A FOCUSED STUDY OF FUNDAMENTAL
& FUNCTIONAL MATERIALS USING
BEAMLINE TECHNIQUES TO
INVESTIGATE MAGNETIC AND
CRYSTAL STRUCTURE INTERACTIONS

by

ROBERT ARNOLD

A thesis submitted to
The University of Birmingham

for the degree of
DOCTOR OF PHILOSOPHY

School of Metallurgy and Materials

College of Engineering and Physical Sciences
The University of Birmingham

February 2021



UNIVERSITYOF
BIRMINGHAM

University of Birmingham Research Archive

e-theses repository

This unpublished thesis/dissertation is copyright of the author and/or third
parties. The intellectual property rights of the author or third parties in respect
of this work are as defined by The Copyright Designs and Patents Act 1988 or
as modified by any successor legislation.

Any use made of information contained in this thesis/dissertation must be in
accordance with that legislation and must be properly acknowledged. Further
distribution or reproduction in any format is prohibited without the permission
of the copyright holder.



Abstract

The development of functional materials is often built upon a cornerstone of knowledge
provided by study of the underlying physics in more fundamental materials - understand-
ing mechanisms and causality can pave the way to optimisation of application. Large
scale beamline facilities offer unique opportunities to probe length scales and structures
outside the remit of traditional laboratory equipment. Here, a two part study into magne-
tostrictive materials is presented - a small-angle neutron scattering study of Fegg gPdsq .9
and a synchrotron X-ray diffraction study of Th;_,Dy,Fe, alloys. For iron-palladium,
the results confirm the transition temperature from face centred cubic to face centred
tetragonal and highlight a peculiarly high degree of scattering for the latter, hypothe-
sised to arise from enhanced magnetisation. Furthermore details of an anisotropy along
the [110] directions is shown, alongside the presentation of the physical sizes of the un-
derlying scattering feature, before finally showing evidence for a direction sensitive high
field, nanoscale feature. Morphotropic phase boundaries, composition and temperature
sensitive dividing regions between tetragonal and rhombohedral phases, are found to be
linked to physical property enhancement for a range of functional materials. This diffrac-
tion study, performed for a range of Tb,_,Dy,Fey samples with 0.56<x<0.87, produces
an expanded phase diagram, which shows the morphotropic phase boundary is rapidly
fluctuating with sample composition, while also providing clear information regarding the
makeup of the morphotropic phase boundary. The high temperature measurements show
a slow melting toward ’cubic-like’ reflection behaviour, likely caused by a reduction in
lattice distortion, consequently decreasing the degree of peak splitting below that which
is detectable. Lastly, evidence is presented for the discovery of a low temperature, low
symmetry phase which is found to coexist with the rhombohedral phase at temperatures

below 100 K.
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Chapter 1

Introduction

Advancements in scientific research have always provided a groundbreaking forefront upon
which functional materials and systems can be developed. The advent of the current
technological age has been driven by continued alloy development and research in decades
past. Modern day functional materials are almost always within reach, whether this is
loudspeakers in mobile phones, motors in recliner chairs or haptic feedback on smart
watches, functional materials are more deeply entrenched in society today than they have
ever been.!* While functional materials are now a cornerstone of technology, it would
be criminal to understate the importance of materials past, systems within which pivotal
research has been performed to determine the underlying fundamental science which has
allowed for the creation of optimised functional materials.

Producing complex and desirable responses (such as piezoelectricity®’ magnetostric-

10 11,12)

tion®'? or magnetoresistance requires a thorough understanding of the material sys-
tem, the externally controlled behaviour and the complex interactions which govern the
physical properties. Often the key to unlocking the optimised properties of a certain mate-
rial system relies either on knowledge of precursor materials, as is the case for Terfenol-D
(Tho.2rDyo 73Fes) where knowledge of simple binary rare-earth/transition metal alloys
(TbFeq, DyFe,, etc) provided suggestions for optimisation, or on the narrowed study of
particular phenomena such as in Fegg gPds; 2 where the changing landscape of coexisting

phases produces intriguing magnetic and crystal structure interactions.

The materials investigated within this thesis can be split into two categories - namely



'fundamental’ and ’functional’ materials. Fundamental materials are those which are lim-
ited in their application potential (often due to the need for liquid helium temperatures)
but provide an excellent base from which to investigate their contained phenomena. Con-
versely, functional’ is used to describe materials which have direct application potential.
However, applied does not necessarily mean that they are completely understood and
there is clearly further optimisation to be completed, particularly as the drive towards
green technology and electrification will serve as impetus for both creation of new mate-

rials and improvement of old systems.

Table 1.1: Summary of the materials investigated and their categorisation.

Fundamental‘ Fegs sPdsq0
Functional ‘Tbl_nyzFeg

[ron-palladium is a binary alloy which exhibits isotropic, hysteresis-free magnetisation
and contains a nanoscale structure of twin clusters that can adapt their topography to
minimise magnetic anisotropy, until a point at which they are overwhelmed and coalesce,
resulting in a phase change that generates significantly higher values of magnetostric-
tion.'® Th,_,Dy,Fe, alloys are among the market leaders for magnetostrictive materials,
generating large values of low coercivity strain at room temperature. Terfenol-D refers
to a composition of Thg27Dyg 73Fes and this delicate balance of the rare-earth (RE) ele-
ments creates an ideal material for room temperature application, where the presence of
a morphotropic phase boundary (MPB) is suggested to be the cause of enhanced phys-
ical properties.!* A function of both temperature and composition, morphotropic phase
boundaries separate phase regions of specifically different symmetries, commonly tetrag-
onal and rhombohedral, and tend to coincide with enhancement of desirable physical

15,16 _ this phenomena will be explored further in Chapter 5.

properties
The continued investigation into both fundamental and functional materials is cardinal.
For fundamental materials, further exploration of the underlying physics is crucial to the

development of future materials and although already studied at length, the scrutiny of

functional materials should not be discouraged despite their application prowess. Clearly,



as new breakthroughs are made these can always inform previous research, which in turn
will drive subsequent research.

Recent decades have seen the advent and widespread use of large-scale facilities for beam-
line scattering techniques such as small-angle neutron scattering and synchrotron X-ray
diffraction. These complex techniques provide a large range of measurement options and
the ability to probe otherwise difficult to study systems.!”'® While neutrons and X-rays
provide inherently different characterisation options, the ingenuity and innovation of the
scientific community has helped to diversify the portfolio of beamline facilities. Beamline
characterisation has a prominent foothold within the magnetic physics and materials sci-
ence communities, although its use in other fields such as biology, geology and condensed
matter is not to be trivialised.!®2!

Since its discovery in the mid-19th century by James Joule, magnetostriction has been
an ever-present phenomena for study due to the large range of application potential mag-
netostrictive materials have. Materials which exhibit magnetostriction are found to show
a change in length when under the influence of an externally applied magnetic field.??
This conversion of magnetic energy to kinetic (and vice versa) was identified to have huge
application potential, and alongside piezoelectric materials, which convert mechanical en-
ergy to electrical energy and vice versa, magnetostrictive materials fulfil a large demand
for functional materials. The ideal magnetostrictive material would have: low coercivity,
magnetocrystalline anisotropy and saturating field, such as to easily turn 'on’ and ’off’
the length change, as well as high strain. The evolution of magnetostrictive applications
has continued to develop over time with sensors, transducers, oscillators and actuators all
now firmly part of the magnetostrictive market.?3 To facilitate these differing applications,
there has been a natural growth in magnetostrictive materials created and optimised for
application - among these materials sits Terfenol-D.

Discovered by the US Naval Ordnance Laboratory in the 1970’s as a product of the al-
loying of rare-earth and transition metal (TM) elements,** Terfenol-D showed immediate

promise due to its extremely high values of exhibited strain but was hindered due to



the brittle nature of the rare-earth/transition metal alloy - the low fracture toughness
meant that its operational temperature range was fairly fine to avoid critical failure.?
Deriving from the family of rare-earth /transition metal alloys (RE-TMy), Tbg 27Dyg.73Feq
was found to be a uniquely desirable composition that achieved high values of strain
(for moderate values of applied field) and large energy density while also minimising the
magnetocrystalline anisotropy of the alloy. Following optimisation of the manufacturing
process in the 1980’s,?® specifically the move to larger scale crystal growth methods such
as floating zone and sintered powder compacts, which reduced but did not completely
address the problem of inherent brittleness, Terfenol-D went on to become the dominant

magnetostrictive material for application purposes.
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Figure 1.1: Physical property measurements of ThCos-DyCoy performed at 110K for a
range of compositions centred around the MPB position. The figure of merit in e is used
as a measure of optimisation based on the desire for low coercivity but high strain.?

The functional optimisation of the ferroic class of materials is maximised around mor-
photropic phase boundaries, with some of the current choice materials for applications

employing such enhancement.?” The short barrier between the opposing symmetries is



effectively an elastic region, where lattice constants are enhanced or "softened”. For
materials such as piezoelectric and magnetostrictive materials, this elastic region aids in
material function and application,?® where the aforementioned enhanced lattice constants
yield greater physical responses (polarisation, magnetostriction, etc) for the same values
of applied field. Figure 1.1 summarises some physical property measurements performed
on Tby_,Dy,Coy, a very similar compound which also exhibits an MPB. It has been
found in this material, and others, that there is a maximisation of physical properties.
This maximisation is represented by a figure of merit (e), derived from a minima in co-
ercive field (¢) and a local peak in strain (d), at the MPB composition. An extension
of this is that there are clearly different magnetisation responses either side of the MPB,
suggesting that the interplay is fine and the composition control must be thorough and
well documented to achieve ideal optimisation.

It has previously been determined that the Terfenol-D composition, Tbg 7Dy 73Fes, co-
incides with the presence of a morphotropic phase boundary between the parent phases
of TbFe, and DyFe, at room temperature. Figure 1.2 shows the current MPB map-
ping within Th;_,Dy,Fe, alloys and combines various measurement techniques, with the
synchrotron results most clearly showing the MPB position and width as a function of
composition and field.? While enhancement of physical properties (such as strain and
polarisation in magnetostrictive and ferroelectric materials respectively) is well known to
occur around MPBs, the underlying physics that cause such an enhancement have not
been widely studied. Furthermore, the nature of MPBs is continually up for discussion
with some classes of materials exhibiting maximum enhancement on the MPB,*® while
others (including Terfenol-D) seem to achieve this "around’ the MPB. This infers that the
type of material interactions affect the nature of the MPB, which is further supported by
the evidence that the MPB width will change as a function of temperature.®!
Ascertaining the mechanism for enhancement of physical properties within Th;_,Dy,Fe,
is of keen interest for the future development of magnetostrictive materials and other fer-

roic responsive materials. Increased understanding of the nature of MPBs will open the
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Figure 1.2: Synchrotron diffraction and magnetometry results showing the MPB position
for varying compositions of Terfenol-D.?? References 11 and 12 mentioned in the figure
are 32 and 33 respectively.

door for compositional control of prototype materials, where the composition can be cho-
sen to coincide with the MPB position and therefore achieve enhancement with minimal
changes to the manufacturing process. Furthermore, the effect of temperature on MPB
positions can offer an insight into the development of high temperature magnetostrictive
materials, where the magnetic properties are negatively impacted by thermal fluctuations
and therefore there is a strong desire to maximise the strain properties under field.

An induced change to the phase structure is also integral to the increased magnetostriction
seen in Fegg gPd3; 9. This ferromagnetic shape memory alloy exhibits considerable mag-
netostriction at temperatures not significantly below room temperature, showing strains

on the order of 500 parts per million (107%) for single crystals (for comparison, market



leading Terfenol-D used under load can reach strains of 2000 ppm?3!). The increase in

strain with reducing temperature is due to an adaptive phase change to a martensitic, or

35 The aforementioned phase change involves the coalescing of twin

twinned, structure.
clusters, which exist as a nanoscale secondary phase at room temperature. This transi-
tion, mediated by the shifting dominance of primary and secondary phases, shows some

similarities to morphotropic phase boundaries where the physical make-up of the MPB

has yet to be fully determined.

1.1 Aims and Objectives

This thesis recounts a broad study of the magnetic and crystal structure interactions
in the previously mentioned 'fundamental’ and 'functional’ materials. Beginning with
background information on magnetism and its relationship to macroscopic magnetic phe-
nomena (magnetostriction and the shape-memory effect), the current state of research on
the fundamental material iron-palladium is presented. Subsequently, Terfenol-D alloys
and the current knowledge on MPBs within them will be detailed, before an in-depth
breakdown of the experimental methodology is outlined. Ending this thesis will be the
results and findings, presented in separate chapters for the differing material groups, along
with the discussion on these and their importance for future research. Finally, there will
be a conclusion and summary to the thesis, which will also outline the next logical steps
for research and suggestions for future work.

The main goal of this work is to improve and cement understanding of the suspected
phenomena which arise within iron-palladium and Th;_,Dy,Fe, alloys, with a long term
goal to help elucidate the maximum application potential for these intriguing compounds.
By increasing the knowledge base of the underlying mechanisms and interactions, the fu-
ture application potential for all functional materials is augmented. Experimentation was
performed using a variety of beamline techniques, namely small-angle neutron scattering

and high resolution X-ray diffraction, utilising the full range of sample environment and



analytical options available.

Specifically, this will be achieved through a comprehensive reciprocal space study on a
range of Thy_,Dy,Fes alloys and FegggPds;2 single crystal samples. As well as further
mapping the position of the MPB within the phase diagram of the Tb;_,Dy,Fe, alloy
system, the nature of the MPB shall be determined, while the potential existence of other
phases with non-trivial easy axis directions is also investigated. Iron-palladium has an
intriguing magnetic response, with behaviour changing rapidly as a function of both tem-
perature and applied magnetic field - these properties attract a desire to determine the
cause of such features, likely arising on the nano length scale.

Main objectives for this thesis are to:

e Perform a comprehensive small-angle neutron scattering study of Fegg sPd31.2 to in-

vestigate the effects of temperature and field on the micro- and nano-scopic features.

e Use the arc melting facilities at the University of Birmingham to fabricate a range

of Th;_,Dy,Fey alloys, with approximate range 0.5 < x < 0.8.

e Investigate the potential existence of a low symmetry phase in Thy_,Dy,Fes alloys

by performing a synchrotron X-ray diffraction experiment.

e Study the presence, structure and phase composition of the morphotropic phase

boundary within Tb;_,Dy,Fe, alloys.



Chapter 2

Magnetism & Magnetostriction

In this chapter the theory of magnetism is detailed, beginning with a discussion of the
various underlying anisotropy constants which determine a material’s magnetic response.
Following this, the fundamentals of the different forms of magnetism are detailed before

finishing with a comprehensive explanation of the magnetostriction phenomena.

2.1 Magnetic anisotropy

Isotropy comes from the Greek ’iso’, meaning equal, and 'tropos’, meaning turn. Anisotropy
is now commonly used to describe systems within which there is a directional bias. The
origin of anisotropy is complex, deriving from a combination of individual anisotropic

parameters, all of which are entirely dependent on the system in question.

2.1.1 Magnetocrystalline anisotropy

Magnetocrystalline anisotropy (MCA ), sometimes referred to simply as magnetic anisotropy,
is the relationship between magnetisation and a specific crystal direction within a lattice.
Arising from the spin-orbit coupling, the interaction between the spin and angular mo-
mentum of an orbiting electron, MCA is an inherent property of ferromagnetic materials,
being effectively a measure of the minimum energy to drive the magnetic moment from the
easy to hard directions in a single crystal.’¢ Measurement of this anisotropy is achieved
by performing magnetisation curves along these different directions, as seen in Figure 2.1

for iron. Given the cubic nature of iron, the saturation magnetisation is the same in all



directions with the only change being the amount of field necessary to achieve satura-
tion. In non-cubic materials, such as Co, the MCA is significantly stronger in the c-axis
than the others, leading to a noticeably different magnetisation behaviour for that specific
direction.®” More specifically, the c-axis is the hard axis and it requires large values of
saturating field to drive the magnetisation to either of the basal, or easy, axes. When
considering MCA, the energy density (E/V), or energy (F) per unit volume (V), of the
system can be described by a sequence of anisotropy constants, K, and the respective
angles within the crystal systems. Equations 2.1, 2.2 and 2.3 show the energy density for
cubic, tetragonal and rhombohedral systems respectively,® where 6 is the angle between
magnetisation and ¢ (or long) axis, ¢ is the azimuthal angle, o« = cos¢sinf, = singsinf
and v = cosfl. It should be noted that the K3 anisotropy constant is not included in
the cubic example because higher order powers are often negligible in cubic materials - in

fact, it is not uncommon for K5 to also be insignificant and therefore be ignored.

