometry is due to the combined effects of magnetic roughness at

the non-irradiated/irradiated interface [261, 209], in addition to self-EB [244] created

at boundaries between neighbouring FM and AFM domains within the irradiation

layer (i.e., within the nominally FM layer) of the FePt3 FM/AFM bilayer. Overall,

the magnetic model developed from fitting the characteristic PNR spectral features of

the FePt3 FM/AFM bilayer annealed at 840 K validates the EB and microstructural

properties obtained experimentally via magnetometry and TEM.
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3.7 Conclusion

The work presented in this chapter reports the fundamental sharpness of a FM/non-

FM interface formed by He+ irradiation of a chemically ordered FePt3 film. The im-

plication of the result facilitates a comprehension of the definitive size of FM elements,

such as dots and wires, which may be formed by stylus-type ion-beam writing, and

therefore the result may help to broaden the future capacity of magnetic technologies

synthesised by ion beams. The complementarity of TEM, magnetometry and PNR

data confirms that ion irradiation is an effective tool which can be used to manipulate

the chemical order, and subsequently generate room-temperature ferromagnetism in

FePt3. Monte Carlo simulations were used to establish the sharpness of the structural

phase transformation set to take place within the FePt3 target resulting from the He+

irradiation. However, due to the special peculiarities of the FePt3 magnetic phase

diagram, it was found that the gradient of the ion-beam induced structural transition

did not linearly correlate to the magnetic changes, resulting in discrepancies between

the depth and the sharpness of the structural and magnetic phase boundaries. Subse-

quently, it is revealed that ion-induced structural and magnetic phase transformations

in single crystalline FePt3 are defined by two different spatial boundaries, where the

latter exhibits a very sharp magnetic interface on the order of 10 unit cells between the

ferromagnetically-active volume and the encompassing PM matrix. Using DFT, we

pinpointed the type of defects required to drive the low-temperature AFM-to-FM tran-

sition in FePt3. According to the calculations, a stable FM state can be achieved by

flipping approximately 25% of the initially chemically ordered Fe-Pt sites. Combining

these results with the findings of the three-dimensional TRIM calculations presented

in Figure 3.18, it seems feasible that ion beams could be used to pattern 10 nm FM-

bit periodicities (dependent on the ion energy). This could ultimately support 6.5
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Tbit in−2 storage densities in ultra-high density magnetic recording devices utilising

ion-beam designed FM elements and high magnetic anisotropy materials, such as L10

FePt or FePd.

Collectively, the results of our investigations into the irradiated FePt3 film con-

firm that magnetically saturated FM elements which exhibit distinct interfaces can

be formed by low-energy ion irradiation, and successfully probed with high-resolution

experimental techniques. While very sharp magnetic interfaces may be useful in cer-

tain applications such as magnetic data storage, in others, where strongly exchange

biased FM/AFM interfaces are required, it may not be so suitable. This is because

the interfaces formed by ion irradiation may be too planar and would prevent a strong

exchange coupling among FM and AFM domains from being achieved. As such, the

low-temperature EB properties of the irradiated FePt3 FM/AFM bilayer film were in-

vestigated and tailored through post-irradiation annealing. The volume-averaged mag-

netisation of the specimen systematically declined as the annealing temperature was

raised, indicating a progressive growth of chemically higher-ordered domains within

the nominally FM layer of the structure. Annealing at a moderate temperature of

840 K resulted in a peak EB behaviour which was further investigated by TEM and

PNR. The domain morphology of the film was heavily dependent upon the annealing

temperature, while the film’s single crystallinity was preserved after each treatment.

Magnetic depth-profiles obtained for the FePt3 FM/AFM bilayer annealed at 840 K

showed two main effects that can be attributed to the enhanced EB: magnetic rough-

ening of the FM/AFM interface at the non-irradiated/irradiated boundary, in addition

to the presence of partial chemical order/disorder domains within the nominally FM

layer which self-EB with their neighbouring anti-domain. The experimental results

indicate that EB is hindered at interfaces which are both chemically and magnetically

perfect, and annealing can be used to tailor the magnetic roughness, and hence the
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EB properties, of the FM/AFM interface for various applications.



Chapter 4

Hydrogen-Driven Switching of the
Magnetic Surface Anisotropy at the
Co/Pd Interface

(left) Illustration of the FM spin directions across the Co/Pd interface (under

magnification) and the resulting perpendicular magnetic anisotropy. (right) After the

absorption of hydrogen gas, the anisotropy energy of the Co/Pd interface is weakened

and the FM spins increase their projection into the film plane.

94
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4.1 Motivation

In the race to find clean, renewable and abundant energy alternatives to fossil fuels,

a spotlight has been shone on hydrogen as a ‘green’ option due to its zero emissions

capability [1, 260]. An early focus of this green-energy revolution has been the internal

combustion engine with the prospect of replacing it with hydrogen fuel-cells which work

by converting hydrogen and oxygen into electricity, heat and water [256, 18]. Despite

the first hydrogen fuel-cell vehicles becoming commercially available in 2014 [295],

the high flammability and explosiveness of hydrogen gas [97], has to date, and to a

large extent, hindered this revolution globally [76, 184, 273]. To provide peace-of-mind

to consumers, robust hydrogen technologies which address safety and other technical

issues associated with the storage and usage of hydrogen fuel are now in high demand.

In recent years, it has been proposed to equip vehicles with hydrogen-gas-sensing

thin-film devices which would work to assist in the detection of gas leakages from

fuel-cells and tanks, into the open atmosphere and/or within vehicle cabins [117, 37].

Of the many HGSs already proposed, several designs utilise Pd as the hydrogen-

gas-sensing element [119, 121, 102, 163, 304]. This is because the phase diagram of

Pd uniquely supports the absorption of large volumetric quantities of hydrogen gas

at room temperature and atmospheric pressure [156, 125]. The absorbed hydrogen

chemically binds to the metallic lattice which accompanies several changes to the

physical properties of Pd, including: an 80% reduction in the electrical conductivity

[156, 65], an increase in the refractive index [11, 127, 283], and an elastic expansion

of the lattice by up to 3.6% in bulk specimens [124]. Another distinctive feature of

Pd is that it is virtually unresponsive to other commonly found gases, such as CO,

Cl2, SO2, H2S, NOx and hydrocarbons, making it a suitable material for hydrogen

sensing applications [102, 284]. Of further convenience, is that the absorption of



4.1. Motivation 96

hydrogen by Pd is completely reversible in most circumstances [156]. Hence, there is

great potential to incorporate the abovementioned modifications which occur upon the

hydrogenation of Pd into modern HGS design. The challenge to reach the application

stage lies in how to most effectively sense the hydrogen-induced changes. Current

sensors have numerous shortcomings including poor sensitivity, slow response times

and high power consumption [118]. Specifically, resistance sensors are plagued by

flammability concerns arising from electrical arcing in the presence of hydrogen [149],

optical sensors require sophisticated detection systems [304, 102], while mechanical

sensors are susceptible by hydrogen-induced aging effects [117]. Consequently, no

single pre-existing HGS model is without a drawback.

Recently, a novel HGS concept was proposed by Kostylev et al. which utilises

a lesser known property of Pd which is modified by hydrogen — magnetism [47].

In general, the prototype magnetic HGS employs microwave spectroscopy to register

hydrogen-induced changes to the magnetic anisotropy of interfacial Pd within FM/Pd

thin-film bilayers. This sensing strategy has numerous advantages over other HGSs.

Namely, compact microwave transducers are routinely used in the telecommunications

industry [169], and therefore this technology can be integrated inexpensively into mag-

netic HGSs. Sensing can be performed remotely through non-transparent walls and is

therefore less complicated than optical-sensor readouts [47]. The design has enhanced

fire-safety with respect to electrical sensors, because DC currents are prevented from

exposure to hydrogen through the microwave shielding effect [138, 139]. Also, magnetic

HGSs are projected to have longer lifetimes than mechanical sensors because they do

not rely on inducing a structural transformation throughout the Pd layer of the device

[65, 150]. Extensive work by Lueng et al. showed that the sensitivity of Co/Pd-based

HGSs are optimised when the thickness of the magnetically active layer is restricted

to 5 nm [170, 168]. It was further demonstrated that Co/Pd bilayers are capable of
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accurately detecting a broad spectrum of hydrogen concentrations in air (i.e., 0.2 −

100%) [171], which is often outside the performance-range of many single competing

HGS designs [117, 118]. Furthermore, by nanostructuring continuous Co/Pd films

into wires Lueng et al. reported a subsequent 40% decrease in the response time of

the device [169]. Overall, research into the feasibility of magnetism-based HGSs has

been positive, with canonical examples demonstrating non-hysteretic changes in the

presence of hydrogen gas, which can be tuned as a function of the hydrogen partial

pressure at room temperature [47, 148, 160, 197, 172, 198, 159, 158]. While significant

progress has been made from the application side, a complete picture of the funda-

mental mechanism which drives the changes to the Pd magnetisation at the FM/Pd

interface upon hydrogenation is still lacking. For instance, it is well-recognised that

electronic hybridisation due to alloying at the FM/Pd interface crucially affects device

performance [160], yet it is difficult to access the interface and isolate its character-

istics. Furthermore, while it is frequently reported that the uptake of hydrogen by

Pd is completely reversible [160, 159, 105], the process is largely sample-dependent.

Several studies on polycrystalline films have shown semi-reversible characteristics in

which the first cyclic-exposure to hydrogen produces distinctly different characteris-

tics to all higher-order exposures [197, 212, 215, 69, 233]. Therefore, even though

the first exposure may be the most interesting, it is seldom characterised due to its

quasi-reversible nature. To bypass the irreversibility problem requires the use of an

experimental probe capable of simultaneously recording a sample’s state of magnetic

anisotropy and net-magnetisation step-wise throughout a single exposure to hydrogen

gas, and which is also sensitive to buried chemical and magnetic interfaces.

The work presented in this chapter outlines a unique experimental methodology

which has been developed to aid in mutually determining the static, quasi-static and

dynamic magnetisation behaviours of FM films in the presence of external thermo-
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dynamic stimuli. By innovatively combining the technique of PNR with the spectro-

scopic method of ferromagnetic resonance (FMR), we show that a correlation can be

obtained between the layer-averaged static magnetic characteristics and the macro-

scopic magneto-dynamic behaviours of a FM film as a function of hydrogen partial

pressure. Section 4.2 presents the proposed scheme, data acquisition routine and the

sample environment commissioned for recording PNR with in situ FMR measurements

on the PLATYPUS beamline at ACNS, ANSTO. Feasibility studies reveal the pro-

found capacity for the PNR with in situ FMR measurement approach in being able

to detect minute changes between extrinsically driven states of matter. In Section 4.3

the PNR with in situ FMR method is employed to characterise the hydrogen-induced

irreversible modifications to the magnetic anisotropy of polycrystalline Co/Pd bilay-

ers. The modifications are observed and examined in detail through simultaneously

probing the FMR of a Co layer in contact with a Pd layer, and studying the chang-

ing chemical and magnetic depth-profiles across the entire bilayer with PNR during

primary hydrogen-gas absorption.

4.1.1 Magnetic Anisotropy

Thin films are essentially two-dimensional nanostructures which range in thickness

from a few atomic monolayers to hundreds of nanometres. Due to the finite size of

the lattice and the large surface-to-volume ratio of the atoms in thin films, exchange

interactions at the surface and at the film-substrate interface are altered. These new

interactions can stabilise alternate phases and modify the properties of a material

which would otherwise be uncharacteristic of the bulk three-dimensional state. The

magnitude of magnetic moments [9, 287], the directions of magnetic easy-axes, the

magnetic transition temperatures [147, 188], and (of importance to this study) the
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magnetic anisotropy energies may all be modified by the lower dimensionality state

characteristic of thin films [281, 239].

In general, there are four contributions to the magnetic anisotropy energy of a

FM film [217]. These are: the magneto-static EMS, the magneto-crystalline EMC,

the magneto-elastic EME and the surface ES anisotropy energies. EMS is related to

the shape and/or volume of the film. EMC originates from the coupling between the

magnetic and crystalline lattices of the film. EME is caused by external stresses which

induce volume-relaxation of the lattice. ES arises from the broken symmetry of the lat-

tice at the surface and interfaces within the film [123]. For polycrystalline films, subtle

contributions from both the EMC and the EME energies are deemed negligible (e.g.,

EMC = 27 kJ m−1 for bulk face-centred-cubic Co which decreases upon nanostruc-

turing [28]) with respect to the EMS and ES energies [217]. The relative magnitudes

of the latter two contributions – that is, the surface and the shape anisotropies –

depends on the thickness of the FM film. In atomically-thin FM films (or near an

interface), the surface anisotropy term dominates over the shape anisotropy which

causes the film’s FM magnetisation vector to lie normal to the film surface, result-

ing in a PMA [120, 193, 254]. As the film thickness is increased, a reduction in the

surface-to-shape anisotropy energy fraction and an enhancement to the coordination

of the lattice sees the magnetisation vector preferentially reorient into the plane of the

film [126]. The transition from a perpendicular to an in-plane preferred direction of

the magnetic easy-axis occurs continuously over a finite range in proximity to the film

surface and/or auxiliary chemical interfaces. As an example, the strong surface-PMA

field of monolayer Co (> 1.8 T [238]) coherently rotates into the film plane (at room

temperature) as the Co layer thickness is increased to 1 nm [75, 4], which, driven

by shape anisotropy energetically retains an in-plane alignment at sufficiently larger

thicknesses.
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4.1.2 Magnetic Proximity Effect

Although heavy-metal Pd is a bulk PM, it exhibits the largest magnetic susceptibility

among the 4d transition metals [280], such that it is virtually on the cusp of display-

ing FM characteristics. The magnetic predisposition of Pd can be provoked through

proximity to a FM which will initiate spontaneous polarisation of the PM spins [95]. If

Pd is interfaced to (or embedded within) thin FM layers which exhibit PMA surface-

termination, this PMA will propagate across the chemical boundary and manifest

within the first few atomic planes of the Pd lattice at each FM/Pd interface within

the heterostructure [72]. If the PMA of the interfacial Pd is modified, say, through

the application of a thermodynamic stimulus (e.g., an oxidising atmosphere, elastic

strain, temperature or pressure), because it is exchange coupled to the FM lattice,

then these modifications will also be experienced by the bulk of the neighbouring FM

layer. The modifications to the global magnetic anisotropy response of the system can

subsequently be detected via spectroscopy.