E
V= Ki(a®B% + 8%y +72a?) + Kaa? 3292 (2.1)
E
V= K15in?0 + Kysin0 + Kysin'6 sin2¢ (2.2)
E 2 4 .3
v = Kisin“0 + Kssin™0 + Kscost sin’0 cos3¢ (2.3)

It will soon be discussed how magnetisation is inversely related to temperature, in that
magnetisation increases as system temperature approaches absolute zero, see Chapter
2.2.1. Additionally, the anisotropy constants can also vary with temperature meaning
that magnetocrystalline anisotropy, and therefore the magnetostriction of the material,
will not necessarily follow the path of the magnetisation with respect to temperature.%4!
Figure 2.2 shows how the bulk anisotropy constants in DyFe, can vary as a function of
temperature. T is the Curie temperature below which materials begin exhibiting fer-

romagnetism and will be expanded upon in Chapter 2.2.2. It is clear to see that the

magnitudes of these constants are at their peaks when T /T approaches zero, implying

10
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Figure 2.1: Representation of magnetocrystalline anisotropy in a single crystal of iron,
showing that the saturating field is significantly larger for the [111] hard direction than
for the [100] easy direction.?®

that in general higher values of MCA are expected at lower temperatures. However, one
can also see that there is a sign dependancy associated with these elastic constants as

well, of which can also be switched as a function of temperature.

This dependence on temperature will complicate the picture around structural transi-
tions, especially so in Terfenol-D, where it has been found that reducing the temperature
to -21 °C increased the field required to reach the strain saturation, A\g, with a positive
slope remaining at 500 kA /m. At this field, saturation had been reached at 0 °C.*3 Fig-
ure 2.3 shows this data, which suggests that while the saturation magnetostriction may
increase, so will the magnetocrystalline anisotropy - unfortunately creating a balance

problem between performance and ease of use.

11
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2.1.2 Shape anisotropy

Shape anisotropy is a direct competitor for anisotropy domination with magnetocrys-
talline anisotropy. Shape anisotropy heavily favours in-plane magnetism, such as that
demonstrated by thin films, where the magnetostatic energy is favoured when the dipoles
are orientated along the internuclear axes, as opposed to perpendicular to them.** Shape
anisotropy is heavily controlled by the macroscopic physical shape of a material. Shape
anisotropy is composed of three components: one from dipoles on fixed lattice positions
within a spherical volume, another from pseudo-charges on the surface of said assumed
sphere and a final macroscopic contribution birthed from the demagnetising field. The
demagnetising field is itself controlled by the geometry and characteristics of the exter-
nal sample surface, in that non-spherical samples will have a demagnetising field that
allows for certain easy axes of magnetisation.*> The strength of the demagnetising field
is generally an order of magnitude (or more) bigger than the sum of the microscopic
contributions, therefore it can be said that shape anisotropy is heavily dependent on the
physical geometry of the sample. As previously mentioned shape anisotropy dominates

for thin film samples, whereas magnetocrystalline anisotropy will dominate for layered
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Figure 2.3: Magnetostriction of Tbhg 97Dy 73Fe1 99 as a function of applied field, across a
variety of temperatures.*?

samples which are typically alternating layers of magnetic and non-magnetic material.

So called 'magnetic multilayers’ have vast application potential for magnetic reading de-
vices, magnetoresistive sensors and utilisation in future applications may lead to their

deployment in fields such as spintronics.

2.1.3 Stress anisotropy

The most situationally dependent of the anisotropies mentioned, the application of a uni-
axial stress can significantly alter the magnetic response of a material. Sufficient applica-
tion of stress, can ’force’ an easy axis of magnetisation onto a sample therefore yielding
more desirable magnetisation properties in that direction.*”*® It should be noted that the
degree of stress applied is material dependent and would need to be significant enough to
overcome the other anisotropies discussed.

While slightly outside the scope of this thesis, it is important to mention the role that
stress anisotropy plays in the Villari effect, which is often considered to be inverse magne-

tostriction. As will be discussed in Section 2.3, magnetostriction is the induction of strain
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due to a change in magnetisation. Conversely, the Villari effect is the changing of the
magnetisation due to the application of an external stress. Studies of the Villari effect de-
termined that within cubic materials, all magnetisation axes are formed by combinations

of the standard easy and hard axes for cubic materials, namely [001] and [111].49:59

2.2 Magnetism

When discussing the origin of ferromagnetism, it is first important to discuss the inherent
properties of electrons through which magnetism is itself birthing. Electrons carry a half-
integer spin which can be simplified to exist in either an 'up’ or 'down’ state.’> When
filling the electronic structure of atoms, electrons will follow Hund’s first rule. Pauli
exclusion principle, the phenomenon that two electrons cannot be identical (in that they
share quantum numbers), informs that a maximum of two electrons can exist in a single
electron orbital.®? Hund’s first rule follows this, proving that the ground state is the
one with the largest spin. Therefore, when one considers the filling of electron orbitals,
it is energetically favourable to maximise the spin, more specifically, by half-filling each
orbital before then pairing spin up and spin down electrons, therefore yielding a net zero
spin and increasing the system energy.?® In reality, this is a simplification of the complex

interactions happening within the atom.

2.2.1 Paramagnetism (PM)

For all materials, the application of an external magnetic field, H, will induce a change
in the magnetisation, M, of the material in question. Materials can be grouped based
on their magnetic response to this applied field. The degree of magnetisation generated
for a fixed applied field, is dependant on the material parameter, x, which is the volume
magnetic susceptibility. Susceptibility is a dimensionless constant which links the applied
field and magnetisation.®

M = yH (2.4)

14



If the value of susceptibility is greater than zero (and there is no spontaneous magneti-
sation), then the material is considered to be paramagnetic, in that an applied field will
induce an increased magnetisation in the same direction as the applied field. For a value
of x < 0, the material is diamagnetic and will induce a magnetisation that opposes that of
the applied field. Paramagnetism and diamagnetism both appear to be linear with mag-
netic field. For diamagnetism, this is in fact the case, whereas the paramagnetic response
is slightly more detailed. The strict definition of paramagnetism involves a hyperbolic tan
function, which becomes negligible at relatively low fields and high temperatures. How-
ever, as applied field becomes large and/or temperature becomes small, the tanh becomes
significant and the shape of the magnetisation will slowly begin to saturate. Suscepti-
bility is not only a material property, but is also temperature dependant® - Equation
2.5 shows the relationship between the material dependent Curie constant, C', and the
absolute temperature, 7T

(2.5)
C
M=_H (2.6)

It can be seen from Eq. 2.6 that magnetisation is inversely proportional with temper-
ature. This arises due to the constant appearance of thermal fluctuations for non-zero
temperatures, which cause disruptions to the spin orientation and therefore reduces the
magnetic anisotropy within the material. Saturation magnetisation and properties such as
magnetocrystalline anisotropy (explored in Section 2.1.1) assume a maximum at absolute
zero due to the absence of these thermal fluctuations.’® While impractical for application
purposes, this provides the reason for many milli-Kelvin studies of low magnetic moment

materials, where the thermal fluctuations are capable of dominating the magnetic signal.5”

2.2.2 Ferromagnetism (FM)

The form of magnetism most commonly attributed to conventional magnets, ferromag-

netism is responsible for the creation and use of both permanent and soft magnets. A
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ferromagnetic material will undergo various changes as a function of both applied mag-
netic field and temperature. Above the critical (Curie) temperature, T¢, the material will
behave in a paramagnetic fashion, in that an applied field will generate a magnetisation
in the material.

Below the Curie temperature, a Heisenberg, or exchange interaction will begin to cause a
spontaneous alignment of the unpaired electron spins in the material, causing the creation
of regions called domains. Exchange interactions arise as a quantum mechanical relation-
ship between two identical particles, which differ for bosons as for fermions.’® For the
purpose of this work, only the behaviour of fermions is discussed as this ties directly to
electron behaviour, which are the drivers for magnetism. Summarising exchange interac-
tions is not trivial, specifically due to the combination of spatial and spin waveforms which
must be considered as part of the system but the underpinning rule is that no two fermions
can take the same state, which is known as the Pauli exclusion principle.?® % Combining
the position and spin waveforms of the relevant electrons, produces the spin-orbital for
that particle, which is then found to have a distinct ruling system when exchange occurs
with an identical particle - namely that when the orbital relationship is anti-symmetrical,
the spin relationship must be symmetric and vice-versa. Following this, both Heisenberg
and Dirac settled on a simplified form of the exchange interaction, which only uses the
spin momenta for the electrons, alongside the exchange integral for the system. The

Hamiltonian for the Heisenberg interaction is given as Equation 2.7.

Hyeis = Z —Jij Si-S;j (2.7)

<>
where S represents the spin momenta of the electrons, ¢ and j denote the nearest neigh-
bour positions and J is the exchange co-efficient which is system dependent. The value
of the exchange co-efficient can greatly affect the magnetic properties of the system, for
example a negative J would suggest an anti-ferromagnetic response within the material

(described in Section 2.2.3).
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We can define a domain as a region of uniform magnetic alignment, more specifically a
region where all of the individual spins are aligned along a single direction. Magnetic
domains are analogous to grains in conventional metallurgy. The domains formed when
T < Te will have a net magnetisation in some direction, with the direction of alignment
being a product of the magnetocrystalline anisotropy of the material. Importantly, if the
material is heavily isotropic, it is possible to have a material where T" < Ty and still

61 However, once a magnetic field is applied to

have a net magnetisation equal to zero.
the material, then the domains will align, either by re-orientation of similarly aligned
domains or by sacrificial growth into counter-aligned domains, leaving a material with all
of the domains aligned on the applied field direction.?> An example of this is shown in
Figure 2.4, where it should be highlighted that the dashed lines seen in the saturated case
represent the position of domain walls which are absent. From the definition of a domain
being a region of uniform magnetic alignment, then a fully saturated material has only
one single domain. Note how below T domains are formed and that this can still lead to

a net magnetisation of zero - it is in these situations where the various anisotropies (see

Section 2.1) would introduce a directional bias to the magnetic moments.
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Figure 2.4: Schematic representation of the magnetic moments within a ferromagnetic
material, for different temperature and field conditions.

Crystallinity of a sample is a factor in the degree of magnetisation within a sample -
this becomes particularly important when one considers domain rotation and thus mag-
netostriction.%"% Polycrystalline materials will have a given number of grain boundaries
within the material and when magnetic domains rotate under the influence of an exter-

nal field, these grain boundaries can act as pinning sites to hinder the magnetic rotation
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within the sample.®® Magnetostriction relies on rotation of domains, so this has a knock
on effect which can hinder a material’s functionality. In comparison, single crystal materi-
als will have no grain boundaries and therefore the energy needed to rotate the domains is
vastly reduced by not having to overcome the resistance of the grain boundaries. It would
be fair to say that the degree of crystallinity in a sample has an inverse relationship with
the magnetisation potential, therefore the ideal scenario for magnetostrictive functional
materials is for them to be single crystal.f”

The inverse relationship between magnetism and temperature was earlier described for
paramagnetism through use of the Curie law (Equation 2.6). With regards to ferromag-
netism, the inverse mathematical relationship is no longer valid (in that the relationship
is no longer strictly inverse) however as temperature increases, the magnetisation will
decrease. While the presence of thermal fluctuations does not change, the presence of a
transition in ferromagnetic materials is one of note. Following the Ehrenfest system and
assuming decreasing temperature, the order parameter is continuous to the first order
and discontinuous in the second derivative. Physically, this relates to the magnetisation
and susceptibility, which exhibit behaviour across the transition temperature, T, that is
characteristic of a second order, or continuous transition.%%®

Applying this to mean field theory, or Landau theory, one can present a mathematical
representation of the behaviour of the order parameter for a material through the transi-
tion temperature.5> ™ Equation 2.8 shows how the degree of magnetisation is a function
of the saturation magnetisation, Mg, the temperature, T', with respect to the Curie tem-
perature, T, and the critical exponent, 8. [ is another system dependant parameter and
examples of the effect this will have on the shape of the ferromagnetic response are given

in Figure 2.5.
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Figure 2.5: A Landau plot showing the effect of the critical exponent, 3, on the second
order transition. Note that the magnetisation units are arbitrary, however the Curie
temperature for this plot is taken as 200 K.

Hysteresis

Following the application of a strong magnetic field on a material in the ferromagnetic
state, the domains are all aligned in a single direction and the magnetisation is considered
to be saturated. When the field is removed, a portion of this magnetisation is retained and
this residual magnetisation is known as the remanence, or remanent magnetisation of the
material. To completely remove the magnetisation on the material, a reverse field must
be applied to combat the alignment previously instilled within the system. This amount
of negative field to achieve zero net magnetisation is known as the coercivity or coercive
field, Ho. The phenomena here results in the creation of hysteresis within ferromagnetic

materials.”

An example of a hysteresis loop, as well as other magnetic responses are
given in Figure 2.6. Magnetic materials are commonly defined as hard and soft, which
relate to their coercivity. Materials with large Ho (> 10 kA/m) are hard to demagnetise,

whereas the soft magnets have significantly smaller degrees of coercivity (< 1 kA/m).
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Figure 2.6: Behavioural examples of the magnetic response to an applied field for dif-
ferent types of magnetic material. Paramagnetism is shown in the Curie regime, with
magnetisation being linear with applied field.

2.2.3 Other forms of magnetism
Anti-ferromagnetism (AFM)

Here the exchange integral (J < 0) causes the atomic moments to align anti-parallel,
therefore yielding a net magnetic moment of zero for no applied field, below the Néel
temperature. Note - the Néel temperature is for AFM materials what Curie temperature
is for FM materials. Visually, AFM materials seem to exhibit a similar magnetic response

to PM materials, with the magnetisation increasing linearly with applied field.™ "

Ferrimagnetism

An arrangement of moments from multiple magnetic elements, which can be in both par-
allel and anti-parallel orientation, yielding a net moment in a given direction. Ferrimag-
netism can be thought of as a consequence of AFM, or vice versa.”® It is ferrimagnetism
within Th;_,Dy,Fe, alloys which leads to the particularly large magnetic moment ex-

hibited, due to the rare-earth ions having a significantly larger magnetic moment than
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that of the iron atoms. Ferrimagnetism relies not only on an anti-parallel arrangement
of electrons, but also on the need for different magnitudes of magnetic moment, therefore
ferrimagnetism only exists in compounds or alloys and cannot exist in elements.”” The M
vs H response for a ferrimagnetic material takes a familiar shape to that of a ferromagnetic

material.

Diamagnetism

When an external field is applied to a diamagnetic material, the interior moments will

align opposite to the external field to minimise its effect. It is the weakest magnetic

response and is easily masked by any other magnetic behaviour.™

P i Anti-ferromagnetism
aramagnetism T<Ty,

{3 Y AR
(O Y N
trr it

: ; Ferrimagnetism
Diamagnetism T<Ty,

Vv v v by
2 2 T |
Vv v v by

Figure 2.7: Pictorial representation of magnetic moment alignment in non-ferromagnetic
materials. Arrows denote spin-up or spin-down electrons, while arrow size represents
magnitude of the magnetic moment.
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2.3 Magnetostriction

First discovered by James Joule in the 1840’s, magnetostriction is the phenomenon of an
induced length change in a material when under the application of a magnetic field.??
While first observed in a rod of BCC iron, it has now been found to occur in all fer-
romagnets to varying degrees and has since become one of the more utilised materials
phenomena.™ 8 Modern day sensors, actuators, transformers and many pieces of med-
ical equipment all feature magnetostrictive materials in some capacity, making them a
mainstay in the modern economy.®!

Joule first suggested that bulk tetragonal magnetostriction is caused by the reorientation
and/or repopulation of domains, where the easy magnetisation directions lie along the ¢
axis of each tetragonal domain. In Joule theory there is no volume change, however it has
been found through studies of the linear thermal expansion that there are anomalies upon
cooling through the Curie temperature. By comparing the thermal expansion coefficients
between measured values and the "hypothetical thermal expansion it would experience
if it were non-magnetic”, a spontaneous magnetostriction can be found to cause a small
effect.®?

Macroscopically, the length change that occurs is visually just a stretching of the material
along a given axis, which to preserve volume must also lead to a related shrinking in a
separate axis. While this is a rather simplistic picture to appreciate, the microscopic scale
is significantly more difficult.

Consider a small rod of magnetic material which is only one domain wide but ¢ domains
long. The set of domains comprising this rod, all carry their own direction that is assigned
randomly with no directional bias. Label the long axis of this rod to have a length L and
the individual domains to have a length of [ in the same long-axis direction (considering a
2D picture). Figure 2.8 visualises this approach. It should not surprise the reader that the
values of [ will take a distribution of values between zero and a maximum, as determined

by the orientation of the domain itself. Therefore, summing over ¢ domains, the value of
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L is defined as
L=>1 (2.9)

As saturating field is applied along the long-axis direction, it is trivial to appreciate that
the domains will rotate to run parallel with this field and consequently it can be seen
that all values of [ will reach a maximum. This in turn will lead to an increase in L,
therefore yielding a length change in response to an applied field. This length change,
AL, is mathematically defined as the difference between the initial and final lengths, L
and L', such that AL = L' — L. Commonly, this change in length is given the symbol
A and is typically measured in units of parts per million (ppm). This logic can then be
applied to a single crystal with many domains, wherein the length change arises from the

orientation of the domains such that the easy axis direction is aligned with the applied

field.
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Figure 2.8: Visual representation of magnetostriction occurring in a rod of single do-
main width, with total length L and comprised of a number of domains, each having an
individual length of [.

Furthermore, if one re-examines this setup, but instead considers the width of the do-

mains and still applying a field in the long-axis, it can be evaluated that there must be
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a shrinking in the short-axis as the domains realign. This is representative of the volume
preservation seen in materials that causes a shrinking in, for example, the a and b axes
where elongation occurs in the ¢ axis. While this picture is simplified, ignoring the huge
contributions that magnetocrystalline anisotropy plays on the easy axis and domain pin-
ning, it does go a long way to present the results of magnetostriction that are known.

Nickel-based alloys were the first widely investigated material, exhibiting around 50 ppm

83,84 The major breakthrough in development of

length change at room temperature.
magnetostrictive materials is generally attributed to the discovery that the rare-earth el-
ements would display huge values of strain, on the order of 10,000 ppm, when measured
at low temperatures.®>86 This prompted the alloying of these rare-earth elements with
the 3d electron transition metals, such as iron or cobalt.®” Further experimentation with
Fe-based alloys was launched after the discovery that solid solution structures like FeGa
could also exhibit high amounts of magnetostriction.”"8® Measurements of magnetostric-
tion are commonly performed along both the [100] and [111] directions, yielding values
for Ajoo) and Apiqy) respectively. The most simple experimental setup for measurement
employs the use of commercial strain gauges in conjunction with resistivity measuring
equipment, as simple as Wheatstone bridges, or as complex as Physical Property Mea-
surement System (PPMS) or Super conduction Quantum Interference Device (SQUID)
instruments. An ideal measurement would be one performed on a single crystal sam-
ple, wherein the directions of applied field and strain can be very carefully considered,
controlled and recorded. Table 2.1 shows the effect that directionality and single crystal
samples can have on the magnetostriction of a material and attention should be brought
to the difference in magnitude between single crystal and polycrystal samples, due to the

presence of competing domains.

2.3.1 Examples of magnetostriction in RE-TM, alloys

Magnetostriction is a common phenomenon in RE-TM; alloys. The observation of high

magnetostriction in these compounds was a driving force behind the development of

24



Table 2.1: Examples of magnetostrictive co-efficient for the magnetic transition metal
elements.? Iron is an example wherein the sign of the co-efficient will change dependant
on the direction of applied field.

Material | Crystal Axis | Magnetostriction coefficient, A(ppm)

Fe [001] +(11-20)
Fe [111] -(13-20)
Fe Polycrystal -8

Ni [001] -(50-52)
Ni [111] 27

Ni Polycrystal -(25-47)
Co Polycrystal -(50-60)

Terfenol-D, where it was found that alloying of RE-TM, compounds with opposing signs
of MCA constants was an effective way of reducing the necessary field to induce large
values of strain.?>% Table 2.2 summarises a fleet of calculation (single ion model) and
experimental work (magnetostriction, magnetic anisotropy and elastic moduli), presented
so as to show a small collection of magnetostriction and MCA constants - further depth
will be provided in Chapter 4. It is clear to see that the rare-earth binary alloys have
significantly larger values of strain than the pure transition metals, however they do suffer
with higher anisotropy. The reader is encouraged to pay close attention to the results for
ThbFes; and DyFe,, which paints the picture for why Terfenol-D, Thg 97Dyq 73Fes, is such
a successful and widely used magnetostrictive material. It is clear that when alloyed in
the correct ratio (roughly 1:3, Th:Dy) the value of the K; constant is reduced due to
the opposing signs and relevant magnitudes of the individual constants. Meanwhile, the
values of exhibited strain are not opposed and therefore remain significant.

It should be noted that while the magnetostrictive properties of RE-TM; alloys are de-
sirable, the properties of the individual RE elements are not necessarily so. The strain
exhibited by pure RE elements is often huge in comparison to those when alloyed as de-
scribed, however the Curie temperature of these pure elements is so low that any direct
application potential is impossible. This is due to the changing in crystal structure, which
in turn leads to a significantly more favourable magnetocrystalline anisotropy - this will

be explored in Chapter 4 where the importance of the Laves phase structure is made clear.
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Table 2.2: Example data of calculated and measured values of magnetostriction values
and the room temperature magnetocrystalline anisotropy constant, K7, for Fe, Co and
various RE-TMj; alloys.?® The reader should note that Thg 3Dy ;Fes is roughly equivalent
to the composition of Terfenol-D.

Material Magnetostriction (ppm) & temperature (K) | K; (x 10* Jm™3)

Fe A =9 @300 K (Measured) +4.5

Co A = 62@ 300 K (Measured) +45
PrFe2 An1) = 5600 @ 0 K (Calculated)

TbFe2 An1) = 4400 @ 0 K (Calculated) -760

DyFe2 An1) = 4200 @ 0 K (Calculated) +210
NdFe2 Ap11) = 2000 @ 0 K (Calculated)

Th0.3Dy0.7Fe2 |  Ap1y) = +1500-2000 @ 300 K (Measured) +5
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Chapter 3

Fundamental Materials: Fegg sPd3q o

Within this section, the fundamental material FegggPds; 5 is detailed. This ferromag-
netic shape memory alloy (FSMA) material displays a complex interaction between the
magnetic and crystal structure, currently in a region far below room temperature where
the application potential is vastly reduced. Further knowledge of the underlying physics
within this material is crucial to future development of functional materials which exploit
these complex magnetic-crystal structure interactions. Iron palladium is currently not
used for application and therefore there are no conventional methods of manufacture for
this binary alloy. Current synthesis methods being used for research purposes involve

91 alongside Bridgman growth

chemical reduction for suspended nanoparticle assemblies,
and float zone melting which will be discussed in the following Chapter.

Enhanced magnetostriction in Fe-based binary alloys have been reported in multiple sys-
tems: FeCo, FeGa and FePd are examples of this.®?%9 Within these compounds, the
magnetostriction is significantly larger than that recorded for bulk BCC iron, a result
which is curious given that gallium and palladium are non-magnetic additions. An ex-
ample of this is ~400 ppm for FeGa alloys compared to ~20 ppm for BCC iron, and this
large enhancement was a driver behind research that coincided with that for Terfenol-D
(Chapter 4) and resulted in the naming of certain FeGa alloys as Galfenol.

The iron-palladium material discussed henceforth will pertain to the composition Fegg sPd31 2

(shortened to FePd). With regards to the magnetic properties of FePd, it has an almost

entirely isotropic response to magnetisation at room temperature.?>%% Figure 3.1 shows
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the room temperature hysteresis loop for the common cubic crystal directions - coercivity
is low and isotropy is present at all but extreme fields, wherein [111] and [001] directions
have the highest and lowest saturation magnetisation (Mg,;) values respectively and even
at these extreme fields the different in Mg, is negligible. The low coercivity and large
isotropy are very desirable for magnetically induced strain applications, where complete
removal of magnetism with removal of external field is vital and many desired directions

can exist.
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Figure 3.1: Room temperature hysteresis loop of a single crystal FegggPes; o sample in
the < 100 >, < 110 > and < 111 > directions.?

This composition was specifically chosen for synthesis following the pioneering works per-
formed by Schmidt & Berger,”® where they measured the saturation magnetostriction for
a large number of samples in the full range of Fe,Pd;_, alloys (Figure 3.2). The range
of samples produced for Figure 3.2 were created by entwining strips of constituent ma-
terial (roller milled to facilitate this entwining) before melting in a resistance furnace.
Following melting, a 20 hr homogenisation was performed before a final heat treatment
- the 'quenched’ samples received a further 2 hr anneal before being quenched into wa-

ter, whereas the ’annealed’ samples had a 20 hr anneal before a very slow furnace cool.
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The two different processes were designed to minimise (quench) and maximise (anneal)
the degree of atomic ordering and homogeneity within the samples. As the quantity of
iron increases, the difference between quenched and annealed samples becomes more pro-
nounced. This likely arises due to the increased iron content being more affected by the
reduction in diffusion caused by quenching, thus causing an inherently strained matrix as

seen in the case of ferrite to martensite transitions in steels.

Figure 3.2: Room temperature saturation magnetostriction measurements as a function
of sample composition for Fe,Pd;_, polycrystal alloys.?® Solid circles represent quenched
alloys, while open circles are for annealed alloy samples.

Advancing towards the modern day, the magnetostriction of a single crystal sample of
Fegs sPes1 2 has been determined at temperatures slightly below room temperature (Fig-
ure 3.3). The [001] magnetostriction response across a small temperature range (centred
roughly on 250 K) is approximately 500 ppm, a value which is significantly larger than
that measured at room temperature for the polycrystalline samples, yet continues to be
larger still when the measurement direction is shifted to [110].%> While an increase in
strain is anticipated with the change to lower temperature and single crystal samples,
Schmidt & Berger did perform polycrystalline measurements at base temperature (4.2K)

and found that the magnetostriction did not exceed 100 ppm. These intriguing results,
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performed at two vastly different temperature regions by both Steiner and Schmidt &
Berger, suggest that the crystallinity and anisotropy have a far more integral part to play

than the magnetisation results alone would suggest.
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Figure 3.3: Temperature dependent magnetostriction measurements, taken along the [001]
(Left) and [110] (Right) directions, for a single crystal of FegggPd3;.9.%

At room temperature, FePd exhibits the L1y or P4/mmm crystal structure which is
a disordered face-centred cubic structure, comprised of alternating layer stacking in the
[001] planes,®” which is shown as Figure 3.4a. There is a lack of extensive crystal structure
work for FePd alloys, however there are significant similarities with the iron-platinum se-
ries which has been studied more at length, such as the addition of Increasing amounts of
palladium leading to a shift towards an FePd3 or L1s type structure, as also seen in FePt
materials. It has been found that the ferromagnetic ordering in these alloys is a function
of the degree of disorder within the phase structure, where the random positioning of Fe
and Pt atoms on lattice sites induces a ferromagnetic ordering.”® Further complicating
the picture for iron-palladium alloys, particularly the composition studied in this thesis,
is the presence of the precursor pre-martensitic tweed phase - the nature of which is yet
to be completely determined, and may have significant impact on the non-stoichiometry
of the bulk material.

As expected for cubic systems, the anisotropy is low as has been highlighted previously in
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Figure 3.1, where the measurements were performed at room temperature. Interestingly
however, the magnetic properties appear to change dramatically when temperature is re-
duced, with a drastic increase in the magnitude of strain. While an increase in strain with
decreasing temperature is expected, the magnitude of the change in FePd is particularly
large given the temperature range for the increase is only ~50 K from room temperature,
where the strain is small. This can be explained via an adaptive phase change, which is

driven by the presence of pre-martensitic tweed.

(b) An electron micrograph
(a) The L1j structure of FePd. White and black of the tweed structure of Fe-
atoms represent Fe and Pd respectively.?” 30wt.%Pd alloy at 325 K.13

Figure 3.4: Room temperature crystal structure and elevated temperature tweed structure
within FePd.

Coinciding with the cubic structure at room temperature, is the presence of a pre-
martensitic tweed (PMT) second phase which is not yet fully understood, particularly
relating to the composition of the PMT.? Consisting of nanoscale domains, PMT acts as
a precursor phenomena which exists in plate like topography which gives the appearance
of a 'tweed’ pattern on electron microscopy images (Figure 3.4b). Fujita was among the
first to highlight that the PMT within FePd alloys can be treated as embryos for nucle-
ation sites, heralding the phase transition of the bulk from FCC to FCT. While subcritical

nucleation sites are expected to appear and disappear in the theory of nucleation (as the
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ever shifting kinetics allow for brief appearances that do not lead to phase change), it was
found that the PMT regions within FePd could be considered as static and stable with
respect to time. Given that temperature is found to drive the FCC to FCT transition, it
is a logical conclusion to say that a reduction in temperature stabilises the PMT phase
and allows for growth, which in turn generates a phase change in the bulk, resulting in a
martensitic twinned structure with a favoured direction of strain in the [110] direction.'®
The effect of the PMT is more far reaching than simply a precursor to phase change. The
magnetic response of FePd in the cubic phase is independent of temperature - a conse-
quence of this would normally mean a system wherein all domains are pinned and only
spin rotation towards the applied field is allowed. This fully pinned system is only possible
when there is no crystallinity, such as in a frozen glass or metglass system. Given the
long range order and repeating unit cell, this cannot be the case. Instead, it is proposed
that the PMT clusters have an 'ultra-low’ anisotropy, which in turn generates an almost

101 This thinking is further compounded with the

isotropic internal demagnetisation field.
magnetic torque results presented by Steiner et al, which show a combination of two- and
four-fold anisotropies in the torque data. The two-fold anisotropy is dominant for low
values of field and is believed to arise from the low anisotropy seen in FePd. One theory
suggests that the twin clusters can fold and unfold’ to minimise the anisotropy energy,
however as the temperature approaches that for the FCC to FCT transition, the twin
clusters instead coalesce as part of a second-order transition, to form the FCT phase.'®
Figure 3.5 shows the strain vs temperature map for FePd. The presence of a low symme-
try, adaptive phase which is reactive to temperature and magnetisation, while also being
elastically sensitive is of particular interest and identifying the mechanism of the twin
clusters may lead to future exploitation of the versatility of this peculiar nanofeature. As

in the case of morphotropic phase boundaries, a more complete understanding can pave

the way for technological advancements via informed alloy development.
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Chapter 4

Functional Materials: Tbh;_,Dy,Fes

alloys

This investigation into functional materials is based around the Tb;_,Dy,Fe, alloy system,
from which the market leading Terfenol-D originates. Beginning with a rough timeline
and description of the characterisation and alloying efforts which led to the creation of
Terfenol-D, this chapter continues to explore the crystal structure, magnetic properties
and magnetostriction properties of this alloy system. Finally, the conventional manu-
facturing methods for Th;_,Dy,Fe, are outlined, along with the effects that alloying

additions can generate.

4.1 Discovery and use as Terfenol-D

Throughout the 1960’s, there was significant work performed on understanding the phe-
nomena of magnetostriction in rare-earth materials, which attracted significant interest
as their strains were orders of magnitude larger than previously reported values of mag-
netostriction.®* 87 The heavy rare-carth elements, Tb and Dy, led the way in this field as
their strains approached 1% (10,000 ppm), a figure which is still considered large in the
modern scientific world. Considering the high values of strain, there was an inherent desire
to try and unlock the large magnetostrictions for use in room temperature applications.
5

Unfortunately, the rare-earth elements have generally very low ordering temperatures?

(with all but Gd having a T¢ below room temperature) and as previously discussed,
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magnetostriction increases with decreasing temperature due to the reduction in thermal

fluctuations. Table 4.1 display the Curie temperature for some rare-earth elements.

Table 4.1: Curie temperature of the pure rare-earth elements which have some inherent
magnetostriction.?’