4.1.3 Ferromagnetic Resonance

Ferromagnetic resonance (FMR) is an established spectroscopic method commonly

used to investigate the magnetisation dynamics of FM films [179]. Specifically, the

FMR technique yields direct information about the Curie temperature TC, the satura-

tion magnetisation MS, the gyromagnetic ratio γ, and the bulk and interface magnetic

anisotropies of FM specimens [129, 52]. FMR was first observed by Griffiths in 1946

while attempting to measure the permeability of FM metals at centimetre wavelengths

[98], and the first theoretical description of the phenomenon was contributed by Kittel

[132, 133]. Extensive reviews of the FMR technique can be found in the literature
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[179, 109, 12, 110].

In the simplest case, FMR is the occurrence of FM spin precession about an

equilibrium position [103]. For continuous films, the precession of spins is spatially

uniform across the sample dimension such that the precession can be described by

a macroscopic magnetisation vector M [179]. Figure 4.1 depicts the typical FMR

geometry. At equilibrium, the direction of M is governed by the anisotropy of the

specimen and subsequently lies parallel to the sample’s effective magnetic field Heff

[179]. A transverse in-plane AC magnetic field Hac is used to perturb the static

direction of M, placing it into gyroscopic motion about Heff. The precessional motion

of M about its equilibrium position is described by the Landau-Lifshitz Equation [110],

∂M

∂t
= −γ (M×Heff) +

G

γM2

(
M× ∂M

∂t

)
, (4.1)

where G is the Gilbert damping constant which accounts for the magnetic relaxation

of the system [12]. The precession represents a resonance process, such that the angle

(amplitude) of precession reaches a maximum when the frequency of Hac coincides

Figure 4.1: Schematic of the typical geometry employed in the measurement of the
FMR of a FM film. An AC magnetic field Hac is used to perturb the equilibrium
(static) direction of M, placing it into gyroscopic motion about Heff. The resonance
condition is met when the frequency of Hac coincides with the precessional eigenfre-
quency of M.
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with the precessional eigenfrequency of M. The distinct frequency at which resonance

is met is termed the FMR frequency f [110]. The FMR frequency of a material

depends on a number of magnetic sample parameters (e.g., γ, MS, TC etc.) including

the sample shape [179]. For the specific case of a thin film magnetised in-plane but

known to possess a small component of perpendicular-to-plane magnetic anisotropy

(or PMA), the FMR frequency is given by the Kittel equation [110],

f = γ
√
Hres(Hres +M‖ −HPMA), (4.2)

where Hres is the FMR resonance field, M‖ is the in-plane FM magnetisation (which

is assumed to approximate MS) and HPMA is the effective perpendicular-to-plane

anisotropy field of the specimen. Because FM materials possess large γ values (e.g.,

γCo = 3.2 MHz Oe−1), the FMR frequency lies in the microwave frequency range be-

tween 0.1 and 100 GHz. Hence, microwave technology is used to aid in registering

FMR responses. One useful approach for taking FMR spectra is with a microwave

stripline transducer [179]. The advantage of this method is the possibility of taking

measurements over a very broad range of microwave frequencies, allowing the mag-

netic parameters of the specimen under investigation to be accurately determined

[255]. Furthermore, and contrary to the much older microwave cavity method [103],

the stripline FMR fixture can be miniaturised, allowing it to be embedded into, say,

small-volume pressure-tight chambers, which is especially important for measurements

requiring flammable or explosive gases such as hydrogen.

It is noted that formulae similar to Equation 4.2 exist for other types of magnetic

anisotropies, as well as for more complicated systems containing several magnetically

exchange-coupled layers [99]. Numerical models have also been built which allow for

the calculations of the FMR frequencies of films with arbitrary magnetic profiles across
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the film thickness, as well as for in-plane patterned films [100]. However, in saying this,

the simplistic form of Equation 4.2 is relevant to the work described in this chapter,

which in combination with the FMR geometry of Figure 4.1, has been applied to probe

the HPMA of Co/Pd bilayers.

4.1.4 Pd-Hydride Phase Diagram: Bulk and Thin Film

The mechanism of hydrogen-gas absorption by bulk Pd lattices is well-documented

(for references see [155, 83, 89, 10]). Hydrogen molecules (H2) readily dissociate into

unbound hydrogen (H) atoms on the surface of Pd at room temperature, through

strong Pd-H interactions which elongate the H-H bond distance [20, 78]. The small

radius of the chemisorbed atomic H (i.e., 0.052 nm [160]) then diffuses with a very

high mobility (i.e., 3.8 ×10−7 cm2 s−1 at 298 K [199]) into the bulk of the Pd lattice

as an octahedral interstitial impurity. The resulting α-phase solid-solution of Pd-

hydride (PdHx) retains the symmetry of the primary face-centered-cubic Pd lattice

(a = 0.3887 nm) up to a maximum H concentration of x = 0.017 (corresponding to

a = 0.3895 nm) [181]. Beyond PdH0.017 the system enters a mixed (α + α′) phase

which then tracks towards stoichiometric PdH characterised by the full occupation of

the octahedral interstitial sites. A transition into the pure α′-phase occurs when the

absorbed hydrogen concentration exceeds the maximum solid solubility. As shown in

Figure 4.2(a), this occurs at room temperature for PdH0.6 and is identified by a distinct

lattice parameter of a = 0.4025 nm [156]. In the α′-phase, not only are the structural

(mechanical) properties of Pd modified but also are the optical [148, 158, 157, 219],

electronic [151, 83, 258, 245] and magnetic properties [2, 197, 198, 47]. In particular,

the magnetic susceptibility of Pd lessens upon hydrogen absorption and decreases to

zero upon reaching the α′-phase transition [2, 220, 208]. Upon desorption, hydrogen
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atoms in the α′-phase quickly diffuse from the lattice, while the more stable α-phase

atoms migrate slowly between the interstitials within the bulk of the lattice before

desorbing from the surface of the material [159, 160].

Figure 4.2: Pd-H phase diagrams. (a) The pressure-concentration isotherms of bulk Pd
(available from [155] under Creative Commons from Johnson Matthey Plc). At room
temperature the α′-phase boundary is located at PdH0.6 (or PdH0.57 at 30 ◦C). (b)
The room-temperature pressure-concentration isotherms of nanoscale Pd (reprinted
from [83] with permission from Elsevier). As the Pd thickness decreases the maximum
hydrogen solubility reduces.

In the lower dimensionality environment of a thin film, the phase behaviour of

PdHx differs significantly from the bulk [83, 153]. In general, the pressure-concentration

isotherms of nanoscale PdHx exhibit lower critical temperatures, and accordingly dis-

play truncated miscibility gaps between the pure α and α′ phases compared to bulk

PdHx [83]. As a consequence, the maximum H solubility of Pd at any given temper-

ature and pressure is decreased with respect to bulk Pd as shown in Figure 4.2(b).

The abovementioned behaviours are consistent with a weakening of the H-H inter-

action energy within the two-dimensional Pd lattice [83, 156]. A further source of

this behaviour arises from charge transfer to neighbouring material layers within het-
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Figure 4.3: Schematic of the chemical potential across the Co/Pd-hydride/Co inter-
face. (a) Isolated lattices of Co and Pd have low and high hydrogen solubilities,
respectively. (b) Upon nanostructuring, the chemical potential of interfacial Pd in-
creases which reduces the density of energetically favourable hydrogen absorption sites
(denoted in red).

erostructure films [40]. As shown in Figure 4.3, electronic hybridisation as a result of

chemical alloying increases the chemical potential of interfacial Pd lowering its ability

to absorb hydrogen. As this effect occurs only in proximity to chemical interfaces, the

average hydrogen solubility is therefore dependent upon the thickness of the Pd film

[199]. In turn, the chemical interface which binds the Pd film to the substrate also

needs to be considered for its impact on the hydrogen solubility. Usually in charging

bulk Pd with hydrogen, an isotropic, three-dimensional expansion of the crystalline

lattice is observed, as shown in Figure 4.4(a). The relative change in the Pd lattice pa-

rameter ∆a/a0 increases linearly as a function of the hydrogen concentration CH and

is given by the proportionality factor ∆a/a0 = 0.063 · CH [224], where CH is expressed

as a ratio of the number of H atoms per Pd atom. However, in thin films due to the

lateral clamping effect provided by the substrate, any in-plane expansion of the lat-

tice is strongly prohibited. As a result, for thin films an anisotropic, one-dimensional

volumetric expansion of the lattice is observed in the out-of-plane direction only [194],
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Figure 4.4: Comparison of the (a) isotropic three-dimensional expansion of bulk crys-
talline Pd lattices after hydrogen absorption, and the (b) anisotropic one-dimensional
expansion of thin-film crystalline Pd lattices after hydrogen absorption.

as shown in Figure 4.4(b). Theoretically, one would expect a modified proportionality

factor of ∆a/a0 = 0.144 · CH [35]. At increased concentrations (or increased film

thicknesses) the magnitude of the in-plane stresses generated by the uni-directional

expansion of the crystalline lattice may exceed the yield stress of the two-dimensional

film [40, 105]. Should this occur, the stress will be released through the formation of

destructive folds and dislocations, or may even lead to a complete delamination of the

film from the substrate. For example, Lee et al. showed that the hydrogen-induced de-

lamination of Pd films occurred for film thicknesses > 30 nm in a 2% hydrogen partial

pressure, whereas thinner films could withstand equivalent stresses without deforma-

tion but were nevertheless susceptible to cold-annealing by hydrogen [150]. Hydrogen

annealing is a ‘one-off’ process which can occur during the first cyclic exposure of a film

to hydrogen gas [87]. The process removes defect volumes (e.g., vacancies, dislocations

and grain boundaries) which may innately occupy the lattices of thin films, leading

to a plastic deformation which irreversibly alters the chemical and electronic energy
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landscape of the film (during the first exposure) such that reproducible responses are

then obtainable throughout the second and subsequent exposures.

4.1.5 Neutrons and Hydrogen

As established throughout Chapter 2, the macroscopic SLD of a non-magnetic material

is calculated as the summation over the SLDs of the individual elements (for X-rays)

or the elemental isotopes (for neutrons) which constitute the material. Hence, a Pd

film which absorbs hydrogen will have its primary SLD modified, and will subsequently

acquire the SLD characteristics of atomic hydrogen. The degree of SLD modification

will depend upon the CH absorbed by the Pd film (i.e., the number of H atoms per

Pd atom). Furthermore, as the SLD of a given volume-element is proportional to

the bound coherent scattering length b within that volume-element — where b is a

probe-dependent quantity — the change in SLD of Pd at any fixed CH will differ

when observed under X-rays or neutrons. Table 4.1 compares the X-ray and neutron

scattering lengths of hydrogen bH and palladium bPd.

bH (fm) bPd (fm)

X-ray 2.81 129.26

neutron −3.74 5.92

Table 4.1: Comparison of the X-ray and neutron scattering lengths of hydrogen and
palladium.

As shown in Table 4.1, the positive X-ray bH is almost two orders of magnitude

smaller than the X-ray bPd, whereas the neutron bH is comparatively large and negative

with respect to the neutron bPd. As a result, the presence of hydrogen in Pd is virtually
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indistinguishable when viewed under X-rays, however can be straightforwardly inves-

tigated with neutrons. Consequently, neutrons are routinely employed in the study

of hydrogenation dynamics in bulk materials [89], as well as to investigate hydrogen

absorption and desorption behaviours in thin films (as has been done in this work)

[199, 197, 198, 232, 136, 88, 114, 86]. The unique attribute that hydrogen possesses a

negative neutron scattering length, means that it is an effective modifier of the neutron

SLD of many materials, including Pd. In particular, by employing neutrons to study

the reflectometry of Pd films upon hydrogenation, direct and simultaneous informa-

tion regarding the concentration of absorbed hydrogen and the expansion of the film in

the hydrogenated state can be obtained. Specifically, by assuming a one-dimensional

expansion of the Pd film upon hydrogenation (as in Figure 4.4(b)), the relative change

in the neutron SLD of a Pd film before (SLDPd) and after hydrogenation (SLDPd+H)

can be used to calculate the average concentration of absorbed hydrogen CH,

CH =
bPd

bH

[
SLDPd+H

SLDPd

· dPd+H

dPd

− 1

]
, (4.3)

within the Pd film in the hydrogenated state [232]. Here, CH is expressed in terms of

the number of H atoms per Pd atom, and d accounts for the thickness of the Pd film

before (dPd) and after hydrogenation (dPd+H).