Element | Curie Temperature (K)
Gd 292
Th 222
Dy 87
Ho 20
Er 32
Tm 25

In the 1970’s, work began on producing alloys of rare-earth (RE) and transition metal
(TM) elements, with the three room temperature ferromagnetic elements, Ni, Fe and
Co, being alloyed to multiple RE elements in differing ways. RE-TM,, RE-TMj3, RE¢-
TMy3 and REo-TM;; were among the compositional balances investigated. Initial results
were promising, showing that room temperature magnetostriction for these alloys was
not negligible and that the composition had a significant effect on the resultant magnetic
properties. Figure 4.1 shows the results of different investigations using Fe as the base
transition metal. It is important to spotlight the vast difference in peak magnetostriction
displayed by the RE-TM; type systems in contrast to others, with ThFey; peak values on
the order of 2500 ppm, drastically different to the ~1000 ppm seen for TbFe3. Another
key results from these investigations is that the saturation behaviour and limit can vary
within alloys of the same type - an example of this is best seen in Figure 4.1b, where
TbFes, DyFesz and SmFey clearly have different saturating field (Hg,;) values, with SmFe;
not even approaching saturation at an applied field of 25 kOe. Following initially promis-
ing results with rare-earth transition metal alloys, namely of type RE-TM,, it was found
that combinations of these alloys can lead to a minimisation of the magnetocrystalline
anisotropy while retaining the high exhibited strain seen in the parent compounds. ThFe,
and DyFe, both exhibit positive magnetostriction, however their anisotropy constants are

of opposing sign. Alloying this pair leads to minimisation of the MCA, while retaining
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the desirable large values of strain.

With this new breakthrough, the composition of Tbg 7Dy 73Fey was created. Dubbed
Terfenol-D (derived from the parent compounds of ThFey, providing the " Ter” and ”Fe”,
combined with the acronym for the lab responsible ”"NOL” and ”D” represents the desig-
nation used to specify the alloying of DyFe,), this alloy was almost immediately recognised
as the new standard for the optimum magnetostrictive material. Despite a low ductil-
ity which causes fracturing problems during fabrication, Terfenol-D has remained as the

market-leading magnetostrictive material since its introduction.
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4.2 Crystal structure

Before discussion into the crystal structure and lattice interactions of Laves phase com-
pounds, it is first imperative to briefly discuss some of the different crystal structures
possible. Figure 4.2 shows the four crystal structures that will feature prominently in
this report. Cubic structures, where the three lattice distances are equal and all angles
are 90°, form the high temperature state of almost all RE-TMy compounds discussed in
this thesis. Tetragonal structures are merely a single direction stretching of the cubic
structure, yielding a structure where a=b#c with all angles remaining 90°. In contrast,
the rhombohedral crystal can be seen as a canting, or sloping, of the cubic system. All
lengths and angles remain equal, with the angle being non-trivial (# 90°). Finally, the
monoclinic structure has all lengths unequal to another and two axis perpendicular, such

that a # b # ¢, = ~v = 90°, 8 # 90°.

Cubic Tetragonal Rhombohedral Manoclinic

Figure 4.2: Schematics of the cubic, tetragonal, rhombohedral and monoclinic lattices.

The crystal structure of Terfenol-D is the CusMg structure, more commonly known as
the cubic Laves phase or C15 structure.'?1% Figure 4.3 shows a detailed model of the

cubic unit cell for Terfenol-D at elevated temperatures.
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Figure 4.3: Representation of the C15 Laves unit cell, where the blue and green spheres
represent the rare-earth atoms and transition metal atoms respectively.!%4

4.2.1 Laves phase

Fritz Laves first described the collection of structures as a series of intermetallic com-
pounds, all of which take a form of AB,.1% Broadly, Laves phase encompasses three
separate crystal structures, all of which are considered to be tetrahedrally close packed.
MgCu, type (C15), hexagonal MgZn, type (C14) and the second hexagonal MgNi, type
(C36) structures can all be considered as minor alterations of each other, wherein the
stacking and rotation of the unit cell is altered.!®® Laves phase compounds are of sig-
nificant interest because of the interactions between the localised 4f and itinerant 3d
electrons. Normally, 3d electrons display small anisotropy (due to quenching of their or-
bital angular moments), however when in the Laves structure the 3d electrons will form
narrow bands, putting the Fermi level in such a position where the magnetic properties
can be altered via the substitution of other transition metal atoms for Fe atoms. The
occupancy levels of the 3d, 4f and 5d orbitals, alongside the change in inter-atomic dis-

tance (which affects the exchange interaction) leads to hybridisation of the 3d-4f orbital.
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This change in hybridisation is tied to the electronic structure and therefore the elements
comprising the Laves phase material.

Due to this complex landscape of structural and electronic interactions, Laves phase
compounds have continued to draw interest and research due to their relative lack of
predictability. In 2004, Stein noted that the presence of Laves phase (and which of the
three structures) within a particular alloy system was difficult to predict. This system
was only complicated further when expanded to binary or ternary alloy systems. Factors

that have been found to affect the presence of Laves phase are:'%6

Atomic radii While there is little to no correlation between the ratio of atomic radii
and the existence (and type) of Laves structure formed, there is indeed a relation-
ship between the stability of phases and atomic radii. It has been found that the
most stable phases, i.e. those with the highest formation enthalpies, are those with
ro/ms &~ 1.225. As the radii ratio deviates from this desired value (closest packing
of hard spheres), the enthalpy of formation shifts to destabilise the phase - this is

speculated to occur due to the rise in elastic interactions in the lattice.

Electronegativity The structural contraction between the A and B type atoms is pro-
portional to the square of the difference between the electronegativities of the two
atoms. Laves phase compounds which have almost the ideal atomic radii ratio and

are yet unstable, are thought to suffer from this effect.

Concentration of valence electrons As has been mentioned briefly in this subsection,
the electronic structure is one of the main contributing factors to the Laves phase and
its attractive properties. Stability and determination of phases can be performed
to a degree, providing that the alloy system is known and compatible. There is
unfortunately no single model which will determine Laves phase stability based on

valence electron concentration.

Laves phase compounds are therefore of significant interest, due to their desirable prop-

erties as functional materials, however the lack of predictability and complexity to the
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various interactions are a stumbling block for future application. Transition metal based
Laves materials (such as Terfenol-D like compounds) have also been found to exhibit a
mixed bonding system, where ionic, covalent and metallic bonding is found to coexist.
This further complication means that synthesis and analysis of compounds is one of the
more critical avenues of work for Laves phase development.

More recent work on prediction of Laves phase compounds has been performed using the
density functional theory (DFT) method of simulation. By examining the electronic struc-
ture, using a quantum mechanical approach to evaluate the effect that potentials will have
on the system electrons, the attained electronic structure can then be studied through
the use of mathematical operators, allowing for the calculation of multiple parameters
(such as elastic moduli, stiffness, magnetic anisotropy, etc).!°” Further to determination
of the lattice structure, modern simulation can also predict other behaviour such as optical
properties, bonding chemistry and physics properties as a function of crystallinity (single
vs poly).!% The major limitation of DFT lies in its reduced ability to predict properties
at increasing temperatures, with a significant amount of DFT work being simulated at

109 which can

absolute zero (T=0 K). Recent work has developed expansion codes to DFT,
'layer’ temperature onto existing DFT work although it is thought that the initial starting
T=0 K model must be incredibly robust to correctly track upwards in temperature and

ultimately, these results must be confirmed with physical measurement.

4.2.2 Changes to crystal structure with temperature

At temperatures exceeding 700 K (in reality it will be lower than this figure, as ~700 K
is that of the ThFe, parent phase) the crystal structure of Terfenol-D will be in the cubic
form.!%? Here the material is simply paramagnetic, with no preferential easy axis of mag-
netisation - the magnetisation will simply rotate to follow the direction of any applied
field. Below 700 K the crystal structure is determined by the Th-Dy ratio of the alloy in
0

question.!!

Dy-heavy alloys have a tetragonal structure. This tetragonal structure has a [001] easy
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axis and therefore if one considers the hkl reflections, there will be a 2:1 splitting in the
(800) reflection, while the (440) will show a 1:2 splitting and the (222) reflection will
exhibit a single peak (unity). Tb-heavy alloys have a rhombohedral structure giving a
[111] distortion, therefore the (222) reflection will split 1:3, (440) will exhibit an equal
splitting, whereas the (800) reflection will show no splitting.

The low temperature region of these alloys is of particular interest. There appears to be
a re-emergence of the tetragonal direction at approximately 50 K, even in the Th-heavy
alloys, with the lattice distortions (at the key reflections) approaching unity. Further-
more, there is a non-trivial region of the phase diagram which suggests that there could
be regions where the MPB itself is metastable (a phase which only occurs at specific con-
ditions) and therefore, there is an anticipation that the lattice distortion exists at some
direction between the [001] and [111] directions. Figure 4.4 shows examples of the room
temperature X00, XX0 and XXX lattice distortions of tetragonal CoFe;O,4 and rhombo-
hedral Thg 3Dy 7Fey. It is clear that with sufficient resolution, it is possible to distinguish
between the different structures, therefore synchrotron X-ray diffractions allows the work

in this thesis to be performed and phase determination achieved.

4.3 Magnetostriction of Tb;_,Dy,Fe;

In the 1960’s, studies into the magnetostrictive properties of the rare earth elements were
able to determine that the heavy rare earths (Tb and Dy) showed incredible magne-
tostriction properties. Unfortunately for application purposes, the ordering temperature
of these elements is significantly below room temperature, limiting the functionality of
the materials. Another factor preventing the use of rare earth metals directly for func-
tion is the extreme cost, something which has only become more of a concern since these

U1 In contrast with the RE elements, the ferromagnetic transition metal

initial works.
elements (Fe, Ni and Co) exhibit higher magnetic ordering temperatures but experience

magnetostrictive strains which are far from those needed for application purposes.

42



Synchrotron XRD

(@) {HOO0} {HHO} {HHH)
Conventional XRD CGFS204 150K ( Fi erro) COFEZO"
B 2,33'
©» 138'8
5 ‘/ g 3'38'8 q_r-
¥ -y
g o splitting 2 =% Tetragonal
£ 942 045 048 M_|lj001]
2| 20(deg) 2
g a=b=8.388+0.001A

- c=8.379+0.001A
- ""T'{s""‘.""ﬂ".‘-. /a=0.9989

51 352 353 354 507 508 509 633 634 635

3
(b) :
1Dgst¥o e, 0K (Fao) N::"“:"ﬂ“‘ Tgn Tb, 30y, 77,
’é“ 888 &élg l_f‘dﬂﬂ Sha'a A o —
> | &
g no splitting = : a a
> 426 428 430 Rhombohedral
7] 26(d
£ (deg) M, lj111
E a=b=c=7.336+0.00/A
a=§9.91°

404 405 406 407 283

284 285 172 173 174 175

20 (deg)

Figure 4.4: Representation of the expected peak splitting for X00, XX0 and XXX type
reflections in tetragonal and rhombohedral crystal structures.'”

To try and create a middle ground material that is ideal for application, multiple alloys
were synthesised and their physical properties assessed. Initial alloying attempts yielded
mixed results, with little to no correlation being found between the addition of TM to RE
and the improvement of Curie temperature. Ni-based RE compounds were found to have
low ordering temperature (T < 200 K). Co-based systems had a huge range to their
ordering temperature generally with increased Co content leading to higher T¢ - some of
the RE;Coi7 compounds exhibited T up to 1200 K. In contrast, iron content seemed to
have a reverse effect (when compared to cobalt), the relationship between iron content and
Curie temperature was found to be inversely proportional. It was clear from the initial
synthesis results, that RE-TM systems have a degree of complexity which overshadows
112

that of the parent elements.

As alloying investigations continued, certain alloy systems were identified to be of keen

43



interest for their large strains. RE-TM,; materials were found to exhibit particularly
large magnitudes of magnetostriction in comparison to sister alloys RE,-TM;7; and RE-
TMj;. TbFe, and SmFe,; recorded room temperature polycrystalline strains in excess of
1500 ppm. The high magnetostriction in these compounds can again be linked to the large
anisotropy - large MCA is not desired for application purposes as large values of field are
needed to induce strain. Anisotropy is directly related to the electronic structure, more
particularly to the shape of the RE atoms and their electron clouds. Samarium atoms
take an extreme prolate shape, whilst terbium is oblate and it is this extreme shape which
has a different contribution to the strength of the magnetic anisotropy.!*® In combination
with this, the exchange interactions between these RE and iron atoms has strength, re-
sulting in a persistence to the magnetisation with increasing temperature (a feature which
the reader should remember is not seen for pure RE materials). This is crucial as increas-
ing the Curie temperature unlocks multiple functional material possibilities, however the
large anisotropy is not an ideal parameter. DyFe; has magnetostriction which is about a
factor four smaller than ThbFey; and of the same direction. Furthermore, DyFe, has large
magnetocrystalline anisotropy.

Study of the magnetisation directions in each of the RE-TM, compounds found that those
displaying smaller value of strain had an easy magnetisation direction of [001] (DyFes,
HoFe,), whereas those with a [111] easy magnetisation direction resulted in larger magne-
tostriction. It is now known that the rhombohedral [111] lattice distortion is significantly
larger than the tetragonal [001] distortion.?49%114

Within the cubic Laves phase structure and assuming an easy magnetisation direction of
[111], the rare earth electron cloud (4f) is aligned perpendicular to magnetisation. The
electron cloud is in plane with other RE atoms and when the electron cloud shape is
heavily oblate (as in the case of TbFey), there is a stronger electrostatic interaction with
those in plane atoms. This reduction in symmetry allows an elongation along the [111]
direction, which is then mapped onto the whole structure, causing large rhombohedral

distortions. In contrast, prolate electron clouds would experience a contraction along the
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magnetisation direction and therefore exhibit negative [111] strain. For a [001] easy axis
direction, as is the case with DyFes the shape of the electron cloud is irrelevant - all

nearest neighbour interactions will be equidistant and there is no internal distortion from

115

the electrostatic potentials.
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Fig. 1. Magnetostriction of TbFe, and DyFe,.

Figure 4.5: Temperature dependence of the magnetostriction in single crystal samples of
TbFe, and DyFe,.!' Strains are measured along the easy axis of magnetisation for each
compound, such as to compare the maximum strains achievable by each material.

In combination with the difference in magnetisation directions, the thermal behaviour
of single crystal samples of ThFe, and DyFe, are significantly different (Figure 4.5). As
discussed, the exchange interaction between the Tbh and Fe atoms is strong, leading a de-
fined smooth transition that persists well with increasing temperature. Contrasting again,
DyFe, exhibits positive magnetostriction at high temperatures, which becomes negative
shortly after room temperature before having a change of gradient around 100 K, before
settling on the approach to 0 K. The region of negative magnetostriction DyFe, is one
of the modern limiting factors with regards to the use and cost efficiency of Terfenol-D

alloys. As temperature is decreased, the DyFe, sublattice magnetostriction switches sign
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and begins to oppose the large, positive magnetostriction from TbFe,, although it must be
stated that TbFe, is larger by almost a factor 40 and therefore the effect of this switching
is minimal. If temperature decrease is sufficient, then the magnetostriction will collapse
towards zero. This can be countered by using an alloy with slightly higher Tb content
and manufacturers now produced Terfenol-D alloys which have a range of Th-Dy ratio,
however the increased price of Th does reduce the feasibility of large scale application at
reduced temperatures (Figure 4.6).

Magnetostriction vs. Temperature for Terfenol-D Alloys
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Figure 4.6: Magnetostriction of manufactured single crystal Terfenol-D rods of varying
composition, as a function of temperature.'6

As the feasibility of RE-TM, materials become increasingly clear, it was evident that
most applications would benefit from the high strains expected. However, one stumbling
block for such materials was the desire for low activation fields. The large magnetocrys-
talline anisotropies of the RE-TM, alloys creates a problem for applications where the
magnitude of applied field to induce strain needs to be minimised, as they require a signif-
icant amount of magnetic energy to switch the alignment direction.''”'® An anisotropy

summary of some of the RE-TM, alloys is given in Table 4.2, showing the signs of the
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the magnetostrictive strain and elastic constants. The reader should be reminded that
the elastic constants in Table 4.2 have a direct effect on the energy density of the crystal

system (Eq. 2.1).

Table 4.2: Summary of polarity of magnetostriction (A and elastic constants for various
RE-TM, alloys.?

PrFey | SmFe, | ThFey | DyFes | HoFey | ErFes | TmFey | YbFes
A + - + + + - - -
K|+ - - + + - - +
Kot | - 0 + - + - + -

Based on the data shown in Table 4.2 it is evident why the alloying of ThFe, and DyFe,
was pursued. Both materials had exhibited high strains, which persisted reasonably well
with temperature and yet suffered with large anisotropy. The opposing nature of the
anisotropy constants in the parent compounds were of significant interest, which was
only compounded when the room temperature magnetostriction of the alloy series was
measured. Given the different thermal behaviour with magnetostriction for the parent
compounds (Figure 4.5) and the large difference in magnetostriction between the parent
compounds (Figure 4.1a), it was expected that the magnetostriction would decrease lin-
early approaching the Dy side. However, around the composition which is considered as
Terfenol-D (Thg 27Dyg 73Fes) there was an unexpected peak in the room temperature mag-
netostriction, shown in Figure 4.7. While higher degrees of strain can be achieved with
the parent phase of ThFe, it is important to remember that the MCA is large, requiring
large amounts of energy to switch magnetisation direction. Likewise, while the peak is
less pronounced at higher values of applied field, it is important to remember that the
optimal magnetostrictive material is one which can be driven to large strains, using low
values of applied field (which inherently determine the practicality of application). There
is also a cost incentive to reducing Th content, as Dy is approximately one third of the
price (based on current markets). The identification of this peak is the beginning of what
will come to be known as an MPB region (Chapter 5) and the widespread application of
Terfenol-D.
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Figure 4.7: Room temperature magnetostriction of the Th;_,Dy,Fe, alloy series.””

Follow up work on this peculiar phenomenon uncovered a temperature dependence to
the magnetostriction, wherein the strain (for a composition within the peak) could be
altered significantly by a change in temperature. Reducing the temperature would lead
to a reduction in exhibited strain and the magnetisation direction would cant to a [001]
direction. It is now known that this is due to the material leaving the MPB region and
sitting firmly on the Dy side of the phase diagram.

Explorations into the addition of HoFe, (creating a ternary alloy system) were performed
and while this did lead to a slight increase in the magneto-mechanical coupling factor
(ks3), the magnetostrictive properties were negatively enhanced by a significant degree,

rendering the materials poor in comparison.!!?
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4.4 Conventional manufacture of Terfenol-D alloys

As the practicality and potential of Terfenol-D became realised, the problem of success-
ful, large-scale manufacturing was swift to follow. The unavoidable low ductility, poor
fracture toughness and necessity for precise composition meant that significant work had
to be undertaken to create a suitable process method. Figure 4.8 shows an example of a
Terfenol-D rod - attention should be drawn to the fracture surface which highlights the
brittle failure mode common for this material. The method used to create Th;_,Dy,Fe,
alloys in this thesis was the arc melting technique. Desirable due to its easy control of
process parameters and operational ease, arc melting is suitable for the production of
polycrystalline samples. Limited by low sample size, batch restrictions and inability to
produce single crystal samples, arc melting is not used to produce Terfenol-D for com-
mercial purposes and is therefore not considered a conventional method of manufacture,
however the ability to have complete control over the melting parameters, constituent
materials and degree of homogenisation made arc melting the preferred option for this

thesis.

Figure 4.8: Terfenol-D rods are typically formed in cylindrical or bar shaped geometries.*!?
Attention should be drawn to the brittle fracture surface which is indicative of both the
catastrophic failure mode and limitations of Terfenol-D.

There are currently four main methods for commercial production of Terfenol-D (and

similar) alloys:
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Float zone melting

e Bridgman

e Powder sintering

Polymer bonded composites

Float zone melting

During localised heating, solid/liquid boundaries exist within the material. The segre-
gation coefficient is the ratio of the impurity concentration in the solid phase and the
impurity concentration in the liquid phase. If this coefficient is less than one, which it
often is for intermetallic compounds, the impurity atoms will have a driving force to drift
into the liquid phase. Zone melting relies upon this principle.!?>:12! By creating warm and
cold zones within the melting area, a solid/liquid boundary is created and the impurities
diffuse to the liquid phase. The heating control then shifts the warm zone (normally melt-
ing is vertical), such that the impurities will solidify at the beginning of the produced rod
and the purity of the final product improves along the length. The removal of impurities
promotes a reduction in crystallinity, allowing for single crystal growth with relative ease.
The use of a seed crystal is often employed as this can ’set’” directions for the pure, single
crystal section of the product rod.!?2:123

The main limitation of this technique is one of sample diameter. As the process is reliant
on movement of the seed crystal and/or pressed powder rod, then the limiting factor is
the surface tension of the liquid phase. As sample diameter increases, the cohesion at the

surface is reduced - at some physical limit, the material will no longer adhere together.

This maximum limit is around 8mm for Terfenol-D.!24

Bridgman

The Bridgman (or Bridgman-Stockbarger when given full credits) method also utilises

a seed crystal for production of single crystal materials. Differently to the float zone
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technique, Bridgman produced crystals will have an orientation which directly matches
that of the original seed crystal, e.g. if the z axis in the seed crystal is [001], then
the resultant final product and assuming a cylindrical rod, will have a long axis of 001
direction.!?® 127 Ag the single crystal nature in float zone growth is due to a lack of
impurity concentration, the seed crystal need not necessarily be a single crystal. Methods
to improve the purity of Bridgman samples do exist - controlled atmosphere sublimation
of constituent materials and repeated Bridgman melting are two such methods.!?8129

Bridgman melting relies on having a two zone furnace, split into hot and cold zones.
By creating a temperature gradient within the furnace and again utilising motion of the
sample, the molten precursor material (hot zone) is lowered slowly into the cold zone,
where the seed crystal is located. Due to the created thermal gradient, the solidifying
material will take the crystallographic characteristics of the seed crystal used. Negatives
of this method mainly arise from the inconsistency in sample composition along the length
of the produced rod - as the impurity concentration is not reduced (unlike in float zone
melting) the composition, and therefore physical properties, may alter along the length

of the rod.'®® In contrast to float zone melting, Bridgman produced rods must have a

minimum diameter of 10 mm.

Powder sintering

As with conventional magnet manufacture, Terfenol-D rods can be produced by powder
sintering. Powder of desired composition is aligned and pressed into shape, which can be
complex for powder processing, before sintering to melt the powder together and create the
final product. While this does provide some benefits, such as unlocking complex geome-
tries, the samples produced are polycrystalline and suffer with reduced magnetostrictive
properties, such as porosity which was found to negatively affect the density to a degree

of 70% the expected value.!?17133
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Polymer bonded composites

The low ductility of Terfenol-D can be somewhat countered by mixing with a polymer
binding agent before setting. This creates composites, which are more desirable from
a fracture toughness perspective but do suffer with regards of their physical properties
- achievable strain and magnetic properties are both diluted. Some results from these
materials show enhanced electrical response, something that would be advantageous to
minimise eddy current losses, however the suffering magnetic properties would mean that
large amounts of this material would be needed to produce the desired magnitudes for

functional materials, 134136

4.5 Effect of alloying on Tb,_,Dy Fe,

There are two methods of alloying within the Terfenol system; either by substituting the
rare-earth or the transition metal atoms. Both of these methods affect the material prop-
erties due to the changes in the crystal sublattices and magnetic exchange interactions.
Sections 4.5.1 and 4.5.2 show some examples of the effect of substituting the RE and
TM atoms respectively. A summary of the information presented in this section (and
indeed the fabrication methods formerly presented) is given in a comprehensive review by

Wang. 137

4.5.1 Rare-earth substitution
Neodymium

The NdFe, sublattice has an anisotropy constant opposite to that of Th and therefore
the small addition of Nd can minimise the MCA without drastically lowering the satu-
ration magnetostriction. Specific compositions of Thg 4 ,Nd,Dyqe(FeqsCop2)1.93 display

magnetostriction coefficients in excess of 1000 ppm.!38139
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Holmium

HoFe; has a lower value of saturation magnetostriction than desired, however it has been
found that additions of Ho reduce the hysteretic response. Furthermore, the reduction
in magnetostriction is less significant than the desired reduction in hysteresis exhibited.
While HoFe, exhibits small room temperature values of strain, there is an order of mag-

nitude increase with temperature approaching absolute zero.!40-142

Praseodymium

PrFe, has high magnetostriction and K anisotropy constant opposite in sign to ThFe,.143: 144

Interestingly, studies of PrFe; g have found that the easy magnetisation direction changes
from [111] to [001] as a function of decreasing temperature, with the RE sublattice mo-

ment increasing sharply with decreasing temperature.'4?

When alloying with Pr, one
does need to consider the ideal radius ratio for the Laves compound, which is found to
be 1.225. In fact, Pr®* are too large to preserve this and therefore alloying of Pr is lim-
ited to Pr<0.2 at% otherwise it becomes easy to form the RE-Fes impurity phase which

negatively affects saturation magnetostriction. !4

4.5.2 Transition metal substitution
Aluminium (Paramagnetic)

Small additions of Al can lower the MCA and saturating field of the compound, however
alloying will lead to a reduction in magnetostriction for the compound. A portion of the
lost strain can be recovered if the material is used under compressive load. Furthermore,
with increasing Al% the Curie temperature of the material will drop. Al addition is

however found to increase resistivity and ductility.!4”
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Manganese (Antiferromagnetic)

Mn is an excellent alloying choice because the magnetostriction of Mn-containing com-
pounds is found to be greater than that for Mn-free compounds, when the material is
used under load. At 21 MPa, the [111] magnetostriction of Thg5Dyq5(FegoMng ), is al-
most three times larger than the [111] magnetostriction of Thg sDyq5 Fes. Unfortunately,
applications with no external load will suffer from significantly reduced magnetostriction.
Furthermore, inclusion of Mn will drop the magnetocrystalline anisotropy, allowing for

applications to use lower values of applied field.'*”

Cobalt (Ferromagnetic)

Capable of stabilising the Laves phase but does reduce the magnetostriction possible in the
compound. Small additions of Co have been found to improve T, but this effect reverses
upon the Co content exceeding 0.3 at%, at which the Curie temperature is enhanced to

a maximum.!4® 149

Zirconium (Paramagnetic)

Small additions of Zr (<0.1%, to replace Fe) can inhibit the formation of malignant
RE-Fe3 phases and will slightly enhance the magnetic properties. However, addition of
excess Zr will lead to precipitation of RE-rich Zr phases which become detrimental to the

magnetostriction.!®°

Silicon (Diamagnetic)

Eddy currents form easily in Terfenol-D, reducing their efficiency as transducers. Adding
Si increases resistivity by promoting more localised electron positions. This in turn can
improve the efficiency of operation. However, additions of silicon will negatively affect

the magnetostriction, although this can be suppressed with pressure application.!®!
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4.6 Oxide impurities in Tb;_,Dy,Fe, alloys

Oxygen intake during sample fabrication may occur via two potential pathways: con-
tamination of the raw metals used and non-sufficient vacuum/argon pressure during
arc melting. Previous studies have shown that oxygen contamination within samples
of Tbg 3Dyq 7Fey stoichiometry will negatively affect both the saturation magnetostriction
and the magnetostrictive coefficient (ds3). Kim et al report that the system will form rare-
earth oxides, that grow as dendrite structures which have composition Thg 27Dv.7300.65. 1
These RE oxides have significantly higher melting point than the Laves phase, therefore
the dendrites appear within the Laves phase. The oxide inclusions are responsible for the
decrease in magnetostrictive potential because they hinder the reorientation of magnetic
domains. Other key findings from this report are that an increase in oxygen content will
lead to an increase in iron content (of the matrix) due to the “oxidation loss of the rare
earth element”. It should be highlighted at this point that the ratio of Tbh and Dy is
preserved from the parent alloy, to that of the oxide - this is crucial as it suggests the x
value of the produced samples, and therefore the credibility of these results, will not be
overtly affected by the presence of minor oxide phases.

A study of Terfenol-D growth in quartz crucibles by Kwon et al was able to determine the

153 Wavelength-dispersive X-ray spectroscopy

oxide growth occurring during fabrication.
measurements on the oxide layers showed that the RE-oxide tends to form as a Dy heavy
compound, specifically ThgDys004;. Furthermore, the silicide also studied is found to be
Dy dominant as well. While Tb is the more magnetostrictive compound, the reader is
reminded that a fine balance of opposing polarity anisotropy constants is needed to min-
imise the magnetocrystalline anisotropy of the material, which is crucial for application
purposes. In fact, the presence of oxides may cause a two-fold decrease to the magne-
tostriction, as RE-Fes phase can evolve due to oxidation. Following the oxidation of RE
atoms from the matrix, there is an excess of Fe, which in turn will increase the driving

force for formation of RE-Fes in preference to RE-Fey. As the RE-Fe, phase produces

more desirable magnetostriction the formation and stability of this phase is crucial, there-
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fore oxides and impurity phases should be kept at a minimum.?5 1%

Given the nature of the results presented in this work and the drive to map the MPB
further, the degree of impurities is not of particular concern as long as the impurity con-
centration does not dilute the x-ray diffraction (XRD) results. Follow up work which

measures the magnetostriction should however aim to produce samples which are entirely

RE-Fe, phase.
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Chapter 5

Morphotropic phase boundaries

The functional optimisation of the ferroic class of materials is maximised around mor-
photropic phase boundaries (MPB), with some of the current choice materials for appli-
cations employing such enhancement. Morphotropic phase boundaries divide two phase
regions of distinctly different symmetry and crystal structure, commonly rhombohedral
and tetragonal. This chapter will explore the nature and definition of a morphotropic
phase boundary, before analysing the nature of MPBs in other ferroic systems, as well as

detailing the current knowledge on the MPB present within Terfenol-D alloys.

5.1 Nature of morphotropic phase boundaries

5.1.1 Definition of an MPB

Morphotropic phase boundary is the name given to a composition-driven phase transition,
which yields a significant change to the crystal structure of the material.'?2%3%155 Given
that these boundaries are often not sharp (in that they have a non-negligible width which
is composition and temperature dependent), then they may also be referred to as mor-
photropic phase regions. In recent years, MPB is typically used to discuss specifically the
change from a tetragonal to a rhombohedral structure (and vice versa), such as the one
seen in Terfenol-D alloys, where the DyFes; and ThFe, parent phases contribute tetragonal
and rhombohedral structures respectively.!1%® It is important to make the distinction

that when a material is stated to have an MPB at a given composition, the MPB often
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only applies over a fixed temperature range. As will be seen in the sections to follow,

MPB compositions can be vastly different across a fairly slim temperature range.

5.1.2 Changes to crystal parameters at MPB

Given the nature of the changing crystal structure of MPB materials, it is important to
discuss the changes to the lattice parameter of these materials during an MPB transition.
As the crystal structure melts across the boundary, the lattice parameters must similarly
adjust to reflect the changes. Figure 5.1 shows how the characteristic XRD reflections
change with temperature for a given composition of Thy3Dyq7Coy alloy, which bears
many similarities to the Th,_,Dy,Fe, system which is a focus of this thesis.?® The lattice
parameters and « angle (extracted from curve fitting) are then plotted with respect to
temperature to show how the overlap between structures is achieved within the MPB
region, in turn suggesting that there is a co-existence of phases within the MPB itself.
The a angle tends towards 90° as the material becomes increasingly tetragonal in their

nature.

5.2 Morphotropic phase boundaries in ferroic sys-
tems

MPBs are consistently found in many different ferroic systems. The physical property
effects of the MPB is wholly dependent on the system, as will be discussed in the remain-
der of this Chapter. Figure 5.2 shows four examples of morphotropic phase boundaries
in different ferroic systems. As has become convention, these boundaries separate regions
of rhombohedral and tetragonal symmetry but otherwise take on different characteristics.
For example, Figures 5.2a and 5.2d show near-vertical boundaries - these materials ex-
hibit very sharp phase transitions. Meanwhile Figure 5.2b exhibits a far more flat MPB,

suggesting that the parent phases are more stable in their co-existence.
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5.2.1 MPBs in ferroelectrics

Ferroelectricity is the phenomenon of spontaneous polarisation occurring in materials,
which is inherently analogous to the phenomena of ferromagnetism which has been dis-
cussed in Chapter 2. Examples of polarisation behaviour can be seen in Figure 5.3,
which emphasise the similarity in behaviour to magnetic behaviour in ferroic systems by
showing the polarisation (P) as a function of electric field (F).'®1:162 While following a
similar shape in polarisation behaviour, paraelectricity is not widely used for application
purposes. The lack of ordering and relatively weak response to an externally applied
electric field leaves ferroelectric materials as the stand out candidate for application pur-
poses. Further, antiferroelectricity is another magnetically analogous phenomena, with
the polarisation domains aligning anti-parallel with respect to each other'%3-16> Antiferro-
electricity has large potential in terms of its energy storage density properties and takes

a particularly peculiar shape for its P — E hysteresis loop.1%¢

p4 p A oA
/ -
/’. * / »
Linear dielectric Paraelectric Ferroelectric

Figure 5.3: Example schematic of different types of polarisation behaviour in ferroic
systems. Note, how the hysteretic phenomena in ferroelectric compounds is directly anal-
ogous to that in ferromagnetic materials.