4.2 Commissioning of Sample Environment

The previous section outlined various physical mechanisms which can be employed in

synergy to approach the design of novel HGS which utilises magnetic interface effects.

Concisely, a magnetic HGS which is based on a Co/Pd bilayer construction would func-

tion in such a way that as hydrogen gas is absorbed by Pd its magnetic susceptibility
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will be reduced, which will subsequently reduce the strength of the interfacial PMA

to the underlying Co layer [47]. The state of the system’s magnetic anisotropy can be

monitored directly by microwave spectroscopy through measurements of the sample’s

FMR spectrum to provide real-time detection of hydrogen gas [171, 169, 170, 172].

However, in order to extract anisotropy information from an FMR spectrum to allow

comprehensive characterisation of the sample’s magnetic state, independent knowledge

of the in-plane magnetisation of the material under study is needed. Often, it is a non-

trivial task to extract the absolute in-plane magnetisation of a thin film, especially if

the magnetisation varies non-uniformly across the film thickness or as a function of

an external thermodynamic stimulus, such as temperature, pressure and/or chemical

atmosphere [160]. The technique of PNR can be employed in such circumstances. In

contrast to the conventional magneto-optical Kerr effect, PNR can provide the ab-

solute value of a sample’s in-plane magnetisation as well as its distribution across a

film thickness. Furthermore, unconventional stimuli such as hydrogen gas, oxidising

atmospheres and/or elastic strain can be provided to the sample in situ during a PNR

measurement, unlike with commercial magnetometry systems. Therefore, PNR and

FMR represent complementary techniques for the study of magnetically anisotropic

FM films because different magnetic parameters are accessible via each method. When

used in combination the techniques of PNR and FMR have the ability to quantitatively

solve Equation 4.2 to facilitate characterisation of externally-driven modifications to

the static, quasi-static, and dynamic magnetisation behaviours of FM films.

Another complementary feature of combining PNR with in situ FMR stems from

the difference between the data acquisition times required by each method. PNR

measurement times are mostly sample-size and neutron-flux dependent, but generally

the method demands several hours per spin state in order to obtain good statistics over

a sufficiently large Qz range. In comparison, FMR measurements can be completed
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within 2− 15 minutes for reasonable- to high-quality data sets, respectively. Therefore,

the FMR technique can be used to probe short-lived processes and/or transient states,

while PNR would record the average of these changing states of the specimen over a

relatively extended measurement period. A notable exception, of course, is when the

process being driven by the external stimulus results in completely reversible changes

to the sample’s properties. Here, the PNR data acquisition system can be used to time-

stamp the state of the sample over multiple cycles relative to the external modifier.

This capability is, for example, utilised in pump-probe type measurements. However,

in general, data acquisition times of a few hours are still required.

As a final point, the true worth of combining PNR with in situ FMR is demon-

strated in cases where the external stimulus causes irreversible (or semi-reversible)

property modifications to the sample. Under these circumstances, it is essential to

record as much detail about the sample step-wise throughout a single cycle (or during

a single exposure), because once perturbed by the environment, the initial state of the

sample is unable to be revisited at any later stage. In this way, PNR with in situ FMR

offers the capability to simultaneously probe a vast range of material properties dur-

ing a single measurement cycle, rather than retrospectively after the fact. The work

presented in this chapter deals specifically with the example of using PNR with in situ

FMR to characterise the irreversible changes which occur to the magnetic anisotropy

of Co/Pd bilayers upon exposure to hydrogen gas.

4.2.1 PNR with in situ FMR Chamber

Figure 4.5 displays a schematic of the sample environment commissioned during the

course of this thesis to provide PNR with in situ FMR characterisation on the PLATY-

PUS beamline at ACNS, ANSTO. The current design of the chamber allows thin-film
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characterisation to be carried out in the presence of a broad range of gas atmospheres.

The side panels of the atmospheric pressure-tight chamber are made of thick alu-

minium. In each panel, a centralised 20 × 5 mm (length× height) window is comprised

of a thin aluminium foil to allow incident and reflected neutron passage during PNR

measurement. The remaining area of the chamber face incident to neutrons is coated

in cadmium to prevent unintentional neutron scattering events taking place through

the thick aluminium chamber walls. Gas inlets and outlets, respectively located in the

roof and floor of the sample chamber, provide steady gas flow through the sample space

during measurement which is continually regulated by a mass-flow controller. Posi-

tioned towards the base of the chamber, but still suspended above the chamber floor,

is a 29 × 12 mm (length × width) sample stage upon which the thin-film specimen

for PNR with in situ FMR measurement is placed. The sample stage is made from a

Figure 4.5: Cross-sectional schematic and beamline geometry of the PNR with in situ
FMR sample chamber.
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microwave-quality composite material Duroid (Rogers Corp., USA) which represents a

microwave electromagnetic waveguide referred to as a backed coplanar stripline [179].

The coplanar stripline has the shape of two parallel grooves etched into the metallised

surface of the dielectric Duroid plate. The grooves act to separate the central elec-

trode, referred to as the signal line, from two metallic half-planes, referred to as ground

lines.

External to the sample chamber, the remaining experimental circuitry required

to facilitate PNR with in situ FMR measurements is shown in Figure 4.6. Here,

microwave coaxial cables are joined via end-launch connectors through the insulating

front and back walls of the sample chamber (parallel to the neutron beam) to each end

of the coplanar stripline. One end of the stripline feeds to a miniature USB-controlled

microwave generator while the other is connected to a microwave diode. The output of

the microwave diode is fed into a lock-in amplifier. To enable instantaneous communi-

cation between the electromagnet of the PLATYPUS instrument and the FMR set-up,

a hand-held computer-controlled magnetometer by MagnetPhysik is employed [175].

The Hall probe of the magnetometer is placed near the sample chamber between the

poles of the electromagnet on the beamline. The PNR control software is used to pro-

duce a stepped magnetic field sequence of the electromagnet with constant wait times

Figure 4.6: External circuitry required to facilitate PNR with in situ FMR measure-
ments. The sample chamber described in Figure 4.5 (denoted in yellow) is placed
between the poles of an electromagnet (denoted in grey).
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between subsequent field (current) settings [203, 204]. The FMR control software re-

peatedly then reads off the outputs of the lock-in amplifier and of the magnetometer

with the same period as the wait command of the resultant field of the electromagnet.

In addition, a small modulating coil is placed on one of the external surfaces of the

insulating (i.e., plastic) side walls of the sample chamber. A sinusoidal AC voltage

with a frequency of 220 Hz and a peak-to-peak amplitude of 10 V is applied to the

modulating coil from the waveform generator, which also references the lock-in ampli-

fier. The current in the coil produces an AC magnetic field with a root-mean-square

amplitude of approximately 6 Oe, which weakly modulates the static field provided

by the electromagnet across the sample position. This arrangement, which is called

field-modulated FMR, strongly increases the sensitivity of the set-up and makes small

FMR absorption signals easily detectable. The microwave AC field drives magnetisa-

tion dynamics in the neighbouring FM film which is placed on top of the stripline. At

resonance, the microwave energy is absorbed by the film and is seen as a sharp drop in

the output DC voltage of the microwave diode. The drop has the shape of a Lorentzian

function with respect to the applied magnetic field, typical for any resonance [110].

However, because the lock-in amplifier is insensitive to DC voltages, this drop is not

seen directly. Instead, the registered signal of the field-modulated FMR method yields

the first derivative of the Lorentzian function with respect to the sweeping parameter

(i.e., the applied field) [12]. The resulting data set is often referred to as a differential

absorption FMR spectrum.

In our neutron-beamline FMR assembly, the FM film sits face-up on the microwave

stripline, separated by its substrate (the typical substrate thickness is 0.5 – 1 mm).

This orientation is stipulated by the PNR measurement geometry, however is atypical

of an FMR measurement, where usually the film itself (not the substrate) faces the

coplanar stripline. The resulting separation distance between the film and the stripline
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results in a significant decrease in the coupling of the film’s magnetisation dynamics

to the microwave driving field. This leads to a decrease in the amplitude of the FMR

response, which can be smaller by two orders of magnitude with respect to typical

FMR experiments. However, because the amplitude of FMR absorption scales with

the length of the stripline [179, 138], the signal strength can be easily increased by using

large-area films, as also stipulated by the PNR technique. Accordingly, the standard

size of a film measured in the chamber is 20 × 15 mm (length × width), where the

size along the stripline is 20 mm. To further aid in this, a wide (0.5 mm) signal line is

employed to increase the vertical spread of the stripline’s microwave Oersted field to

ensure it can easily penetrate through the dielectric substrate of the film to reach the

FM layer [17].

Another important consideration to make is that the current implementation of

the sample chamber presupposes that PNR and FMR measurements probe differing

timescales of a film’s FM response. Specifically, FMR probes microwave dynamics,

while PNR is used to probe static magnetic properties. There is no cross-coupling

between the two measurements types, principally because FMR is recorded in the

linear (small signal) regime, where the magnetisation precession angle is negligible

(i.e., on the order of 1◦). Hence, the precessional motion will have little effect upon

the length of the static magnetisation vector (i.e., below the resolution of the PNR

technique). Furthermore, precession is only excited in the region of the film which is

in close proximity to the stripline, and a large volume fraction of the film (more than

90%) is not driven to resonance. The small volume driven to FMR is sufficient enough

to produce well-resolved FMR spectra, while the much larger total surface area of the

film is used to acquire high-quality PNR data sets.

A FMR spectrum can be obtained by following either frequency- or field-resolved

methodologies. During a frequency-resolved measurement the applied field is kept con-
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stant and the microwave power is swept across the resonance, while for field-resolved

measurements the microwave frequency is fixed and the external magnetic field swept.

It is well known that the characteristics of microwave transmission lines are generally

frequency dependent, such that the first methodology often produces artefacts which

either distort or hide the FMR absorption peak. This is generally overcome by em-

ploying sophisticated microwave network analysers [179]; however, these instruments

are expensive and bulky and can be easily damaged during transportation to a neutron

facility. A more practical way is to take field-resolved measurements (as has been done

in this work). Field-resolved measurements are not affected by frequency dependent

artefacts as the measurements are taken at a single frequency and also because the

data sets contain only magnetic field dependent responses, such as the FMR absorp-

tion peak. Furthermore, field-resolved measurements can be achieved by inexpensive

and portable devices measuring no more than 60 × 30 × 20 cm (excluding the lock-in

amplifier and waveform generator) if the microwave circuitry is simply restricted to a

single generator and diode. This is especially useful for transporting the chamber to

and from neutron facilities, if needed.

4.2.2 Methodology

In general, the sequence for acquiring PNR with in situ FMR data on a FM film

during hydrogen-gas cycling comprises of three stages, as follows.

(I) First, FMR and PNR data are recorded in the presence of pure nitrogen gas. In

this state, typically two field-resolved FMR data sets are taken at different frequencies

(acquisition time ≈ 15 minutes each), which are then followed by a PNR measurement

of the R+ and R− channels (acquisition time ≈ 12 hours). Upon completion of the

PNR measurement, it is advisable to record a further field-resolved FMR spectrum in
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order to show that a stable state was reached prior to commencing PNR and/or did

not change over the course of the PNR measurement.

(II) Secondly, simultaneous time-resolved FMR [169] and R+ PNR scans are mea-

sured during hydrogen-gas absorption. To this end, the time-resolved FMR spectrum

commences before the initial admission of hydrogen gas into the sample chamber (in

order to establish a baseline recording in the nitrogen atmosphere), and is acquired

until the completion of the hydrogenation process. During these measurements the

applied field is set to the maximum slope of the field-resolved differential absorption

FMR spectrum taken at the preceding step, and outputs of the lock-in amplifier are

read periodically. Because the applied field is set to a constant value during the time-

resolved FMR measurement, reflectometry can be measured in parallel. Here, to assist

in prompt measurement timings, only R+ reflectivities are recorded with somewhat

limited statistical accuracy (acquisition time ≈ 40 minutes). These simultaneous mea-

surements are capable of mapping the dynamic chemical and magnetic states of the

sample during the hydrogen absorption process via two separate routes (i.e., FMR

and PNR), which each deliver information on different aspects of the transient pro-

cess. Once the time-resolved FMR data set reaches a plateau with respect to the

absorption amplitude and the features of the PNR data sets are invariant between

consecutive acquisitions, hydrogenation of the sample is complete. The hydrogenation

process depends on various factors, including chemical composition, film thickness and

temperature. Therefore, the time required for completion of the hydrogenation process

can vary widely from sample to sample, such that it may be necessary to record sev-

eral R+ reflectometry sequences in order to capture the period over which the stable

hydrogenated state is reached.

(III) Finally, once the time-resolved FMR data set plateaus with respect to the

absorption amplitude, signalling the end of the transient process, field-resolved FMR
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as well as R+ and R− PNR data sets are re-measured in the hydrogenated state

(using the same procedure as set out in stage I). By comparing the data sets of stages

I and III, the effect of hydrogenation on the depth-dependence of the sample’s in-

plane magnetic moment and chemical-density profile, as well as changes to the global

magnetisation dynamics of the sample, can be determined. Accessing such detailed

information over such a wide class of magnetic sample parameters is achieved only by

adding the technically relatively simple, but highly effective, FMR set-up to the PNR

beamline.