The use of morphotropic phase boundaries to enhance physical properties is widespread
for ferroelectric materials. Lead zirconate titanate, abbreviated and more commonly re-
ferred to as PZT, is a commonly used material due to its large ferroelectric response. 67169

PZT is a solid solution perovskite, which has an associated MPB between the tetragonal

and rhombohedral phases of the parent lead titanate and lead zirconate materials. Jaffe
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et al first reported the phase diagram of PZT materials and highlighted the presence of
a morphotropic phase boundary separating the rhombohedral and tetragonal structures.
Figure 5.4 shows some of the data presented by Jaffe et al, specifically the phase diagram
and respective unit cell distortions for PZT. It is clear to see that the MPB exists between
the ferroelectric rhombohedral and tetragonal phases, with an almost instantaneous jump
in the unit cell distortions across the boundary. It is important to mention that a sec-
ond boundary exists within PZT, however the transition from ferroelectric rhombohedral
to anti-ferroelectric orthorhombic is of diminished interest as no mechanical change is

170,171

induced by external field application, limiting the application potential. However,

some potential for application exists in other branches, such as microelectronics.

(a) Phase diagram showing the tetragonal- (b) Room temperature unit cell distortion as a
rhombohedral MPB as a function of com- function of composition.

position and temperature.

Figure 5.4: Phase diagram and unit cell distortions for the PZT system, as found by
Jaffe.3® Phase symbols denote the electric response (Ferroelectric, Paraelectric and
Antiferroelectric) and the crystal structure (Cubic, Tetragonal, Rhombohedral (high
& low temperature) and Orthorhombic).

The mechanism for such large property enhancement at the MPB is a combination of
both structural and polarisation factors. Approaching the MPB, the elastic constants
soften while the polarisation directions increase due to the co-existence of multiple phases.
Within PZT, the tetragonal phase contains six polarisation directions and rhombohedral

contains eight.!'™ Co-existence of the two phases help to compound the polarisation di-
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rections, allowing for a total of fourteen, yielding a large polarisation response while the
lattice constants are also more malleable. This combination of properties is the mecha-
nism for the large piezoelectric response seen in the ferroelectric MPB. Figure 5.5 shows
how the dielectric coupling and planar constant are significantly enhanced at the MPB

position (PbZrOz =~ 52 mol%).?

Figure 5.5: Dielectric constant (black circles) and planar coupling factor (white circles)
as a function of composition for the PZT system.?

Similar enhancement of the physical properties at the MPB position can be seen in other
ferroelectric materials. Given the harmful properties of lead, there is a desire to move to
lead-free piezo-ceramics, with bismuth sodium titanate (BigsNag5TiO3) - bismuth potas-

sium titanate (Big 5K 5TiO3) - barium titanate (BaTiO3) system (abbreviated henceforth
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as BNT-BKT-BT) showing desirable properties in the exhibited MPB region.!™ 17 Fig-
ure 5.6 shows the phase diagram of the system, as well as the effect on the piezoelectric
constant (dsz) with increasing BNT concentration. The piezoelectric constant is a mea-
sure of the induced polarisation per unit stress, parallel to the polarisation axis.!™® It is
seen that the MPB again separates a rhombohedral and tetragonal structure, occupying a
thin region in the phase diagram, with the measurements of ds3 showing a peak is clearly

visible around the MPB composition (z = 0.9).
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\ [BNKT20] @ 150 o o
o+ S g Tetr. .‘ °
FEEEED, 84BNT-16BKT 2 2100 o ¢
(BNKT16] 5. |e o “
jeean) Rhomb. By
SRR g 50
= D K MPB
:““ "‘;};_:/, % [BiUVENaDj} . 0 1 1 | | 1 | 1 |
(a=1) TiOg 03 04 05 06 07 08 09 1.0
[BNT] x in BNBK2:1(x)
93BNT-7BT 94BNT-6BT (b) Effect on the piezoelectric constant as
[BNBT7] [BNBTS]

the doping approaches the MPB region, in
between the parent tetragonal and rhombo-
hedral structures.

(a) Section of the BNT-BKT-BT phase di-
agram, encompassing the MPB region.

Figure 5.6: Phase diagram section and piezoelectric constant dependancy for varying
compositions of the BNT-BKT-BT system.'""

When considering the application of functional materials, it is crucial to determine their
effectiveness at temperature as this ultimately dictates the conditions and opportunities
where the material can be utilised. Figure 5.7 shows how the electromechanical coupling
factor, ks3, differs with temperature for varying compositions in the rhombohedral, MPB
and tetragonal regions.!™ 1™ Tt is clear to see that the MPB provides superior proper-
ties, however, the thermal stability of this region does bring into question the application
potential - the top shelf” of high coupling factor magnitude is only stable until approxi-
mately 100 °C. In contrast, the slightly reduced physical properties of both the tetragonal
and rhombohedral reasons are mostly preserved with increasing temperature, with some

samples still existing in their 'top shelf’ region at temperatures in excess of 200 °C. As
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ks is a measure of efficiency for a piezoelectric material to convert mechanical energy to
electrical or vice versa, these thermal stability differences may arise to the co-existence
of tetragonal and rhombohedral structures limiting the mechanical response. Clearly if a
material is designed to be ’on MPB’ composition, it is imperative that any temperature
changes during operation must not shift the material away from the property enhance-

ment region.
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Figure 5.7: Electromagnetic coupling factor as a function of temperature, in three differ-
ent structural positions a) rhombohedral, b) MPB and c) tetragonal, for various compo-
sitions.!””

The depolarisation temperature, Ty, was interpreted from the results by Takenaka and
found to vary significantly around the structural transition. It appears that the depolari-
sation of the material is highly reflective of the level of tetragonality within the structure,
such that Ty crashes at the MPB composition before recovering and continuing its de-

crease with increasing thombohedral component.®°
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Combining the results for the piezoelectric constant and depolarisation temperature, the
application potential of the MPB region can be visualised. Figure 5.8 shows how ds3
varies with T, while also showing the different structures associated with each region.
Application purposes show that the optimal region is one of high depolarisation temper-
ature and high piezoelectric constant (upper right region). Interestingly, the MPB region
is shown to widen with increasing temperature for the BNT-BKT-BT system, suggesting
that the induced thermal instability allows for greater mixing of the different structural
phases at the cost of reduced physical properties. This widening of the MPB is often not

seen in ferroelectrics but is seen more frequently in ferromagnetic compounds, such as
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Figure 5.8: Representation of the application potential of the BNT-BKT-BT system, as
a function of piezoelectric constant, ds3, and depolarisation temperature, T};.'7"

Finally, the presence of monoclinic phases within the MPB region is of particular impor-
tance.'®® As discussed previously, the polarisation potential of a material is a function
of the number of equal symmetry polarisation axes. Figures 5.9 and 5.10 show how the
number of polarisation axes vary across different crystal structures, with a monoclinic
having double that of the slightly higher symmetry orthorhombic structure. Monoclinic
structures dwarf those often seen either side of the MPB, providing a potential explana-

tion for the large rise in performance.
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Figure 5.9: Representation of the polarisation axes in (a) tetragonal, (b) orthorhombic
and (c) rhombohedral phases. The numbers dictate the angle between the equal symmetry
directions.!8*

Figure 5.10: Possible polarisation directions for a monoclinic ferroelectric phase.'8

This phenomenon, predicted and theorised to occur in ferroic materials, largely remained
unseen due to the resolution limits on diffractometers until recently. Since then, ex-
perimental evidence for briefly appearing monoclinic phases has been discovered.!86:187
One particular example is that by Gorfman et al which presents high resolution, single
crystal x-ray diffraction results for two different alloys of lead zirconate titanate.'®® Fig-
ure 5.11 shows reciprocal space maps of the Bragg peaks within the PbZrg g9 Tig.31)O3
and PbZrg54Tip.46)O3 single crystal samples studied, with the white lines showing the
simulated reflection positions (see caption). By analysing different hkl reflections, then

mapping the expected reflection positions over the colour maps, it can be seen that a

co-existence of rhombohedral and monoclinic phases exists. The presence of a monoclinic
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Figure 5.11: Room temperature colour maps for different hkl reflections.’®® (a), (b), (c)
are for PbZrg 54Tig 4603, while (d), (e) and (f) show results for PbZrg g9 Tig3103. White
lines are the simulated positions for a rhombohedral (top), monoclinic (middle) and
co-existence (bottom) structure.

phase around the MPB does cast some doubt onto previous thinking, where the MPB
was considered to be a co-existence of rhombohedral and tetragonal phases.'%1%° While
it may be the case that a very small monoclinic phase region exists, this appears to be
significantly small. Furthermore, it should be noted that there is an element of inconclu-
sivity with regards to the presence of a third phase or a lower symmetry lattice phase.

Compounding this study shortly after, simulation work on PZT compounds were used to
investigate the hypothesised monoclinic domains within the MPB.1! Using a ’standard’
MPB model of a rhombohedral-tetragonal barrier, long range electrostatic and elastic in-
teractions were simulated in conjunction with a sixth order Landau polynomial. Results
show that the monoclinic phase is expected, existing as hierarchical nanodomains with
temperature change. The successful simulation, and therefore hypothesised presence of,
monoclinic domains within the MPB is thought to arise due to the long range interactions
between the electronic and elastic lattices and the minimisation of polarisation anisotropy

approaching the MPB.
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5.2.2 MPBs in ferromagnets

Following the chronological drive towards MPB materials being used in application, there
has been major interest in replicating MPB-like behaviour in other ferroic materials.19%193
In 2010, the prospect of MPB behaviour in ferromagnetic materials was observed when
Yang et al performed a characterisation study on ThCoy-DyCoy alloys, with a focus on
ascertaining the crystal structures around and within the MPB region.?® Initial results
from Yang showed significant promise, there was indeed a structural change to coincide
with the previously seen spin reorientation transition, suggesting that MPBs are indeed
evident within ferromagnetic systems (Figure 5.12). This is of particular importance as
there are similarities between ThCos-DyCos and ThFe;-DyFe,, most notably in the crystal
structure either side of the boundary, as well as the electronic structure and exchange
interactions involved, with the RE coupling antiferromagnetically to the transition metal
atoms in both systems.'%*

Following the confirmation of an MPB, assisted by their AC susceptibility results which
highlighted the MPB existence at 70% DyCosg, the physical properties of the material were
explored. As had been performed for the ferroelectrics, the application potential of better
performing functional materials was of paramount interest. Study of the MPB region
showed a peak in magnetostriction while coercivity was minimised. Optimal properties
for a magnetostrictive material can be summarised as a "figure of merit’ (FoM), which can
be described as:

el

FoM = — 5.1
oM = ! (5.1)

where ¢ is the strain and H¢ is the coercivity.

Figure 5.13a summarises the measurements. While the magnetostriction shows an unex-
pected peak during the decrease from rhombohedral to tetragonal structures, the strain
measured is not significantly enhanced in itself. However, the coercivity is found to be at
a minimum at the MPB composition. This reduced coercivity means that the switching

of magnetic moment is less energy intensive, a feature which is incredibly desirable for
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Figure 5.12: Characterisation of ThCoy-DyCoy system:?® (a) Phase diagram, (b) syn-
chrotron XRD results and (c) AC susceptibility results as a function of temperature. Thy
represents the temperature of MPB transition.

application. This softening of the magnetisation at the MPB composition, with the co-
ercivity being almost a factor three smaller for the ’oft-MPB’ compositions, implies that
the MPB itself has a significant effect on not only the crystal landscape but also the
magnetic. Interestingly, the reader should note that the tetragonal side (80% DyCoy) of
this compound exhibits switching magnetostrictive behaviour, with the direction of the
magnetostrictive coefficient changing sign at approximately £2 kOe before magnetostric-
tion becomes positive at approximately +6 kOe (Figure 5.13a.g). This is an example of
the peculiar temperature dependence of magnetism-crystal interactions.

Figure 5.13b presents a brief portion of the synchrotron measurements performed by Yang
et al.?® Here they show the thombohedral to tetragonal transition with decreasing tem-
perature. Notice how the peak broadening arises from the co-existence of the two phases,

with the (222) peaks increasing separation and widening (with a Gaussian characteristic)
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Figure 5.13: Summary of results for ThCos-DyCoy system.?¢

as the single tetragonal peak forms. The opposing situation happens at the (800) peak,
with the rhombohedral reflection melting and the tetragonal peaks forming and separat-
ing. Extracted lattice parameters show a discontinuity for the ar and ap parameters
within the MPB region, while the rhombohedral angle a g is found to rise with increasing
temperature, tending towards 90° upon approach to the rhombohedral-cubic transition.
The maximisation of magnetostriction within the MPB region is not unique to Th;_,Dy,Cos
based systems. Following their work on confirming the structural transitions occurring in
DyFe, and Terfenol-D 'Y Yang and Ren continued their investigation in the ThFe,-GdFe,
MPB system.'®> While this MPB was found to be significantly more compositionally sta-
ble across a wide temperature range (remaining fairly vertical, Figure 5.14a), the enhance-
ment of magnetic properties at the MPB was confirmed to exist in this system (Figure
5.14b). Near vertical MPBs, i.e. phase boundaries which are stable with temperature,

are desirable for application purposes as the stability of the physical properties unlocks

71



new potential uses.

One difference between the otherwise similar MPB systems of ThCos-DyCos and TbhFe,-
GdFe; is the behaviour of the magnetostriction curve around the MPB region. For the
cobalt based samples the magnetostriction retains a positive gradient up to 10 kOe for
the MPB composition, whereas once the structure becomes dominantly tetragonal the
magnetostriction is negative for low fields before switching and recovering to a positive
magnetostriction at high fields (Figure 5.13a). In comparison, the iron based ThFey-GdFes
shows a visibly more rapid change to the 'switching gradient’ type curve upon movement
to the tetragonal side of the MPB. Furthermore, the change is reverse, initially having
positive gradient and then switching and recovering to take negative magnetostriction
values, however this is easily attributed to the magnetostrictive properties of the parent
compounds being inherently different, highlighted previously by AE Clark et al.?® Fur-
ther information of importance is the field dependency of the magnetostrictive response
and the underlying mechanism which can be attributed to that. It was found that for all
values of field, the rhombohedral domains would elongate with the field direction, leading
to a positive and diminishing gradient to the magnetostriction (V-shape). Less trivially,
at low magnitudes of applied field the tetragonal domains would elongate with the field
(caused by the elimination of domains which directly oppose the field) before the per-
pendicular domains collapse and there is a shrinking in the field direction, producing an
M-shape to the magnetostriction curve.

Examining the magnetostrictive curves within the MPB region, the low field behaviour
of the two lattice structures work in tandem, yielding a V-shape to the magnetostriction
curve. Approaching high fields, the second step of domain switching causes the shrinking
seen in the tetragonal region while there is also a sacrificial quenching of the rhombohe-
dral domains, in turn creating a loss in strain. While the values are expected to remain
positive up to very high fields for the MPB composition, it is imperative to highlight
that the parent compound GdFe; showed net negative magnetostriction at high fields

due to the 180° domain switching. Conclusions drawn from this suggest that the parent
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compounds of any MPB system must have sufficiently different magnetisation directions
(which is so for rhombohedral-tetragonal MPB) such that the anisotropy of the system
is reduced approaching the MPB, allowing for easier domain switching. To coincide with

this, there must also be a resolvable difference in magnitude of lattice distortion for the

parent phases, such that there is a net distortion occurring.
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Figure 5.14: Summary of results for ThFe,-GdFe, system.!® Symbols within the phase
diagram represent Curiie temperature measurements (circles), XRD structure measure-
ments (diamonds) and magnetic hysteresis measurements (stars).

To anticipate MPB behaviour, one can use these two metrics as a representation of the
types of MPB behaviour possible. When considering the magnetisation directions of the
phases either side of the MPB, there exists two scenarios: one where the directions are
sufficiently different leading to a reduction in anisotropy at the boundary, and one where
the directions have a degree of common alignment (which may occur with some of the
lower symmetry phases hypothesised to appear around MPBs), therefore the system will
retain a larger degree of anisotropy. However, as the directions converge, the anisotropy
will remain but the energy requirement will lessen. The impact of this will determine

the ease of domain switching and magnetisation. Regarding lattice distortions, it has
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previously been shown that the co-existence of rhombohedral and tetragonal phases can
lead to a reduction in magnetostriction at high values of field due to domain switching
losses.'% For the case of ThFe,-GdFe,, a positive magnetostriction is retained at the MPB
due to the rhombohedral distortion being significantly larger than that of the tetragonal,
however this may not necessarily be the case for all materials. Magnetostrictive coefficient
of the relevant distortions will also play a factor.