4.2.3 Feasibility Study

To investigate the effectiveness and practicality of the proposed PNR with in situ

FMR method, feasibility measurements were performed on a ternary cobalt-nickel-

palladium (CNP) alloy film in the presence of hydrogen gas. As one of the primary

purposes for conducting feasibility studies on commissioned equipment is to test the

absolute capacity of the set-up, the proceeding section relates to results obtained on a

palladium-deficient CNP alloy film exposed to a dilute hydrogen atmosphere. Similar

to Co/Pd bilayers, FM-metal alloy films containing Pd are also prospective candidates

for future hydrogen-sensing applications [2, 160]. Therefore, it is also important to

carry out characterisation of these materials in situ with hydrogen-gas atmospheres.

A CNP alloy film comprised of 24% cobalt, 36% nickel and 40% palladium was

grown by DC magnetron sputter deposition at the University of California-Berkeley.

The film was deposited onto a silicon substrate and grown to a nominal thickness of 60

nm. The coercive field of the alloy film obtained from magnetometry measurements

was approximately 300 Oe at 300 K (characterisation performed at the University of

California-Berkeley). The film was loaded into the PNR with in situ FMR sample
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chamber (outlined in Figure 4.5) on the PLATYPUS beamline at ACNS, ANSTO and

positioned between the poles of the 10 kOe electromagnet. The electromagnet of the

PLATYPUS instrument provided a sweeping sample field (700 Oe − 1500 Oe) during

field-resolved FMR measurements, a 1658 Oe sample field during time-resolved FMR

measurements and a 1 kOe sample field for all PNR measurements presented in this

section. A constant microwave frequency of 8 GHz was used for the acquisition of all

FMR spectra presented in this section. A mass-flow controller was used to deliver pure

N2 gas or a dilute H2/N2 gas mixture (3.5% hydrogen partial pressure) to the sample

chamber at a constant flow rate of 4.2 ×10−6 m3 s−1 (250 ml min−1), corresponding

to an effective hydrogen partial pressure of 35.5 mbar (assuming 1 bar total pressure)

within the chamber at an ambient temperature of 298 K.

Figure 4.7 displays the field-resolved FMR data sets obtained for the CNP alloy

film (a) before hydrogenation in the presence of nitrogen gas (solid green line), (b)

in the hydrogenated state after 1.5 hours of hydrogen gas flow through the sample

chamber (solid blue line) and (c) in the hydrogenated state after 12 hours of hydrogen

gas flow through the sample chamber (dotted blue line). Upon the initial uptake of

hydrogen gas (i.e., a→ b), the FMR resonance linewidth narrows while the resonance

position shifts from 1658 Oe (before hydrogenation) to 1582 Oe. Each of these be-

haviours is indicative of an increase to the effective magnetisation 4πM eff of the CNP

alloy film in the hydrogenated state, where 4πM eff = 4π(M‖ − HPMA) from Equation

4.2. After a continued 12 hours in the presence of hydrogen (i.e., b→ c), a subsequent

FMR spectrum (recorded after the R+ and R− PNR measurement of stage III as out-

lined in Section 4.2.2) reveals a slight increase to the resonance position of the film

with respect to the applied field. As the increase is greater than the experimental error

of the measurement, this suggests the possibility of two competing processes taking

place during the hydrogenation of the CNP alloy film. The dominant contribution
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Figure 4.7: Field-resolved FMR spectra of the CNP alloy film recorded (a) before
hydrogenation in the presence of nitrogen gas (solid green line), (b) in the hydrogenated
state after 1.5 hours of hydrogen gas flow (solid blue line) and (c) in the hydrogenated
state, after 12 hours of hydrogen gas flow (dotted blue line). All data sets were
measured at a microwave frequency of 8 GHz.

proceeds at a fast rate and decreases the resonance position of the CNP alloy film,

while a second (minor) contribution evolves more steadily and acts to increase the

resonance position.

Figure 4.8 displays the results of the simultaneous time-resolved FMR andR+ PNR

measurements performed on the CNP alloy film during the initial stages of hydrogen-

gas absorption. Throughout these measurements the applied external magnetic field

was set to 1658 Oe, which corresponds to the maximum slope of the field-resolved FMR

differential absorption peak of the CNP alloy film before hydrogenation (as in Figure

4.7(a)). At time t = 300 s (vertical red line) of the time-resolved FMR spectrum in

Figure 4.8(a), hydrogen gas first enters the sample chamber, replacing the former pure

nitrogen gas atmosphere (depicted by data points t < 300 s). The gradual increase in

the FMR absorption amplitude observed over the course of the measurement indicates
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Figure 4.8: (a) Time-resolved FMR spectrum of the CNP alloy film during the initial
stages of hydrogen-gas absorption. (b) Consecutive R+ PNR patterns measured in
parallel with the data of pane (a).

that the magnetisation dynamics of the CNP alloy evolve steadily in the presence of

hydrogen gas. The slow development of the transient process, which is yet to plateau

even after > 2 hours in the presence of hydrogen gas, is illustrative for the purposes

of the commissioning measurements because it allows a good demonstration of the

usefulness of recording R+ PNR patterns in parallel to time-resolved FMR spectra.
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The two R+ PNR absorption measurements acquired in parallel to the time-resolved

FMR spectrum are shown in Figure 4.8(b). The first R+ absorption data set com-

menced at t = 420 s of the time-resolved FMR spectrum and was acquired until t =

2820 s, at which time the second R+ absorption data set begun. Only very minor

deviations between the first and the second R+ absorption data sets are observed, de-

spite the clear evidence provided by FMR measurements that the dynamical magnetic

properties of the CNP alloy are changing in the presence of hydrogen gas. Having

the ability to sense changes to the dynamic magnetisation behaviour of a film, before

significant changes to structure and/or static magnetisation behaviour are detectable

by PNR, further vindicates the usefulness of combining PNR and FMR into a single

experimental set-up.

Figure 4.9 shows the (a) R+ and the (b) R− PNR patterns obtained for the CNP

alloy film before hydrogenation (red data symbols and fitting curves) and in the hy-

drogenated state (blue data symbols and fitting curves). Each PNR data set is, re-

spectively, analogous to the field-resolved FMR spectra displayed in Figure 4.7(a) and

(b). The nuclear and magnetic SLD profiles extracted from fitting the PNR data in

each state are shown in the inset of Figure 4.9.

To obtain a suitable fit to the PNR data before hydrogenation, the chemical profile

of the CNP alloy film was divided into several discrete layers, each approximately 10

nm in thickness, and each occupying marginally dissimilar nuclear SLD values. In this

model, the nuclear SLD (Figure 4.9 inset, dashed black line) tends to decrease steadily

towards the film surface. This can be explained by assuming an inhomogeneous alloy

composition across the sample depth. In the hydrogenated state, the nuclear SLD of

the CNP alloy film will be reduced because (as discussed in Section 4.1.5) hydrogen

possessing a negative neutron scattering length of bH = −3.74 fm. In fitting the data,

an insignificant amount of hydrogen was found to have been absorbed by the film, such
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Figure 4.9: (a) R+ and (b) R− PNR patterns obtained for the CNP alloy film before
hydrogenation (red data points and fits) and in the hydrogenated state (blue data
points and fits). For clarity, the R− data sets have been offset by an order of magnitude
on the ordinate axis. Error bars lie within the data set symbols. (Inset) The nuclear
and magnetic SLD profiles extracted from fitting the PNR data before hydrogenation
(red) and in the hydrogenated state (blue).

that the reduction to the nuclear SLD in the hydrogenated state remained below the

detection limit of the PNR instrument. Using this information in conjunction with

Equation 4.3, an upper-bound limit of the number-density ratio between hydrogen

atoms and CNP alloy atoms of 0.04:1 was established for the CNP alloy film in the

hydrogenated state. The magnetic SLD profile, which is sensitive only to the in-plane

FM moment of the film, does however increase almost monotonically over the sample

depth in the presence of hydrogen gas (Figure 4.9 inset, red and blue profiles). Further,

the sign of the change agrees with the field-resolved FMR results of Figure 4.7, where
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a decrease in the FMR resonance position was found upon hydrogenation. This is

consistent with an increase in the in-plane magnetic moment (M‖ of Equation 4.2) of

the film, as confirmed by PNR.

By extracting the in-plane FM moment of the film from the magnetic SLD profile

and acknowledging the FMR resonance position, the HPMA for the CNP alloy film

before and after hydrogenation can be calculated from Equation 4.2. Doing so allows

for an evaluation of the strength of the PMA and how it quantitatively changes as a

function of the external stimulus. More precisely, insight can be gained as to whether

the observed shift to the FMR resonance position is solely due to an increase in M‖

upon hydrogenation, or whether these changes are also a result of contributions from

modifications to the film’s PMA in the presence of hydrogen gas. Performing the

above calculation for the CNP alloy, the in-plane magnetic moment of the film before

hydrogenation and in the hydrogenated state are 4πM‖ = 2090 G and 4πM‖ = 2500

G, respectively. Using these values and assuming 3.2 ≤ γ ≤ 3.3 MHz Oe−1, the upper-

bound and lower-bound approximations to the change in the HPMA of the film in the

hydrogenated state are calculated to be 150 Oe and 160 Oe, respectively. Interestingly,

the lower-bound γ value corresponds to a vanishing HPMA in the virgin state, while

the upper-bound γ value returns a HPMA of 202 Oe. As both values are less than

10% of the in-plane magnetic moment of the CNP alloy film before hydrogenation,

they lie within the experimental error of the measurement. As a result, it can be

concluded that the changes which occur to the magnetic state of the CNP alloy film

in the hydrogenated state originate primarily from increases to the in-plane magnetic

moment of the sample. This is important result which cannot be obtained from either

of the two measurement techniques alone.
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4.3 Sample Growth and Characterisation

The previous section established a method for characterising the static magnetic and

dynamic magnetisation behaviours of FM films in the presence of hydrogen gas at-

mospheres. In this section the abovementioned experimental technique is applied to

Co/Pd bilayers in order to characterise their changing magnetic behaviours in the

presence of hydrogen gas. Prior to the in situ investigation, the structural and mag-

netic properties of the Co/Pd bilayers are first comparatively investigated via several

lab-based characterisation methods.

The Co/Pd bilayers studied in this chapter were grown by DC magnetron sputter

deposition at the University of Western Australia. Four bilayers were grown and de-

posited onto 12.5 × 10 mm (100)-oriented thermally-oxidised Si substrates. The base

pressure of the chamber was 2.7 ×10−2 mPa prior to deposition. Deposition took place

in an ultra-high purity (99.999%) argon gas atmosphere at a working pressure of 1 Pa.

The power to the magnetron guns was fixed to 100 W during the deposition of Co,

and 60 W during the deposition of Pd. Deposition rates of 0.61 and 1.04 nm s−1 were

calibrated for the Co and Pd targets, respectively, from preliminary profilometry mea-

surements. The nominal thicknesses of the deposited Co and Pd layers were estimated

from the calibrated sputtering rate of the respective target. The sputtering time of

the Co target was fixed for each deposition to provide a consistent and nominal Co

layer thickness of 5 nm to each sample. It had previously been established through

preliminary investigations that a Co layer thickness of 5 nm provided optimum FMR

responses [170]. The sputtering time of the Pd target was varied between each deposi-

tion to provide nominal thicknesses of 3, 5, 10, 15 nm between the four bilayers, such

that thickness-dependent studies in relation to hydrogen-induced behaviour could be

carried out. The four deposited bilayers are herein referred to as the: Co/Pd(3 nm),
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Co/Pd(5 nm), Co/Pd(10 nm) and Co/Pd(15 nm) bilayers, where the nominal Co layer

thickness of each film is a constant (5 nm). The thickness uniformity of each Co/Pd

bilayer across the sample dimension was better than 5% [168].

4.3.1 Ex situ Characterisation

The chemical depth-profile of each Co/Pd bilayer was examined by XRR. Figure 4.10

displays the XRR data of the four Co/Pd bilayers collected in air at room temperature.

Each data set was corrected for the footprint of the X-ray beam incident on the sample

surface. Good fits to the data sets of each film were obtained by allowing the real and

imaginary parts of the X-ray SLD of the Co and Pd layers to vary between 90− 100% of

the bulk X-ray SLD of Co and Pd, respectively. The X-ray SLD of the Si substrate was

restricted to the bulk value throughout all the fitting procedures. The bulk X-ray SLDs

of Co, Pd and Si are (63.02 − 9.14i) ×10−6 Å−2, (87.62 − 7.57i) ×10−6 Å−2, (20.05 −

0.45i) ×10−6 Å−2, respectively. The simulated X-ray SLD profiles obtained from best

fits to the XRR data are shown in the inset of the corresponding figure (the χ2 of each

fit was < 0.05). Each bilayer exhibits an approximate 2 nm-thick alloyed region at

the Co/Pd interfacial boundary. The alloy content trends as CoxPd1−x for 0 ≤ x ≤ 1

across the Co/Pd interface profile which results from the natural diffusion of Pd atoms

into the Co layer during room-temperature deposition. The modelled thicknesses of

the Co and Pd layers of each film (inclusive of the alloyed interface) are within ± 1.5

nm of their nominal values. The surface roughness of each film was modelled to be on

the order of 1 − 2 nm. As a result, the Co/Pd(3 nm) and the Co/Pd(5 nm) bilayers

have large surface roughnesses relative to the thickness of their Pd layers (and as such

are disregarded to a large extent throughout the ensuing analysis). The individual

layer thicknesses, interfacial and surface roughness parameters extracted from each
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Figure 4.10: XRR data (closed symbols) and best fits (solid curves) to the (a) Co/Pd(3
nm), (b) Co/Pd(5 nm), (c) Co/Pd(10 nm) and (d) Co/Pd(15 nm) bilayers. The X-ray
SLD profiles obtained from best fits to the XRR data are correspondingly shown in
the inset of each figure. Measurements were recorded in air at room temperature.