Hence, there is an interplay at the MPB which is heavily dependent on the parent com-
pounds - a phenomena which is echoed in the ferroelectric systems discussed prior. The

effects of differing magnitudes of lattice distortions is fairly well documented:

TbCo,-DyCo, system Here the magnetostriction of the Th parent phase is sufficiently
higher than Dy parent phase. Therefore, this leads to relatively high values of

magnetostriction at the MPB composition (Figure 5.13a).¢

TbCo,-GdCo, system Within this system, the lattice distortions of the parent com-

pounds are roughly equal, leading to a negligible magnetostriction at the MPB.169

TbFe,-GdFe; system Difference in distortion is quantifiable but small, resulting in a
low magnetostriction at the MPB. Within the system, the enhanced saturation
magnetisation at the MPB is found to become more prominent, in comparison to

the parent phases, as temperature increases.!%

Later work performed on ThFes-GdFey presents data which expands their previous work,
suggesting that the saturation magnetisation is minimised at the MPB for all tempera-
tures for high values of field.'%” Room temperature measurements performed at 60 kOe
show that the MPB composition has the lowest Mg,;, whereas the previous measurements
(300 K, 10 kOe) found the saturation magnetisation to be higher than the surrounding
phase region. Not only would this suggest a very large anisotropy (explaining why sat-
uration is not reached even at large fields) but also that the interactions between the
rare-earth and transition metal sublattices are heavily dependent on the elements in-

volved.
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MPB regions have also been found to show anomalous, or reverse, behaviour. TbhCos-
NdCoy was found to exhibit a minimised saturation magnetisation within the MPB (Fig-
ure 5.15), a phenomenon not often seen in other similar binary alloys.'® This minimisa-
tion is believed to occur due to the compensation of rare earth sublattices at the MPB
position. Light RE elements (in this case Nd) will couple ferromagnetically to the tran-
sitional metal (Co), whilst heavier RE elements (Th) will form an anti-ferromagnetic
exchange. When the structure is heavy on the Tbh side, the anti ferromagnetic coupling
will lead to a net magnetisation in the direction of the Tb atom, or more importantly,
in the opposite direction to that of the Co atom. Approaching the MPB position, there

is an increasing opposing magnetisation from the Nd side, as the magnetisation lines up

with the Co atom, leading to a compensation of the magnetisation at the MPB.
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Figure 5.15: Saturation magnetisation (left) and coercivity (right) results as a function
of composition for the alloy Th;_,Nd,Coy.1%

Another phenomenon seen in Th;_,Nd,Co, alloys is that of a low temperature magnetic
transition. Believed to be caused by the temperature dependence of the RE and TM
sublattices, the stabilisation of easy magnetisation direction is affected by the tempera-
ture reduction. The low temperature phase for this material is orthorhombic but other
low symmetry phases, such as monoclinics, could be expected as the ionic radii of the
elements involved can differ relatively largely.

Simulation results on ferromagnetic MPBs have been performed in similar capacities to
that of the ferroelectric compounds. Monte Carlo calculations combining the anisotropy;,

exchange, magnetostatic and external field energies were used to investigate the differ-
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ences in domain structure for low and high barrier cases of MPB.'" It was found that the
formation of a monoclinic phase is heavily dependent on the degrees and dominance of
the interacting energy terms. Monoclinic domains are energetically favourable for mag-
netostatic and exchange energies but not so for the anisotropy energy. Where anisotropy
energy is dominant, such as sufficiently far from the MPB, then monoclinic domains are
not developed. However, as the anisotropy collapses at the MPB and providing the mag-
netostatic and exchange energies are sufficiently high, then monoclinic domains will exist

among the expected tetragonal and rhombohedral domains.

5.2.3 Morphotropic phase boundary vs spin reorientation bound-
ary

It is important to make a clear distinction between the process of transition through a
morphotropic phase boundary and a spin reorientation transition (SRT). While both re-
sult in the shifting of the magnetic easy axis due to a compositional or thermal change,
the mechanism behind the change is significantly different.

Take the cases of ThCoy-DyCoy and HoFey-ErFe, as presented in Figure 5.16.19%:290 Both
materials are ferromagnetic in nature and were studied using XRD and Mossbauer (for
TbCoy-DyCos and HoFes-ErFe, respectively) to determine the phase diagram. Upon
cooling, both materials exhibited a shift from a magnetic easy axis of [111], with the Co
system preferring a [100] and the Fe system favouring the [110] direction.

The significant difference between the systems is not one of directionality, but of shifting
mechanism - importantly an MPB transition involves a movement from one crystal struc-
ture to another, as well as a changing in magnetisation direction. SRT do not undergo a
lattice change. ThCoy-DyCos changes its easy axis via an adaptive phase - whether that
is a low symmetry phase such as a monoclinic or a co-existence of tetragonal and rhom-
bohedral phases through the MPB is yet to be confirmed. This phase mixing is roughly

analogous to that of nucleation and growth in metallurgical systems. In contrast, the
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Figure 5.16: Phase diagrams and schematic mechanisms of MPB and SRT for the ThCo,-
DyCoy and HoFey-ErFe, systems respectively. 99200

cooling transition in HoFey-ErFe, occurs by spin reorientation - the magnetic moments
remaining in parallel alignment and rotating through the transition, with no structural
change exhibited.

The difference between these two transition types is crucial. Monoclinic phases have been
speculated to appear within MPB materials, however their presence and mechanism for
appearance is yet to be determined. Across a bulk material, a non-trivial easy magnetisa-
tion direction (some arbitrary angle between the [001] tetragonal and [111] rhombohedral,
0 < 6 < 54.7) can be achieved with both mechanisms. A shifting concentration of phases
in a co-existence will lead to the same net direction rotation as a direct spin reorientation
of the magnetic moments. Monoclinic phases could exist as part of both mechanisms,
either as a dominant phase in a co-existence or as a naturally occurring phase seen during
the reorientation. It has been speculated by simulation, that the energetics of the system
will determine the type of transition. Anisotropy favours a co-existence, arising due to the
preference for domains to remain aligned to the so called ’trivial’ easy axis directions of
the parent phases. Conversely, when anisotropy is weak and the energetics are dominated

by magnetostatic and exchange energies, the presence of a monoclinic is confirmed (by
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simulation) to appear.

5.3 Morphotropic phase boundaries within Tb;_,Dy Fe,
alloys

When first manufactured, Terfenol-D was almost instantly a market leader for its large
magnetostriction, with significantly desirable properties found to exist at particular com-
positions. Subsequent research proved that these properties came from a precise balance of
the magnetocrystalline anisotropy constants and heralded the presence of a morphotropic
phase boundary between the parent thombohedral and tetragonal phases.'4

This thesis builds upon the synchrotron XRD work performed by Bergstrom et al, which
is currently the most comprehensive phase diagram for TbFe,-DyFe, alloys and is shown
as Figure 5.17.?° Comprising of XRD measurements (dashed line), magnetometry data

2 and single ion mean field theory calculations

(solid line), Mossbauer results (symbols)?
(shading), the phase diagram shows how the MPB separates the [111] and [001] easy mag-
netisation directions, while also highlighting that non-trivial directions exist within the
MPB and at low temperatures. Synchrotron measurements were performed over a rela-
tively small composition and temperature range (0.65<Dy at%<0.78, 150K<T<350K).

All of the measurement techniques agree well in the region of synchrotron data, thusly the
MPB position is confirmed to exist in that composition and temperature range, clearly
dividing regions of tetragonal and rhombohedral structures as expected. However linear
extrapolation of the diffraction results would begin to contradict with the Mossbauer and
theory results - both of which suggest the existence of non-trivial easy axis directions at
low temperatures (0.5<x<0.6, T<100 K). As has been seen in other MPB-containing ma-
terials, the MPB width is shown to widen with increasing temperature as the co-existence
of rthombohedral and tetragonal phases becomes easier. The expansion of synchrotron

XRD data calculated in this thesis, is aimed to explore the higher temperature regions

of the MPB, while also attempting to probe the low temperature, non-trivial directions
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Figure 5.17: Summary of work created by Bergstrom et al on the near room temperature
MPB in Th;_,Dy,Fe;.? The colours show the easy magnetisation direction, derived
from crystal field theory simulations, while the other symbols are detailed in the key.
Mossbauer and application data taken from refs3?33

predicted by the crystal field theory results.
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Chapter 6

Methodology

This chapter will present the planning, experimentation and data analysis practices which
were used throughout the studies enclosed in this thesis. Beginning with a discussion of the
material preparation steps, with a specific focus on the arc melting fabrication method
used to create alloys of Th;_,Dy,Fe,, the focus will then shift to a discussion of the
beamline techniques used for measurements - specifically small-angle neutron scattering
(SANS) and synchrotron X-ray diffraction (sXRD). As the theory, instrumentation and
data analysis of these processes are all paramount, they will be presented thoroughly with
a spotlight on the specific conditions and experimental set-up used in this thesis. Finally,
the analytical methods of peak fitting and parameter tracking will be presented alongside

a brief discussion of the packages and fitting profiles used.

6.1 Material preparation

The samples used in this study were Fegg sPdsq.2 and a range of Thy_,Dy,Fey alloys. The
FePd single crystal samples were prepared by Takashi Fukuda & Tomoyuki Kakeshita at
the Department of Materials Science and Engineering, Osaka University, using the float-
ing zone method. To maximise the efficiency of this study, a 24 hr heat treatment at
1100 °C was performed before the encapsulated sample was quenched into ice water to
maximise the degree of martensitic character. Finally, the produced single crystal rods
were cut into disks of 6 mm diameter and 2 mm thickness, resulting in single crystals with

well defined crystallographic directions that are suitable for SANS (where transmission is

80



crucial and therefore sample thickness must be controlled).

For the fabrication of Th;_,Dy,Fey alloys, the dysprosium and terbium constituent mate-
rials used were solid samples of the respective RE metals of 99.99% purity. These hexag-
onal close-packed materials were kept under vacuum in the rare-earth store (10~7 mbar)
at the School of Metallurgy & Materials, University of Birmingham when not in use to
prevent oxidation and preserve quality. During use, care was taken to limit the material’s
exposure to air during processing, however exposure to air cannot be helped when loading
the samples into the arc melting furnace as there is no option for inert loading. However,
while Dy and Tb oxidise quite rapidly in moist conditions or at elevated temperatures,
visual inspection showed very little oxidation during the loading process and was used
to mitigate against unintentional addition of oxygen to the samples. Constituent mate-
rials were measured to within a tolerance of 1 mg and the resultant compositions were

calculated, using the measured masses to determine the atomic % of each element.

6.2 Alloy fabrication using the arc-melting technique

Comprising of an airtight chamber (with controlled inlet flow of high purity argon and
connected to a rotary pump for evacuation), water cooled Cu sample hearth, sparking
electrode and the relevant high current sources and transformers - arc melting is a versa-
tile technique which employs the use of a localised high energy spark from the electrode
tip, directed at the constituent materials to induce melting, while the argon atmosphere
acts as an inert fill gas for spark transmission. The localised heating of the spark, or
7arc” allows for the melting of high melting temperature (T,,) materials within short
time scales, as well as easy alloying of transition metal and rare-earth elements. The
Ar atmosphere is necessary to transmit the spark but also plays a role in reducing the
possibility of sample oxidation. The equipment used for the alloy preparation is shown in

Figure 6.1.
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Figure 6.1: The arc melting kit at the University of Birmingham used for this project.

The importance of a low oxygen content in the melting chamber is significant, there-
fore a number of steps were taken to ensure that the melting environment was as desired.
Firstly, the Ar purity was 99.998%, with a preference to using a fresh bottle when starting
batch melting - this reduces the chance of moisture ingress into the system, an undesirable
factor when bottle pressure drops to =50 bar. Secondly, there was a minimum of three
pumping and flushing operations which were recommended and considered a standard
for operation. In reality, for samples of high sensitivity, the chamber was pumped for
longer and flushed more frequently before operation to further reduce the oxygen content.
Finally, multiple heating of a titanium getter inside the chamber was employed to lock up
any residual oxygen not removed during pumping and flushing. Ti getters are commonly
large samples, designed so that heating does not cause melting and to absorb the maxi-
mum amount of oxygen possible.

The arc is generated through use of a voltage transformer which in turn generates a large

current (on the order of 90 A) enabling easy melting of materials with T,, in the region
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of 1500 °C, namely those used in this experimentation: terbium, dysprosium and iron.
The contact temperature of the arc is variable with the distance of arc travel and the
localised temperature often exceeds that of T,,, however superheating is avoided due to
the constant water cooling supplied to the copper hearth, on which the samples sit. To
promote homogeneity in the samples, multiple melting and solidification operations were
performed (minimum of three) and the sample was manipulated in between melts, such
that the melting occurred at multiple surface points. Given the small volume of powder
needed for synchrotron XRD and the large price for both Dy and Tb, sample sizes were
kept to a minimum where possible. The average sample mass was approximately 0.5 g
and the resultant sample shape was spherical, with mild shape inconsistencies that have
little consequence as samples are eventually pulverised into powder for characterisation.
Larger samples were attempted however it was found that porosity and rare-earth boil
off became significant in these samples, producing detrimental samples with undesired

compositions and morphology.

Table 6.1: Sample number designation and compositional details of the Tb,_,Dy,Fe,
samples created and measured in the synchrotron XRD study. x; and yy represent the
fabricated (or calculated) composition, whereas = and y are the assumed composition to
a lower precision.

Sample | xy v X y
1 0.562 | 2.006 | 0.56 | 2.01
0.599 | 2.006 | 0.60 | 2.01
0.642 | 2.020 | 0.64 | 2.02
0.650 | 2.049 | 0.65 | 2.05
0.664 | 2.027 | 0.66 | 2.03
0.701 | 2.010 | 0.70 | 2.01
0.752 | 2.011 | 0.75 | 2.01
0.787 | 2.015 | 0.79 | 2.02
0.871 | 2.012 | 0.87 | 2.01

©C 00O Uk WwWwN

Table 6.1 details the sample number and compositional information for the arc melted
samples which were used for the synchrotron XRD investigation into the MPB. An as-
sumption is made that as arc melting is known to produce a slight amount of RE boil off,

which will have some small effect on the fine composition balance between the Th and
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Dy elements. Furthermore, it is fair to assume and allocate an uncertainty of £0.01 to
both x and y which factors in the RE boil off but also a consideration of the presence of
impurity phases (in low concentrations, on the order of < 1%) - some of which may be

oxide compounds that form readily with RE phases.

6.3 Neutron and X-ray scattering techniques

Reciprocal space scattering techniques probe the surface as well as the bulk of samples
and can retrieve information about sample properties such as overall crystal structure
and/or size distributions of scattering bodies within the sample.?°'2%3 Small-angle neu-
tron scattering and synchrotron X-ray diffraction are two such techniques which rely on
elastic scattering between incident radiation and localised material features. One of the
key parameters in scattering is that of the scattering vector, q, which is defined as the

difference between the incident neutron wavevector, k;, and the resultant wavevector, kg.
q=ky — ki (6.1)

In the elastic limit, where the scattering angle between incident and final waveforms is
approaching zero, the small-angle approximation allows for sinf ~ # and the scattering
vector becomes a measure of the momentum transfer and the modulus of ¢ can be taken

to produce a relationship between the scattering vector, wavelength and scattering angle.

dr .
lg| = EsmHB (6.2)

The wave-particle duality of neutrons and photons is of particular importance when one
considers the Bragg condition (Eq. 6.3) which is necessary for scattering theory, especially

so for the case of uniform, long-ordered crystal structures. Bragg’s law is:

2dsinfp = n\y (6.3)
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where d is the physical distance between scattering planes, 0 is the Bragg angle (or half
the scattering angle), n is the order of scattering and Ay is the wavelength of the neutron

(or scattering particle). Figure 6.2 is a schematic representation of the Bragg condition.

Incoming scattered
neutrons 26p neutrons

d sinBpg d

Figure 6.2: Schematic representation of elastic scattering, particularly the Bragg condition
which is crucial for SANS.56

Rearrangement of Eq. 6.3 and insertion into Eq. 6.2 yields the important relationship be-
tween the reciprocal space scattering vector (units of ;1_1) and the real physical distance,

providing the features are ordered and long ranged.

q = F (6-4)

The measured scattered intensity, I(q), is given by Eq. 6.5. The measured scattered
intensity is equivalent to the differential cross section, do /dS2 - the probability of an inci-
dent neutron being scattered into a particular solid angle, df). The form of the differential
cross section can be expanded to include form and structure factors, which are beyond

the scope of this thesis but are crucial for analysis in some material systems.