XRR chemical depth-profile were used as fixed inputs to model the nuclear SLD of

the respective bilayer during the PNR modelling procedure (note: the XRR chemical

depth-profile formed the basis of the structural PNR model of each Co/Pd bilayer

prior to hydrogen absorption only).

Each Co/Pd bilayer was further structurally characterised by high-angle XRD.

Each XRD spectrum was collected over a 2θ range from 20◦ to 90◦, and obtained with

a constant ω-offset of 0.04◦ to diminish the relatively strong intensity of reflections

originating from the Si substrate. The XRD peak positions of each Co/Pd bilayer
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showed good agreement to face-centred-cubic Pd. Accordingly, the XRD spectrum

of the Co/Pd(15 nm) bilayer presented in Figure 4.11 shows evidence of Pd (111)

and Pd (113) Bragg reflections which correspond to 2θ locations of 40.14◦ and 82.22◦,

respectively. All bilayers possessed high-intensity Pd (113) reflections, whereas the

intensity of the Pd (111) reflection was absent (i.e., not observable above background)

in the XRD spectra of the thinner bilayers. Similarly, no characteristic face-centred-

cubic (or hexagonal closed-packed) Co Bragg reflections were observed in the XRD

spectra of any of the Co/Pd bilayers, and is likely a consequence of the small volume

and polycrystallinity of the Co layer of each film.
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Figure 4.11: High-angle XRD spectrum of the Co/Pd(15 nm) bilayer measured in
air at room temperature, showing evidence of the Pd(111) and the Pd(113) Bragg
reflections.

In Figure 4.12, filtered HR-TEM images recorded in the [110] zone axis of the

Co/Pd(10 nm) bilayer confirms the thickness and polycrystallinity of the Co and Pd

layers. FFT verify the collective presence of face-centred-cubic Co and Pd grains.

Cross-sectional TEM measurements confirm the presence of an approximate 1 nm-

thick oxide layer on the surface of the silicon substrate, which likely results from the

oxidation of Co at the Si/SiO2/Co interface, and is consistent with previous samples
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Figure 4.12: (a) Filtered HR-TEM image of the Co/Pd(10 nm) bilayer measured in
the [110] zone axis. High-magnification images of the (b) Co layer and the (c) Pd
layer taken from the marked areas in (a). FFT of the high-magnification images of the
(d) Co layer and the (e) Pd layer which display diffraction patterns consistent with
face-centred-cubic Co and Pd, respectively.

grown under the same conditions [171].

The in-plane and the out-of-plane field-induced magnetic responses of each Co/Pd

bilayer were investigated by VSM magnetometry. The bilayers were measured in a

Quantum Design PPMS VSM located at ACNS, ANSTO. To avoid magnetic arte-

facts arising in the measured data, the remanent hysteresis of the PPMS device was

removed prior to data acquisition by oscillating and dampening the field (current) of

the electromagnet between ± 500 Oe. The field-induced magnetic moment of each

Co/Pd bilayer was measured at 300 K over a field range of ± 3000 Oe and ± 40 kOe

for the in-plane and the out-of-plane measurements, respectively. Magnetisation data

was obtained by normalising the measured moment of each Co/Pd bilayer to the vol-

ume of the Co layer, using the Co layer thickness extracted from the best fit to the

corresponding XRR data set. Magnetisation data were corrected for the diamagnetic

response of the substrate. Figure 4.13 displays the 300 K (a) in-plane and (b) out-
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Figure 4.13: The (a) in-plane and the (b) out-of-plane M -H behaviours of the
Co/Pd(10 nm) bilayer measured at 300 K. The M -H behaviours shown are repre-
sentative of all Co/Pd bilayers.

of-plane magnetisation vs field (M -H) variations of the Co/Pd(10 nm) bilayer, which

is representative of the M -H behaviours of all other bilayers. Namely, the magnetic

anisotropy of each Co/Pd bilayer exhibits an in-plane magnetic easy-axis and an out-

of-plane magnetic hard-axis as evidenced by the low- and high-saturation fields of the

respective measurement directions. The in-plane HC of each bilayer is on the order of

50 Oe while the out-of-plane magnetisation saturates under an applied field of approx-

imately 10 kOe. The saturation magnetisation of each Co/Pd bilayer is approximately

1100 emu cm−3, which is in good agreement with the volume-magnetisation of bulk Co

(e.g., 1417 emu cm−3 at 300 K [51]). Furthermore, in Figure 4.13 the approximate 100

emu cm−3 discrepancy in the saturation magnetisation of the Co/Pd(10 nm) between

the in-plane (low-field) and the out-of-plane (high-field) M -H variations manifests

the volume-averaged magnetic contribution of the interfacial PMA moments. It fol-

lows that the interfacial moments which remain perpendicular-to-plane in a 0.3 kOe

in-plane applied field, can be saturated in-plane under the application of a 10 kOe
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in-plane applied external magnetic field.

4.3.2 PNR with in situ FMR Characterisation

PNR and in situ FMR data sets of the four Co/Pd bilayers were obtained using

the commissioned sample environment and the data acquisition routine outlined in

Section 4.2. Each Co/Pd bilayer was sequentially loaded into the PNR with in situ

FMR sample chamber and measured at room temperature on the PLATYPUS beam-

line at ACNS, ANSTO. The electromagnet of the PLATYPUS instrument provided

sweeping fields during field-resolved FMR measurements and sample-dependent fields

during time-resolved FMR measurements. For the acquisition of PNR data, the elec-

tromagnet provided a 1 kOe sample field which was sufficient to magnetise the bulk

Co moments while being insufficient to saturate the interfacial PMA moments into

the plane of the film. The specular reflected R+ and R− intensities were recorded as

a function of the incident angle θ using a time-of-flight data collection mode. Data

was analysed in terms of the wavevector transfer Qz (= 4πsinθ/λ) which is directed

normal to the sample surface. The experimental resolution (∆Qz/Qz) of the PNR

set-up was 5.2%. A determination of the nuclear and magnetic SLD profiles across

each bilayer were obtained by fitting model structures to the respective PNR data

sets using the SIMULREFLEC software package. A mass-flow controller was used to

deliver pure N2 gas or 3.5% H2/N2 gas mixture to the sample chamber at a flow rate

of 4.2 ×10−6 m3 s−1 (250 ml min−1), corresponding to an effective hydrogen partial

pressure of 35.5 mbar (assuming 1 bar total pressure) within the chamber at ambient

temperature. Although it was found that a 3.5% H2/N2 atmosphere was insufficient

to produce measurable modifications to the structural SLD of a Pd-alloyed film upon

hydrogenation (see Figure 4.9), preliminary reflectivity simulations nevertheless con-
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firmed that 3.5% H2/N2 would generate sizeable hydrogen-induced variations to the

reflectivity of Co/Pd bilayer structures over the measurable Qz range.

To begin the PNR with in situ FMR investigations, it is first necessary to establish

qualitatively if the magnetic and structural properties of the Co/Pd bilayers behave

reversibly between consecutive exposures to hydrogen gas. Figures 4.14 and 4.15 show

the PNR data sets and the in situ FMR spectra obtained from the Co/Pd(15 nm)

bilayer during the first and second cyclic exposures of the sample to pure N2 and 3.5%

H2/N2 atmospheres. A single cycle is defined as moving from an atmosphere of pure

N2 to 3.5% H2/N2 (hydrogenated state) before returning to N2 (dehydrogenated state)

and commencing the next cycle. The PNR data sets of Figure 4.14 are organised such

that the respective N2 and H2/N2 states of the first and second cyclic exposures can

be compared directly. Through qualitative assessment of the PNR data it is quite

evident that the reflectivity of the Co/Pd bilayer in the N2 state of the first cycle is

inconsistent with the N2 state of the second cycle. On the other hand, the H2/N2 states

of the first and second cycles are comparable (within the error bar) at each Qz location

across the reflectivity spectrum. The distinct differences observed in the reflectivity

of the Co/Pd bilayer between the sequential N2 states is attributed to the Pd layer

succumbing to hydrogen-induced annealing during the initial cycle after hydrogen gas

is first desorbed from the Pd layer (as described in Section 4.1.4). The series of FMR

spectra presented in Figure 4.15 also document an irreversible change to the magnetic

anisotropy landscape of the Co/Pd(15 nm) bilayer during hydrogen-gas cycling. In

the H2/N2 state, the characteristic FMR resonance position shifts to lower in applied

field with respect to the N2 state of the corresponding cycle, indicating a weakened

PMA of the Co/Pd bilayer upon hydrogen-gas absorption. However, it is apparent

that there is a fundamental change in the magnetic anisotropy of the bilayer between

the consecutive exposures which prevents the FMR responses of the first cycle from
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Figure 4.14: PNR data sets of the Co/Pd(15 nm) bilayer during the first and second
cyclic exposures to a 3.5% H2/N2 atmosphere. The H2/N2 data sets are shifted on the
ordinate axis for clarity.

coinciding with the FMR responses of the second cycle. By cycling the Co/Pd bilayer

a third consecutive time, the reflectivity and magnetic resonance (data not shown) of

the bilayer were found to be consistent with the data sets recorded during the second

cyclic exposure in the corresponding atmosphere. This verifies that the structural

and magnetic properties of the Co/Pd bilayer respond reversibly to hydrogen gas only

after the polycrystalline Pd lattice is first annealed by hydrogen during the initial

cycle. From establishing reversible properties between the higher-order exposures, the

key aim of the ensuing work is to characterise the irreversible modifications which
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Figure 4.15: FMR spectra of the Co/Pd(15 nm) bilayer during the first and second
cyclic exposures to a 3.5% H2/N2 atmosphere. All data sets were acquired at a mi-
crowave frequency of 4.4 GHz.

occur to the magnetism and structure of polycrystalline Co/Pd bilayers upon primary

hydrogen-gas absorption. In the proceeding section, in the interest of characterising

the properties of all four Co/Pd bilayers while keeping data presentation to a minimum,

only the PNR and in situ FMR data sets of the Co/Pd(10 nm) bilayer will be presented,

and will be analysed in terms of the equivalent behaviours observed in the Co/Pd(3,

5, 15 nm) bilayers.

Figure 4.16 displays the sequential room-temperature PNR data sets collected

during the first cyclic exposure of the Co/Pd(10 nm) bilayer to a 3.5% H2/N2 gas

mixture. Open symbols denote the specular reflected R+ and R− cross-sections mea-

sured with the incident neutron polarisation oriented parallel (+) and antiparallel (−)

with respect to a 1 kOe sample field. Solid curves superimposed on the PNR data

sets denote the best-fit models. The simulated nuclear and magnetic SLD profiles of
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the Co/Pd(10 nm) bilayer obtained from the best fits to the PNR data at each stage

during the hydrogenation cycle are presented in Figure 4.17.

Prior to recording the PNR data sets of Figures 4.16(b) and (c), the changing

magnetic state of the Co/Pd(10 nm) bilayer during the initial stages of hydrogen-gas

absorption and desorption were monitored by time-resolved FMR measurements. Fig-

ure 4.18 shows the time-resolved FMR spectra collected on the Co/Pd(10 nm) film

during (a) hydrogenation and (b) dehydrogenation. At time t = 300 s of Figure 4.18(a)

(depicted by the grey dotted line), 3.5% H2/N2 gas first enters the sample chamber,

replacing the former pure N2 atmosphere (depicted by data points at time t < 300 s).

The gradual increase in the FMR absorption amplitude observed over the course of the

measurement indicates that the magnetisation dynamics of the Co/Pd(10 nm) bilayer

evolve steadily during the first exposure to hydrogen gas. Once the time-resolved FMR

data set reaches a plateau with respect to the absorption amplitude at time t = 8000

s, hydrogenation of the film is complete, and recording of the PNR data set of Fig-

ure 4.16(b) commenced. During the dehydrogenation of the Co/Pd(10 nm) bilayer in

Figure 4.18(b), pure N2 gas first enters the chamber at time t = 60 s (depicted by the

grey dotted line), replacing the former 3.5% H2/N2 atmosphere. Unlike the gradual

changes observed in the time-resolved FMR spectrum during primary hydrogen-gas

absorption, a rapid decrease (≈ −1.75 µV) in the FMR absorption amplitude is ob-

served within the first 40 s from the initial admission of N2 gas. This corresponds to

the removal of α′-phase hydrogen atoms from the Pd layer of the Co/Pd bilayer. The

gradual slope of the data from time t = 100 s corresponds to the desorption of the more

stable α-phase hydrogen atoms from the Pd lattice. Again, the irreversibility of the

first cyclic exposure is apparent in the time-resolved FMR data. Firstly, the primary

absorption process occurs over a greater time period than the subsequent desorption

process, as has been observed by other authors [150, 232]. Secondly, the change in the
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Figure 4.16: PNR data (open symbols) and best fits (solid curves) to the R+ and
R− cross-sections of the Co/Pd(10 nm) bilayer (a) before hydrogenation (measured in
N2), (b) after hydrogenation (measured in 3.5% H2/N2), and (c) after dehydrogenation
(measured in N2). Data sets (b) and (c) are shifted on the ordinate axis for clarity.
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Figure 4.17: Nuclear and magnetic SLD profiles of the Co/Pd(10 nm) bilayer (a)
before hydrogenation (measured in N2), (b) after hydrogenation (measured in 3.5%
H2/N2) and (c) after dehydrogenation (measured in N2). Modelled SLDs are obtained
from best fits to the PNR data and are plotted as a function of sample depth from
the SiO2-terminated Si substrate. Solid and dashed lines denote the SLD arising from
nuclear and magnetic components of the bilayer, respectively.



4.3. Sample Growth and Characterisation 137

10

8

6

4

2

0

A
bs

or
pt

io
n 

A
m

pl
itu

de
 (µ

V
)

80006000400020000
Time (s)

(a)

-4

-3

-2

-1

0

A
bs

or
pt

io
n 

A
m

pl
itu

de
 (µ

V
)

5004003002001000
Time (s)

(b)

Figure 4.18: Time-resolved FMR spectra of the Co/Pd(10 nm) bilayer during the
initial stages of (a) hydrogen-gas absorption and (b) hydrogen-gas desorption.

FMR absorption amplitude occurring over the course of the desorption of hydrogen

atoms from the Co/Pd(10 nm) bilayer (i.e., |∆| ≈ 4 µV) does not compensate for the

magnitude of changes occurring during the initial hydrogenation of the bilayer (i.e.,

|∆| ≈ 10 µV).

Returning to Figure 4.16, the oscillatory behaviour of each PNR data set is namely

attributed to the scattering contrast provided by the differing chemical characteris-

tics of the Co and Pd layers of the film, while the separation between the R+ and

R− channels is indicative of an in-plane FM magnetisation which is encoded in the

Qz-dependence of the spin-asymmetry. After the absorption of hydrogen gas, minima

in the reflectivity shift to lower positions in Qz indicating an increase in the total

physical thickness of the bilayer, while dampened fringe oscillations suggest a reduc-

tion in the film’s chemical scattering contrast. Data analysis indicates a remarkable

7.5% increase in the overall Pd layer thickness in the presence of hydrogen gas. This

increase is greater than the three-dimensional 3.6% expansion expected for bulk Pd in

the α′-phase [124], and results from the anisotropic influence of the substrate which

changes the proportionality factor during hydrogen absorption by largely preventing

any in-plane expansion of the thin-film Pd lattice (as previously discussed in Section
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4.1.4). By comparing the SLD profiles of Figure 4.17(a) and (b) it is confirmed that

the chemistry and magnetism of the bulk of the Co layer are unaffected by the presence

of the 3.5% H2/N2 atmosphere. Furthermore, the Co layer displays a linearly degrad-

ing magnetic SLD in proximity to the Pd layer, indicative of a coherent rotation of

the layer’s magnetisation vector from an in-plane to an out-of-plane direction (but

could also suggest minor alloy formation). In comparison, between Figures 4.17(a)

and (b), the Pd layer features a pronounced and uniform reduction in nuclear SLD

which is indicative of a homogeneous concentration of hydrogen atoms throughout the

layer. Examining the modifications to the thickness and SLD of the Pd layer upon

hydrogenation, the average CH within the Pd lattice in the hydrogenated state can be

estimated using Equation 4.3 and the best-fit parameters to the PNR data listed in

Table 4.2. From this analysis it is determined that for every 1 Pd atom there are 0.31

hydrogen atoms (on average) occupying the Pd lattice of the Co/Pd(10 nm) bilayer in

the presence of a 3.5% H2/N2 atmosphere. Referring to Figure 4.2(b), this establishes

that the hydrogenated Co/Pd(10 nm) bilayer is most likely situated towards the end of

miscibility gap at the α′-phase boundary of the Pd-hydride phase diagram. Applying

the same analysis to the remaining Co/Pd(3, 5, 15 nm) bilayers using the best-fit pa-

rameters to the PNR data sets provided in Table 4.2, it is found that the thickness of

the hydrogen-absorbing layer has a strong influence on the maximum CH which can be

absorbed by the Co/Pd bilayer in a given atmosphere of hydrogen. Specifically, when

exposed to a 3.5% H2/N2 atmosphere the CH absorbed in the four Co/Pd bilayers

trends as 0.048, 0.052, 0.31 and 0.42 as a function of increasing Pd layer thickness.

This inherent dependence is accredited to electronic effects (as previously discussed

in Section 4.1.4). Close to the Co/Pd interface of each bilayer, within the first few

monolayers of the Pd layer, drastic deviations from bulk behaviour may occur due to

charge-transfer with the Co atoms which fill holes at the Fermi level of the Pd 4d-band
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which lowers the density of available states [198]. The transfer of electrons from Co

to Pd within the alloyed portion of the bilayer lowers the solubility of hydrogen (as

depicted in Figure 4.3), and results in a comparatively reduced absorption of hydrogen

atoms in Co/Pd bilayers with larger interface-to-bulk Pd volume ratios.

Bilayer SLDPd SLDPd+H tPd tPd+H CH

(×10−6 Å−2) (×10−6 Å−2) (nm) (nm) (H/Pd at.%)

Co/Pd(3 nm) 3.42 2.99 3.07 3.40 0.048

Co/Pd(5 nm) 3.27 3.12 5.48 5.55 0.052

Co/Pd(10 nm) 3.91 2.93 8.00 8.60 0.31

Co/Pd(15 nm) 3.86 2.66 15.39 16.48 0.42

Table 4.2: Parameters used in the calculation of the average CH absorbed by the Pd
layer of each Co/Pd bilayer in a 3.5% H2/N2 atmosphere. Parameters were obtained
from best fits to the PNR data sets of each bilayer between the N2 (subscript: Pd)
and the 3.5% H2/N2 (subscript: Pd+H) atmospheres of the first cyclic exposure.

Upon the complete removal of hydrogen from the Co/Pd(10 nm) bilayer, the PNR

spectrum in Figure 4.16(c) appears to return to a state qualitatively similar to the

data set of Figure 4.16(a). However, minor differences in the PNR spectral features

parameterised by the SLD profiles in Figures 4.17(a) and (c) reveal that the Pd layer

component of the film features an increased SLD (1.51%) in addition to a reduced

thickness (1.75%) relative to the primary film. Both variations are ascribed to the cold-

annealing of the Pd layer by hydrogen (as previously characterised for the Co/Pd(15

nm) bilayer) which changes the stress state of the film [200]. Through the removal of

defect volume, the annealing process leads to an inadvertent increase in the atomic-

packing factor of the thin-film lattice which simultaneously increases the SLD (i.e., the

atomic density component) while reducing the total thickness of the Pd layer upon

dehydrogenation. Subsequent XRR characterisation of the Co/Pd(10 nm) bilayer after
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dehydrogenation also confirms this behaviour. Figure 4.19 compares the XRR data

and best fits to the Co/Pd(10 nm) before hydrogenation and after dehydrogenation.

From best fits to the XRR data, the thickness of the Pd layer (relative to the primary

film) contracts by 2.24% and increases in SLD by 1.05% after hydrogen-annealing.

The magnitudes of the changes obtained from best fits to the XRR data are consistent

with the PNR best fits.
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Figure 4.19: (a) XRR data (closed symbols) and best fits (solid curves) to the
Co/Pd(10 nm) bilayer before hydrogenation and after dehydrogenation. (b) Corre-
sponding X-ray SLD profiles obtained from best fits to the XRR data in either state.
Measurements were recorded in air at room temperature.

In Figure 4.17 the bilayer’s Co/Pd interface is modelled as a 1.4 nm-thick re-

gion which exhibits a complex chemical and magnetic depth-profile resulting from

the room-temperature diffusion of Pd atoms into the deposited Co layer during film

growth. Contingent on the precise CoxPd1−x stoichiometry (for 0 ≤ x ≤ 1) of each

layer-averaged section of the alloyed interface, the chemical and magnetic signatures

can vary widely. For example, with x = 0 the nuclear and magnetic SLDs are 4.02

×10−6 Å−2 and 0 ×10−6 Å−2, respectively, and conversely 2.23 ×10−6 Å−2 and 4.11
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×10−6 Å−2 with x = 1. The combined nuclear and magnetic SLD of the CoxPd1−x

diffusion profile therefore nominally trends as (2.32x + 4.02) ×10−6 Å−2 across the

interface. However, because of competing electronic effects and the FM polarisation

of Pd at the interface [95, 72, 2], it would be an invalid assumption to separate the

chemical and magnetic components of the alloyed region based on SLD considera-

tions alone. Instead, to decouple the magnetic response of the alloyed interface from

its complex chemical profile, the spin-asymmetry of the bilayer at each stage during

the hydrogenation cycle is analysed in Figure 4.20(a). The non-zero Qz-dependence

of the spin-asymmetry arises from the asymmetric influence of the sample’s in-plane

FM magnetisation on the R+ and R− scattering potentials. As established earlier,

the magnetisation of the bulk of the Co layer remains invariant between the N2 and

the H2/N2 atmospheres. Therefore, any changes to the spin-asymmetry of the film

in the hydrogenated and dehydrogenated states must originate from modifications to

the in-plane magnetisation of the alloyed interface only. Namely, the spin-asymmetry

at the critical-edge location of Qc = 0.010 Å−1, shown enlarged in Figure 4.20(b), is

proportional to the total in-plane FM magnetisation of the interface. Prior to hydro-

gen absorption, the full Qz-range of the spin-asymmetry in Figure 4.20(a) in addition

to the Qc curvature of the data points in Figure 4.20(b) can be suitably modelled by

an average in-plane interfacial magnetisation of 176 emu cm−3, which increases to 402

emu cm−3 in the presence of hydrogen gas. In the desorbed state, the magnetisation

decreases to 336 emu cm−3; however, remains enhanced magnetically relative to the

primary film (all values are calculated as averages over the interfacial thickness). The

result confirms that a greater portion of interfacial moments turn into the plane of

the film in the presence of hydrogen gas. Furthermore, the effect is irreversible be-

cause the primary magnetisation of the film is not recovered by the succeeding N2

atmosphere. Equivalent trends have indeed been identified in CoPd alloys [160, 212]
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Figure 4.20: Evolution of the spin-asymmetry of the Co/Pd(10 nm) bilayer during
primary hydrogen-gas absorption. Closed symbols denote data points, and solid lines
denote magnetic models obtained from fitting the asymmetric influence of the samples’
in-plane FM magnetisation on the R+ and R− scattering potentials. (b) The magnified
critical-edge region of the spin-asymmetry, which is proportional to the total in-plane
FM magnetisation of the interface.

and in atomically thin Co/Pd multilayers [197, 198] via sample-averaged magnetom-

etry and magneto-optical Kerr effect measurements, and has been attributed to an

irreversible reduction in the PMA of the specimen upon primary hydrogen absorp-

tion. However, we further observe that the relative change in the magnetic response

of the Co/Pd bilayer between the primary and hydrogenated states exhibits a depen-

dence on the thickness of the Pd layer. Figure 4.21 compares the spin-asymmetry

of the (a) Co/Pd(3 nm), (b) Co/Pd(5 nm) and (c) Co/Pd(15 nm) bilayers at each

stage during the hydrogenation cycle. It is evident that the spin-asymmetries of the

two thinnest Co/Pd bilayers remain almost invariant (within the error bar) through-

out the hydrogenation cycle, whereas the thickest bilayer displays the largest relative

change in magnetic response in the presence of hydrogen gas. The increased frequency

of the spin-asymmetry in the hydrogenated state of the Co/Pd(15 nm) bilayer in Fig-

ure 4.21(c) is a consequence of the hydrogen-induced expansion of the Pd layer. The
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Figure 4.21: Evolution of the spin-asymmetry of the (a) Co/Pd(3 nm), (b) Co/Pd(5
nm), and (c) Co/Pd(15 nm) bilayers during primary hydrogen-gas absorption. Closed
symbols denote the data points, and solid lines denote the magnetic models obtained
from fitting the asymmetric influence of each film’s in-plane FM magnetisation on the
R+ and R− scattering potentials.

increased amplitude of the spin-asymmetry in proximity to the film’s critical edge of

reflectivity (at Qc = 0.010 Å−1) identifies a sizeable enhancement to the total in-plane

magnetisation of the bilayer upon hydrogen-gas absorption. The magnitude of the

enhancement is greater than that observed at the Qc location of the Co/Pd(10 nm)

bilayer upon hydrogenation. It is therefore determined that as the thickness of the Pd

layer increases so too does the relative increase in the interfacial FM magnetisation of

the Co/Pd bilayer upon hydrogen-gas absorption (in a given hydrogen atmosphere).

These trends most likely share a common connection to the behaviours established in

Table 4.2 where it was found that Co/Pd bilayers with reduced interface-to-bulk Pd
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volume ratios have enhanced hydrogen solubilities [40]. However, before the inherent

relationship can be scrutinised the magnetic anisotropies of the Co/Pd bilayers before

and after hydrogen absorption must first be analysed.

To determine the magnetic anisotropy contribution to the changes observed to the

in-plane FM magnetisation of the Co/Pd(10 nm) bilayer upon hydrogenation, field-

resolved FMR spectra were collected in situ during the first cyclic exposure of the

bilayer to a 3.5% H2/N2 gas mixture. Figure 4.22 shows the field-resolved FMR spectra

of the Co/Pd(10 nm) bilayer recorded at each stage during the hydrogenation cycle.

The film was driven to resonance by sweeping an external field across the resonance

of the microwave cavity, which was held at a frequency of f = 9.354 GHz. Before the

admission of hydrogen gas, the bilayer exhibits a broad FMR spectrum which reaches

resonance at an applied field of Hres = 819 Oe. After the absorption of hydrogen gas,

the bilayer is able to generate resonance in a reduced field of Hres = 707 Oe. This

specifies an increase to the effective magnetisation 4πM eff (= 4π(M‖ − HPMA)) of the

Co/Pd bilayer upon hydrogenation, which is synonymous with a decrease in the PMA

of the specimen and is in-line with previous works [47, 172]. Solving Equation 4.2

for 4πM eff and using the resonance fields outlined above, the 4πM eff of the Co/Pd(10

nm) bilayer before and after hydrogen absorption are calculated to be 10,670 G and

12,600 G, respectively. Furthermore, in the hydrogen atmosphere it is found that

the FMR amplitude increases, while the resonance linewidth narrows relative to the

FMR response of the bilayer prior to hydrogen exposure. These secondary variations

to the appearance of the FMR spectrum agree with previous reports [47, 171], and

mutually indicate that the precessional angle of the magnetisation vector throughout

the FM volume of the Co/Pd bilayer increases in the presence of hydrogen gas. This is

caused by a reduction in the magnetic damping coefficient of the Co layer (and the FM

component of the alloyed interface) which is intrinsically linked to the layer’s ability



4.3. Sample Growth and Characterisation 145

-40

-20

0

20

40

A
bs

or
pt

io
n 

A
m

pl
itu

de
 (µ

V
)

1000800600400

Magnetic Field (Oe)

 N2

 H2/N2

 N2

Figure 4.22: Field-resolved FMR spectra of the Co/Pd(10 nm) bilayer during primary
hydrogen absorption. All data sets were measured at a microwave frequency of 9.354
GHz.

to generate an efficient spin current through the Pd layer [235]. After the desorption

of hydrogen gas, the bilayer retains consistent magnetisation dynamics in relation to

the hydrogenated film (within experimental error). This highlights that the PMA of

the Co/Pd(10 nm) bilayer is irreversibly modified and weakened through the primary

exposure to hydrogen gas, which is in-line with our PNR models, and previous works

[47, 169, 171, 170].

Uniquely, by combining the knowledge obtained from the PNR with in situ FMR

measurements, we can numerically evaluate via Equation 4.2 the magnitude of in-

terfacial PMA in the Co/Pd(10 nm) bilayer and its modification upon hydrogen-gas

absorption. From the magnetic SLD profiles of Figure 4.17, the Co/Pd(10 nm) bi-

layer before hydrogenation exhibits an average in-plane FM magnetisation of 4πM‖ =

14,427 G, which increases by 5% in the presence of hydrogen gas to 15,124 G. These

values are calculated as a thickness-averaged magnetisation over the Co layer and the

interfacial FM moments which contribute to the FMR response of the film. It follows
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from Equation 4.2 that the interfacial PMA of the bilayer before hydrogen absorption

decreases from HPMA = 3757 Oe to 2524 Oe after hydrogenation.

By consolidating all the above-described experimental behaviours, a unified model

of the interfacial moments of the Co/Pd bilayers emerges. The proposed mechanism,

which can account for the drastic change in the PMA of the bilayers upon hydrogen

absorption and the dependence on the thickness of the Pd layer, is as follows. The

hydrogen atoms which are initially chemisorbed on the surface of the Pd film diffuse

into the layer to contribute their bound coherent scattering length and atomic volume

to the Pd layer of the Co/Pd bilayer. This leads to a simultaneous decrease in the

effective neutron SLD and an increase in the out-of-plane thickness of the Pd layer

(as observed in Figure 4.17). The highly mobile hydrogen atoms diffuse throughout

the Pd layer and eventually encounter the Co/Pd interface. The alloyed interface

represents a change in the electronic and magnetic environment of the film where the

density of Pd atoms continually decline (over a range of approximately 1.4 nm) and

are substituted by atomic densities of Co in approach to the underlying Co layer (see

Figure 4.17). The spin-orbit coupling of the interfacial Pd atoms are altered through

short-range electron spill-over effects with neighbouring Co atoms [87]. Furthermore,

the PM spins of the Pd atoms become ferromagnetically polarised through proximity

to the alloyed Co content to provide an extra energy term to the surface anisotropy

of the Co layer. At each discrete location across the interface profile, the polarised

Pd spins adopt the local FM-spin direction. That is, the PM spins predominantly

align perpendicular-to-plane (via surface anisotropy) at the Pd-side of the interface

and contribute to the PMA of the system and then coherently rotate into the film

plane (via shape anisotropy) over a finite distance in approach to the underlying Co

layer. The solubility of hydrogen within the interface region decreases proportional to

the local Co alloy content [160]. It has been shown that even a minor CoxPd1−x alloy
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concentration of x = 0.15 reduces the maximum room-temperature solubility of Pd

from PdH0.6 (in bulk) to PdH0.1 [285]. As a result, the hydrogen-induced structural

transformation which occurs throughout alloyed interface is more subtle than in the

pure Pd layer. Although extremely dilute, the CH which is absorbed by the interface is

sufficient to affect the electronic and magnetic properties of the interfacial Pd atoms.

Namely, as hydrogen is absorbed by the interface the magnetic susceptibility of the Pd

atoms is suppressed. This essentially ‘switches off’ the component of the PMA field

contributed by the interfacial Pd atoms leading to a reduction in the system’s PMA

which is observed via FMR (see Figure 4.22). This process correlates with an increase

in the density of interfacial moments which possess weak-local anisotropy fields. The

weakened anisotropy of the interfacial Co moments are therefore more susceptible to

external fields, and will preferentially tilt into the plane of the film along the direction

of the 1 kOe sample field. The increased projection of the FM spins onto the film

plane yields the enhanced spin-asymmetry signals observed for the Co/Pd bilayer in

the hydrogenation state (see Figure 4.20). The effect is dependent upon the thickness

of the Pd layer because thicker Pd layers can absorb greater average concentrations

of hydrogen (see Table 4.2). We speculate that this behaviour allows a more efficient

transfer of H atoms to the Co/Pd interface (of thicker Pd layers) to then afford a

greater reduction in the magnetic susceptibility of the interfacial Pd atoms (compared

to thinner Pd layers). In turn this further reduces the local anisotropy of the interfacial

moments leaving them more susceptible to be influenced by the 1 kOe in-plane sample

field. As a result, Co/Pd bilayers with thicker Pd layers have a greater density of

interfacial moments which preferentially turn into the film plane upon hydrogenation

to give larger relative increases to the spin-asymmetry signals compared to thinner Pd

layers (see Figure 4.21).
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4.4 Conclusion

The work presented in this chapter first outlines an innovative PNR beamline instru-

mentation concept which incorporates FMR. We show that by combining PNR with in

situ FMR each term of the Kittel equation can be accounted for, such that, the in-plane

magnetic moment and the magnetic anisotropy of a FM specimen can be quantitatively

solved. The strength of the technique is showcased in circumstances where external

stimuli (e.g., elastic strain, temperature, pressure and/or oxidising atmospheres) cause

irreversible or semi-reversible modifications to the static and dynamic magnetisation

behaviours of the FM specimen under study. Here, PNR with in situ FMR offers

the capability to simultaneously probe a vast range of material properties step-wise

throughout a single cycle (or during a single exposure) before irreversible changes

are incurred to the initial state of the material. Accordingly, a PNR with in situ

FMR sample chamber was custom-developed during the course of this thesis to allow

thin-film characterisation to be carried out in the presence of gas atmospheres. The

commissioned sample environment was implemented on the PLATYPUS beamline at

ACNS, ANSTO, and a three-step methodology for acquiring PNR with in situ FMR

data sets was developed. Feasibility measurements were conducted on a Pd-deficient

CNP alloy film in the presence of a dilute hydrogen-gas atmosphere. During hydro-

genation the static and dynamic magnetisation behaviours of the CNP alloy film were

mapped and correlated across two independent channels (i.e., PNR and FMR). It was

found that the sensitivity of FMR was able to detect minute changes to the dynamic

magnetisation behaviour of the film, before significant changes to the structure and/or

static magnetisation behaviour were detectable via PNR. The advantages of record-

ing time-resolved FMR spectra on the PNR beamline were also highlighted. Such

measurements provide rapid insights into the current magnetic state of the sample
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under investigation, including whether it be equilibrated or transient, to ensure that

the sample sitting on the beamline is in exactly the state as needed, or desired, before

commencing investigations by PNR.

The PNR with in situ FMR measurement approach was then employed to char-

acterise the PMA present at the chemical interface within Co/Pd bilayers and its

modification upon exposure to hydrogen gas. Through repeatedly cycling the Co/Pd

bilayers between pure N2 and 3.5% H2/N2 atmospheres it was established that the

polycrystalline films succumbed to hydrogen annealing during the first exposure to

hydrogen gas. The process removed defect volumes from the Pd layer of the film

leading to an observed decrease in the overall Pd layer thickness together with an in-

crease in the Pd layer density between the primary and secondary N2 states. Owing to

the isolated nature of the annealing process, completely reversible responses — both

in reflectivity and in magnetic resonance — were then established throughout all the

higher-order exposures. With an inherent curiosity to investigate the irreversible mod-

ifications to the magnetic anisotropy and structural properties of the Co/Pd bilayers

upon primary hydrogen-gas absorption, each film was then characterised at each stage

during the first cyclic exposure to hydrogen gas. Under a constant temperature and

hydrogen partial pressure it was found that Co/Pd bilayers with thicker Pd layers

were able to absorb greater concentrations of hydrogen (on the layer average). This is

attributed to charge-transfer between interfacial Co and Pd atoms, which increases the

chemical potential of interfacial Pd lowering its ability to absorb hydrogen, and sub-

sequently results in a reduced average concentration of absorbed hydrogen in Co/Pd

bilayers with thinner Pd layers. For the specific case of a Co/Pd(10 nm) bilayer, a

7.5% increase in the overall thickness of the Pd layer upon exposure to a 3.5% H2/N2

partial pressure at room temperature was observed. The out-of-plane expansion of

the film is approximately twice that expected for bulk Pd exposed to hydrogen under
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the same conditions and can be attributed to the in-plane structural clamp provided

by the substrate which effectively diverts the three-dimensional expansion (expected

for bulk Pd) into a one-dimensional expansion of the Pd thin-film layer in the out-of-

plane direction only. Chemical and magnetic depth-profiles of Co/Pd(10 nm) bilayer

reveal that the chemistry and magnetism of the bulk of the Co layer remain invariant

before and after hydrogenation, while the Co/Pd interface features an approximate

two-fold increase in in-plane magnetic moment. Furthermore, the Co/Pd bilayer is

able to generate resonance in a reduced field in the presence of hydrogen gas. By

correlating these changes and employing the Kittel equation it is confirmed that the

PMA of the Co/Pd(10 nm) bilayer decreases in the presence of hydrogen gas. This

is an important result which cannot be obtained from either of the two measurement

techniques alone. Nor would a consistent or valid result have been obtained if the two

techniques were employed in sequence (i.e., PNR followed by FMR, and vice versa),

due to the irreversible nature of the first hydrogenation cycle.



Chapter 5

Summary and Outlook

Scientific discovery is not yet predictable. If you have an exciting road to

follow do not be put off by those who say that there is nothing at the end of

it; they do not know. Persevere, and enjoy the excitement of the unknown.

— Joseph Chatt [49]

Together, the studies presented in this thesis embody the philosophies of Feynman

and Kroemer and investigate the occurrence of magnetic interface phenomena in low-

dimensional thin-film structures. The interface — be it magnetic and/or chemical in

character — plays a vital role in mediating the pertinent physics of the structure which

is confined to the nanometre length scale. By controlling interfacial properties, for

example, through ion-beam disorder or exposure to gas atmospheres, the system can be

tailored towards a desired functionality. However, it is often impossible to predict the

immediate outcomes of fundamental scientific research, as Joseph Chatt’s statement

above articulates. If in fact outcomes were predicable then there would be no need
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to conduct investigations in the first instance. What seems to be more unpredictable,

however, is knowing just how useful the scientific outcomes will be and/or where

the research will find application. In saying this, it is hoped that the results of the

studies presented in this thesis will be of use, that they will stimulate further research

activity and subsequently lead to the development of future technological devices.

The following text summarises the main conclusions of the thesis and provides some

suggestions for the future directions of each project.

The study presented in Chapter 3 investigated the sharpness of magnetic interfaces

which can be formed locally by driving magnetic phase transitions in materials using

ion beams. The work provided, for the first time, a lower-bound numerical estimate

of the spatial definition of FM volumes which can be formed in materials exclusively

from the ion-matter interaction gradient resulting from an irradiation (under the con-

ditions we have applied). This was achieved by illuminating the surface of a film with

a broad-ion beam, such that the created ion-cascade volume was free of additional

lateral and/or projected straggling influences which are often compounded during

masked irradiations (because the scattering profile is dependent upon the effective-

ness of the etching chemicals used to prepare the lithography mask). The irradiations

were performed on the prototype FePt3 template to exploit the materials unique quan-

tum chemical feature which allows either a PM or FM state to be selected at room

temperature depending on the level of atomic-site disorder in the alloy. A detailed mi-

crostructural analysis of ion irradiation FePt3 was presented using a complementarity

of magnetometry, TEM and PNR techniques. By modelling the characteristic features

of the irradiated FePt3 film’s PNR spectra, the magnetic interface was observed to

transition from FM to PM over a length scale on the order of 2.5 – 3 nm. Monte

Carlo simulations and TEM imaging identified that the structural transformation oc-

curred over a broader length scale, causing the ion-induced structural and magnetic
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phase transformations of single crystalline FePt3 to be defined by two different spatial

boundaries. The result is in-line with a long-reported ideal that ion-induced magnetic

property changes are not related in a simple way to the structural property changes of

a material, and in most cases, magnetic transitions appear sharper than the structural

one [48]. The disorder-induced magnetic transition of FePt3 was then investigated

through theoretical modelling, and the first DFT results for the entire suite of poten-

tial long-range magnetically ordered states of FePt3 were presented. In doing so, the

(1⁄2 1⁄2 0) c-type FePt3 structure was identified as the energetically favourable ground-

state spin structure, in agreement with previous neutron diffraction experiments [173].

Furthermore, by analysing several localised defect structures which may form in FePt3

under ion-irradiation, it was revealed that disorder is driven by the mechanism of

anti-site disorder which involves an interchange of Fe and Pt atoms between their re-

spective sites. By modelling the lowest energy state of (1⁄2 1⁄2 0) c-type FePt3 under

varying degrees of anti-site disorder, it was determined that a stable FM state could

be achieved by interchanging 25% of the initially chemically ordered Fe and Pt sites.

It was proposed that the subtle ‘threshold’ nature of the level of anti-site disorder

required to catalyse the transformation from PM to FM in FePt3, may be the physical

origin of the abrupt magnetic interface observed experimentally by PNR.

The experimental findings reported in Chapter 3 position ion irradiation (albeit

performed with a focussed-ion beam) as a particularly attractive method for fabri-

cating magnetically-isolated, single-domain and topologically flat FM elements ideally

suited to the tribology of next-generation patterned-media devices, as well as for the

direct stylus-type writing of ferromagnetism for spintronic, logic-gate and racetrack

memories. Now that we have successfully demonstrated the principal concept using

the template material of FePt3, the next step will be to develop the technique further

by bringing materials into play which have favourable properties. Materials consid-
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ered for memory applications will need to be developed such that they also respond

to ion-induced disorder with a PM-to-FM phase transition, in addition to exhibiting

a high coercivity and an out-of-plane magnetic easy axis. One example can be found

in PM A1 FePt, which can be transformed into the highly anisotropic FM L10 FePt

through ion irradiation. However, the search for materials displaying this feature is not

restricted to already known bulk materials. For example, PM-to-FM phase transitions

could be generated locally by tuning lattice strain with an ion beam. Furthermore, it

will be interesting to establish through future investigations as to whether the abrupt

magnetic phase boundary reported in this work is unique to intermetallic alloys (e.g.,

CoFe, FeV, FeAl, FePt, NiFe, CoZr etc.), or whether such interface quality could be

achieved in a diverse range of materials (e.g., oxides, superconductors, multiferroics

etc.) which could then go on to support an even greater range of applications.

The study contained in Chapter 4 introduced a PNR with in situ FMR method

which can be employed to characterise irreversible modifications to the layer-averaged

static magnetic characteristics and the macroscopic magneto-dynamic behaviours of

FM films, while sample properties are gradually transformed in the presence of external

stimuli. A three-step methodology for acquiring high-quality data sets was developed,

a sample environment was commissioned, and feasibility studies were performed. The

current design of the chamber allows thin-film characterisation to be carried out in the

presence of a broad range of gas atmospheres. However, simple modifications to the

chamber could allow forthcoming characterisations of irreversible magnetic behaviours

of thin films to be performed in the presence of chemical, mechanical and/or other

thermodynamic stimulants. For example, there are already several irreversible thin-

film processes published in the literature which could benefit from combined PNR

with in situ FMR measurements. These include: the dissolution of FM metals in

aqueous environments [292], voltage-moderated oxygen migration in Co films [93],
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elastic stresses applied to FM films grown on flexible substrates [101], and the epitaxial

growth of Fe layers with in situ PNR [141].

The PNR with in situ FMR method was then used to characterise the simultaneous

and irreversible modifications which occur to the magnetic surface anisotropy and the

in-plane magnetisation of Co/Pd bilayers upon exposure to hydrogen gas. For the case

of a Co/Pd(10 nm) bilayer exposed to a 3.5% H2/N2 atmosphere at room temperature,

the sample was able to be driven to resonance in a reduced field upon hydrogenation,

while the sample’s in-plane magnetic moment also increased. Furthermore, neither

parameter returned to its primary state upon dehydrogenation. These modifications

are indicative of an irreversible reduction in the PMA of the Co/Pd bilayer, which

was calculated via the Kittel equation to have decreased by more than 30% in the

presence of hydrogen gas. The behaviour was attributed to the suppression of the

magnetic susceptibility of interfacial Pd atoms upon hydrogenation. This resulted in

a weakening of the local anisotropy fields across the interface causing the interfacial Co

moments to become more susceptible to the applied (in-plane) field and increase their

projection into the film plane. The occurrence of interface PMA in Co/Pd bilayers and

its modification upon hydrogen-gas absorption unavoidably begs the question — if the

pertinent physics takes place at the interface (where the Co and Pd atoms are alloyed)

could similar results be obtained by exposing the interface directly to a hydrogen

atmosphere? The latter could be answered by performing systematic investigations

on alloyed CoPd films of differing Pd stoichiometries in the presence of hydrogen gas.

As we found during the feasibility studies, measurable changes were observed to the

FMR response of a cobalt-nickel-palladium alloy in the presence of a dilute hydrogen

concentration. In addition, an almost uniform increase in magnetisation across the

film volume was observed. This suggests that the magnetic anisotropy of an alloyed

system behaves as a bulk PMA rather than an interface PMA, and could form the
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basis of a more robust hydrogen-gas detection system. In terms of the Co/Pd bilayers,

it is clear that a more thorough experimental and theoretical understanding of the

interfacial moments is required. X-ray resonant magnetic reflectometry could be used

to provide element-specific depth-sensitive magnetic information to supplement the

magnetic information obtained by PNR and FMR. There is also potential to develop

a more sophisticated numerical model than that of the Kittel equation to account for

the intricate dependencies of the strength of the exchange coupling of the moments

across the interface profile. To provide more clarity in this area, DFT calculations

are currently being executed. However, at the time of writing, these calculations are

incomplete due to the complexities in modelling anisotropy and also due to the large

number of atoms involved in the simulation. Nevertheless, the early computations are

yielding some promising results.



Appendix A

Units of Measurement

Throughout this thesis a combination of SI and CGS units are used depending on

the suitability of a given unit in a particular situation and/or the unit commonly

employed in the relevant field of science1. Table A.1 lists the main magnetic units of

measurement used in this thesis in addition to the relevant conversion factors between

SI and CGS units [96].

Quantity Symbol SI Unit CGS Unit Conversion

Factor

Magnetic Induction B T G 104

Magnetic Field H A m−1 Oe 4π/103

Magnetic Moment m Am2 emu 103

Magnetisation M A m−1 emu cm−3 10−3

Vacuum Permeability µ0 H m−1 dimensionless 107/4π

Gyromagnetic Ratio γ m A−1 s−1 Oe−1 s−1 103/4π

Table A.1: List of magnetic quantities and the corresponding SI and CGS units. To
obtain the values of the quantities in CGS units, the corresponding SI unit should be
multiplied by the conversion factor.

1The Angstrom Å (= 1 ×10−10 m) is an internationally recognised unit of length and is commonly
used in the presentation of scattering data; however, is not an SI unit.
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[67] T. Devolder, J. Ferré, C. Chappert, H. Bernas, J.-P. Jamet, and V. Mathet.

Magnetic properties of He+-irradiated Pt/Co/Pt ultrathin films. Phys. Rev. B,

64:064415, (2001).

[68] S. Dietrich and A. Haase. Scattering of X-rays and neutrons at interfaces. Phys.

Rep., 260:1–138, (1995).



Bibliography 166

[69] R. Dus, R. Nowakowski, and E. Nowicka. Chemical and structural components

of work function changes in the process of palladium hydride formation with

thin Pd film. J. Alloys Compd., 404:284–287, (2005).

[70] Editorial. The interface is still the device. Nat. Mater., 11:91, (2012).

[71] H. Enge. Introduction to nuclear physics. Addison Wesley, (1966).

[72] B. N. Engel, C. D. England, R. A. Van Leeuwen, M. H. Wiedmann, and C. M.

Falco. Interface magnetic anisotropy in epitaxial superlattices. Phys. Rev. Lett.,

67:1910–1913, (1991).

[73] J. Fassbender and J. McCord. Magnetic patterning by means of ion irradiation

and implantation. J. Magn. Magn. Mater., 320:579–596, (2008).

[74] J. Fassbender, D. Ravelosona, and Y. Samson. Tailoring magnetism by light-ion

irradiation. J. Phys. D: Appl. Phys., 37:R179, (2004).

[75] C. Favieres, C. Aroca, M. C. Sánchez, and V. Madurga. Continuous change of

surface magnetization direction from perpendicular to planar in soft magnetic

CoP multilayers. J. Appl. Phys., 91:9995–10002, (2002).

[76] H. Fayaz, R. Saidur, N. Razali, F. S. Anuar, A. R. Saleman, and M. R. Islam. An

overview of hydrogen as a vehicle fuel. Renew. Sust. Energ. Rev., 16:5511–5528,

(2012).
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[118] T. Hübert, L. Boon-Brett, V. Palmisano, and M. A. Bader. Developments in gas

sensor technology for hydrogen safety. Int. J. Hydrogen Energ., 39:20474–20483,

(2014).

[119] R. C. Hughes and W. K. Schubert. Thin films of Pd/Ni alloys for detection of

high hydrogen concentrations. J. Appl. Phys., 71:542–544, (1992).

[120] S. Ikeda, K. Miura, H. Yamamoto, K. Mizumuma, H. D. Gan, M. Endo, S. Kanai,

J. Hayakawa, F. Matsukura, and H. Ohno. A perpendicular-anisotropy CoFeB-

MgO magnetic tunnel junction. Nat. Mater., 9:721–724, (2010).



Bibliography 172

[121] Y. Imai, Y. Kimura, and M. Niwano. Organic hydrogen gas sensor with

palladium-coated β-phase poly(vinylidene fluoride) thin films. Appl. Phys. Lett.,

101:181907, (2012).

[122] M. James, A. Nelson, S. A. Holt, T. Saerbeck, W. A. Hamilton, and F. Klose.

The multipurpose time-of-flight neutron reflectometer “Platypus” at Australia’s

OPAL reactor. Nucl. Instrum. Methods Phys. Res. A, 632:112–123, (2011).

[123] M. Jamet, W. Wernsdorfer, C. Thirion, D. Mailly, V. Dupuis, P. Mélinon, and
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ers, R. Goyette, L. Tröger, and H. Maletta. Hydrogen absorption in epitaxial

W/Nb(001) and polycrystalline Fe/Nb(110) multilayers studied in situ by X-

ray/neutron scattering techniques and X-ray absorption spectroscopy. Physica

B, 283:184–188, (2000).

[137] S. Kolesnik, B. Dabrowski, and J. Mais. Structural and magnetic properties of

transition metal substituted ZnO. J. Appl. Phys., 95:2582–2586, (2004).



Bibliography 174

[138] M. Kostylev. Strong asymmetry of microwave absorption by bilayer conduct-

ing ferromagnetic films in the microstrip-line based broadband ferromagnetic

resonance. J. Appl. Phys., 106:043903, (2009).

[139] M. Kostylev. Transmission of microwaves through exchange-coupled bi-layer

magnetic films in ferromagnetic and standing spin wave resonances. J. Appl.

Phys., 112:093901, (2012).

[140] M. Kostylev, G. L. Causer, C.-H. Lambert, T. Schefer, C. Weiss, S. J. Callori,

S. Salahuddin, X. L. Wang, and F. Klose. In situ ferromagnetic resonance capa-

bility on a polarized neutron reflectometry beamline. J. Appl. Cryst., 51:9–16,

(2018).

[141] W. Kreuzpaintner, B. Wiedemann, J. Stahn, J.-F. Moulin, S. Mayr, T. Mairoser,

A. Schmehl, A. Herrnberger, P. Korelis, M. Haese, J. Ye, M. Pomm, P. Böni, and
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[238] U. Rüdiger, J. Yu, L. Thomas, S. S. P. Parkin, and A. D. Kent. Magnetoresis-

tance, micromagnetism, and domain-wall scattering in epitaxial hcp Co films.

Phys. Rev. B, 59:11914–11918, (1999).

[239] P. Ruiz-Diaz, T. R. Dasa, and V. S. Stepanyuk. Tuning magnetic anisotropy in

metallic multilayers by surface charging: An ab initio study. Phys. Rev. Lett.,

71:267203, (2013).

[240] T. Saerbeck. Magnetic exchange phenomena probed by neutron scattering. Solid

State Phys., 65:237–352, (2014).



Bibliography 187

[241] T. Saerbeck and F. Klose. Neutron scattering and its application to investigate

magnetic thin film structures. Mater. Today, 12:70–77, (2009).

[242] T. Saerbeck, F. Klose, A. P. Le Brun, J. Füzi, A. Brule, A. Nelson, S. A. Holt, and
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