2

do

= (6.5)

=1(q) ~

E bjqu.Rj
J

85



where b is the bound scattering length of the object and R is its position. Peaks in the
scattered intensity at specific values of ¢ provide information on structural features and

the physical size of said peaks can be calculated using Eq. 6.4.

6.3.1 Small-angle neutron scattering (SANS)

Neutrons scatter primarily via nucleon-nucleon interaction, meaning that structures in
liquids, crystals and biological material can all be investigated with SANS.?2*4 The in-
herent magnetic moment of neutrons also leads to a magnetic interaction, allowing for
detection and study of magnetic properties.2®®> With regards to probing of magnetisation
using SANS, the scattered intensity, I(q) is proportional to the change in magnetisation
squared, as shown in Eq. 6.6. Physically this means that ferromagnetic material which
is fully aligned will have zero contribution from magnetisation, as all domains will have
parallel alignment and therefore the change in magnetisation is zero. In comparison, a
ferromagnetic sample that has no external field will have random domain orientation (pro-
viding there are no strong anisotropy effects which might create spontaneous alignment)

and will therefore see a 'maximum’ in magnetic contribution to scattering signal.

I o |AM? (6.6)

Instrumentation

Neutrons are generated using a continuous reactor or spallation source, before being mod-
erated (to different degrees of thermal energy, depending on the end-instrument) and di-
rected towards the instrument with the use of neutron guides whose interior is coated with
reflective material. Neutron optical components that are commonly employed include fo-
cusing/beam defining slits, collimators, monochromator/velocity selectors, choppers and
beam polarisers. For SANS applications a pin-hole collimator is used after the so called

source aperture/slit, following the neutron guides, to ensure a well focused beam at the

86



sample position. For wavelength selection a rotating drum velocity selector is most com-
monly used (providing a wavelength resolution in the order of 10%) while choppers are
employed for time-of-flight measurements. Following scattering at the sample position,
deflected neutrons enter the evacuation tube where they travel before encountering the
He? detectors and are converted into a signal. The position of the detectors within the
evacuation tube is one of the control parameters, as it determines the range of scattering
vectors accessed for a particular measurement.

For the scope of the current study, SANS measurements were performed on the D11 and
D33 beamlines of the High Flux Reactor at the Institut Laue-Langevin (ILL) in Grenoble,
France. These two SANS instruments have been optimised for slightly different modes of
study - D11 is capable of measuring at very low values of momentum transfer, therefore
probing large scale structures on the micron scale. Figure 6.3 shows the basic layout of
the D11 instrument which is also representative of a typical SANS instrument. In com-
parison, D33 is a multi-detector instrument, often utilised in time-of-flight mode (via the
use of choppers) where the 'white beam’ of wavelengths leads to extremely large ¢ ranges,
and/or paired with other options, such as polarisation analysis which uses an RF flipper

before the sample and a He? analysis cell after scattering.

Velocity selector ~ Neuiron quides Somple Detector
(Monochromator) , (Collimators) (position sensitive)
, - !
) ——— ' ?3 I ’
Neutron guides Diaphragms Evacuation fube (40m)

(Collimators)

Figure 6.3: The D11 SANS instrument.?%

Sample environment flexibility is imperative to most SANS studies, as the cutting edge
phenomena studied often appear at extreme conditions (liquid helium temperatures, large

magnetic fields, etc).2°” For this experiment, liquid helium cryomagnets and electromag-
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nets were used in both parallel and perpendicular orientation (respective to the beam di-
rection), as this allows for the greatest depth of study with regards to the crystallographic
dependency of the appearing features, something which is of particular importance for

the magnetic anisotropy study in FePd.

Measurements and Analysis

The SANS work performed in this thesis is comprised of multiple different types of phys-
ical property dependencies. Prior to measurements, the single crystal samples of iron-
palladium were properly aligned using a local lab-based X-ray Laue diffractometer and
then were fixed to the relevant sample holder and inserted into the sample environment
stage being used (electromagnet or cryostat). With regards to measurement sequences,
scans were typically performed as a function of field and/or temperature, from which
further information regarding the anisotropy (or azimuthal angle) and scattering vector
dependence can be determined. Given that the degree of scattered intensity is a function
of the interaction type and the ¢ range, effort was made to ensure that the counting times
(which determine uncertainty) were sufficient enough to produce reasonable error bars.

208 which is ar-

For the raw data treatment and analysis, the GRASP package was used,
guably the most robust and widely used tool for SANS analysis. Created by Charles
Dewhurst, it is a graphical interface which runs as a MATLAB script application and an
example of the interface is shown in Figure 6.4. GRASP is designed to directly interface
and extract any relevant data during analysis. The freedom of this analysis is paramount,
particularly so when the sample environment demands of the experiment are high. Fur-
ther to the analysis capabilities of GRASP, which include the ability to load and reduce
multiple data sets, the visualisation of the 2D detector image should not be understated.

The raw scattering image visible on the multi-detector is often an indicator of anisotropic

effects.
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Figure 6.4: The GRASP graphical interface showing the 2D detector visualisation and
the various reduction options.2

6.3.2 Synchrotron X-ray diffraction

For synchrotron XRD the majority of the scattering theory discussed for SANS applies
for this photon-based technique, however the scattering object is the atomic form factor
caused by the atomic electron cloud.??® Synchrotron XRD employs the use of large scale
beamline facilities (such as the ESRF (France), DESY (Germany) and Diamond (UK))
to perform complex experimentation, that would otherwise be impractical to do in a nor-
mal lab space. The high flux and high brilliance offered by synchrotron light is orders of
magnitude above that achievable by even the best of lab-scale XRD machines or neutron
sources. Furthermore, the large flux allows for the achievement of good statistics within

exceptionally small time frames, meaning that results which often take hours or days on

89



a conventional XRD machine, can now be completed in minutes, if not seconds.

Another benefit of synchrotron XRD against conventional XRD is one of resolution.
The multiple analyser crystals and complex sample stage options used on most beam-
line diffractometers yield increasingly superior resolution to that of most tabletop XRD
instruments. This increased resolution allows for the distinguishing and analysis of peaks
that share very similar angular position. Certain instruments, such as ID22 which pro-
vided the data for this thesis, are capable of investigating the individual reflections within

a particular crystallographic direction.

Instrumentation

Measurements were performed on the ID22 high resolution powder diffractometer at the
ESRF.?1% ID22 has an energy range of 6-80 keV and uses a bank of nine silicon [111]
analyser crystals to achieve the very fine resolution that is necessary for these peak split-
ting explorations. All nine crystals are mounted on a singular rotation stage, which
reduces alignment error and allows for easier adjustment of the Bragg angle if wavelength
is changed. Acceptance for the Si is on the order of arcseconds and the combination of
multiple crystals helps to tightly cement 20. Figure 6.5 is a schematic of the analyser

crystals on 1D22.

Figure 6.5: Silicon 111 analyser crystals.?!
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Pulverisation of the metallic samples was performed using a mortar and pestle under
Ar (to remove the risk of ignition and oxidation) for around 15 minutes per sample to
ensure that the powder was fine and homogenous (the degree of pulverisation necessary
was assessed during an early measurement). Following this, the powder was loaded into
0.5 mm diameter borosilicate glass capillaries, which were then spun in the beam to re-
move any preferred orientation effects.

The ID22 sample environment capabilities are vast, allowing for measurements from base
temperature up to ~1000 K through the use of a He? cryostat, an Oxford Instruments
Cryostream and a hot air blower. The latter two options can be remotely driven in and
out of position via use of a sample table, allowing for swift scanning of a large temperature
range.

Further to the sample environment capabilities of ID22, the use of a robot was employed
for automatic handling and loading of samples to ensure speed and accuracy while also
reducing the amount of human handling time inside the experimental hutch. Other exper-
imental parameters (such as sample environment options, robotic handling, beam parame-

ters and detector controls) were controlled using commands and executables programmed

in C.

Measurements

Given the extremely high resolution of ID22 in its configuration for this experiment, two

distinctly different methods of measurement were employed.

Full trace Full angle scans were performed up to a maximum angle of 70°. An example
of such a trace is given as Figure 6.6. These measurements were used to check for sample
purity, inspection of the trace was used to determine whether or not a sample had an
acceptable level of purity or not. The majority of these measurements were performed
near base temperature, so as to remove the effects of lattice expansion and thermal vi-

brations. The primary use for obtaining a quick, full trace is to ensure that the RE-TM,

91



* 700
7 L x
600 - :
«
6l ) 500 | .
* x 400 ]

300

(&3]
T
x

x

200

100

w
T

Intensity [Arbitrary units]
B
T

0 1 1
40 45 50

WL Jﬁuuu e

E

N
T
X X X

XX XX

o -
[ T
o k]
RRK x
O XX O
O OM K X
k

%

x
X KXW KN MK 20

o
—_
o
1]
o
w
o
P
(=]

50 60 70
Angle [*]

Figure 6.6: An example of a complete X-ray diffraction scan performed on the ID22 instru-
ment at the ESRF. The inset shows that the resolution is sufficient to isolate individual
peaks even at large angles.
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phase is dominant and that the impurity peaks will not cause interference during the
peak scanning. Undesirable phases can have negative impacts on the physical properties

however for determination of the MPB position, their impact is negligible.

Peak scanning Once the desired samples for further study had been decided, the ma-
jority of the measurement time was spent scanning at specific angle positions. Certain
reflections are of significantly more use for analysis than others. The chosen reflections
for further study were (222), (440) and (800) as these reflections provided a great deal
of insight into the structure of the material - explanation of this is given in Chapter 4.2.
An example of these three reflections for one material at a fixed temperature is shown in

Figure 6.7.

6.4 Data analysis

Data analysis was performed using two computational packages: GRASP and MATLAB.
Information about both of these can be found in their respective websites and it is impor-
tant to state that the versatility of these programs was influential in their use throughout

this thesis. 208,211

6.4.1 Pseudo-Voigt function

Voigt functions, which are a convolution of a Gaussian and Lorentzian function, can
be used for analysis, however these are significantly more computationally demanding
and are therefore considered a more rigorous, but not necessary option.2'? The pseudo-
Voigt function is an alternative which requires significantly lower computational power
while still achieving reliable and agreeable results.?!* Eq. 6.7 shows the pseudo-Voigt

approximation.

PV =nL+(1-nG (6.7)
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Figure 6.7: Example of the low range scans used to monitor specific peak reflections with
changing temperature.

where L and G represent a Lorentzian and Gaussian peak shape respectively and 7 is
the mixing factor between Lorentzian and Gaussian contributions that is inherent to a
pseudo-Voigt function. The effect of different n values is shown in Figure 6.8. Eqgs. 6.8

and 6.9 show the Lorentzian and Gaussian functions, respectively, which were used in this

analysis.
A c
=2 .
T (z—b)2+c2 (6.8)
oo ||| 2E=0) (6.9)
~|evor b 2c? .

where A is the amplitude scaling factor, b is the peak centroid and c is the peak width.
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Figure 6.8: The effect of the n on the peak shape of a Pseudo Voigt function. n = 0
corresponds to a Gaussian, while n = 1 is a full Lorentzian peak.

6.4.2 Double Pseudo-Voigt fitting

Figure 6.7 shows that depending on the reflection and crystal structure of the alloy, there
can be multiple peaks present within a small data region. To perform efficient fitting, a
model was designed to allocate for single or multiple peak fitting of pseudo-Voigt profiles.
MATLAB was employed mostly for its visual representation and customisable peak fitting
options. Measurement data for specific peaks was imported into MATLAB and peak

fitting was then performed across the peak range. To account for the splitting of the
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peaks, a double Pseudo-Voigt (DPV) function was used and this is given as Eq. 6.10.

@ —b))] , (mA) o«
DPV = BG + A(1 — —_—
A (L= m)exp 2c2 7 (x—b1)2+ 2

(6.10)

T Ag(1 — mp)eap| —E=02) +<n2A2>( e

2c2 T x—by)? + c3

where BG is a simple, constant background term - there is no need to include the more
complex background term used in typical refinement calculations because the fitting is
only over a small angle range.

The fitting for this equation uses so-called ”preliminary fitting” to obtain good starting
parameters for the DPV function. By first fitting a single Gaussian and single Lorentzian
peak, the results of this fitting are used as starting variables for the DPV fitting. It
was found that a good estimation of the starting variables had a significant effect on the
accuracy of the fitting and was therefore an important consideration throughout analysis.
The key resultant parameter from the DPV fitting is that of the amplitude ratio, which
is defined as

High angle intensity A

Amplitude Ratio = (6.11)

Low angle intensity A_1

and is used to clearly identify the phase regions, by comparison with the expected peak
splitting for the inherent lattice distortions.

Following the above extraction of key parameters, the aim is to accurately and succinctly
present an expanded phase diagram for the MPB in Th;_,Dy,Fe, alloys, with a particular
focus on portraying the MPB width. This will be done by monitoring the movement of
peak centroid positions and peak amplitude ratios around the transition - the tempera-
tures and ratio magnitudes at which point they settle will mark the edges of the MPB

width for that particular sample.

96



Chapter 7

Fundamental materials
(Iron-Palladium): Results &

Discussion

The following chapter encompasses the experimental results and subsequent analysis on
the fundamental material, iron-palladium. The chapter begins with a presentation of the
comprehensive SANS study into the underlying physics and mechanisms of the interplay
between the magnetic and crystal structures of this intriguing material. Closing this chap-
ter is a brief mention of the other fundamental studies undertaken during this thesis. The
data used in this section was primarily collected at the ILL on the D11 and D33 instru-
ments, however there will also be some low ¢ preliminary data shown that was collected
at the FRM-II reactor in Munich. The sample orientation was varied to best investigate
the anisotropic effects and will be discussed when necessary. Two single crystal samples
were studied, both of ’disc like” shape and the orientation of the crystals was determined
with the use of X-ray Laue. Figure 7.1 shows the orientation of FePd Sample 1 for the
ILL data. The orientation of the low ¢ measurements was random outside of the beam
direction being parallel to [001], as at the time of measurement the in-plane directions
had yet to be determined.

A second experiment was performed on FePd, using an additional sample with different

orientation, where an attempt at polarised neutron scattering was attempted. Unfortu-
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Figure 7.1: Sample orientations used during experimentation.

nately, due to the stray fields of the ferromagnetic FePd the polarisation analysis was not
a success, however some unpolarised SANS measurements were completed, to supplement
those already performed on the previous experiment.

This Chapter present results from both crystal orientations (n || [001] and n || [110]),
with multiple different ¢ ranges probed for each sample. It should be noted that different
experimentation conditions resulted in a slight difference in ¢ ranges (i.e. medium ¢ from
the first experiment overlaps with medium ¢ from the second experiment, but is not ex-
actly similar in width) - this is however not a problem as the ¢ ranges were selected to

cover features of note.

7.1 Results - n || [001]

This section presents results where both the neutron direction and sample normal are
aligned along the [001] direction of the disc-shaped sample. Unless otherwise stated,
intensity measurements are integrated across the whole detector area (minus the beam

and sample space).
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7.1.1 Low q (LQ) - FRM-II

Figure 7.2 shows the magnetic field dependence on the intensity for FePd in the low
g range, with field applied perpendicular to the beam direction and corresponds to a
horizontal direction on the detector image. H-Up and H-Down dictate the scan direction,
either increasing positive magnetic field for H-Up or decreasing positive field followed
by increasing negative field for H-Down. Magnetic field values used in this scan are:
+ 0T, 0.0056 T, 0.01 T,0.02T,0.05T,01T,02T,05T,1Tand2T. Empty beam
measurements were used to provide a background file - an artefact of instrument scattering
is visible on 2D detector images and is not a scattered signal, therefore the empty beam
is used to remove this. The knock-on effect of this is that high field measurements (where
magnetic scattering is negligible) will register as negative intensity because some signal is
lost following interaction at the sample position.

As expected for a ferromagnetic material approaching saturation, the scattered intensity
decreases in a Landau fashion (Figure 2.5) as the magnetic domains align, until £0.5 T
at which point saturation is assumed. Hysteresis is exhibited between H-Up and H-
Down and a degree of anisotropy is visible on the 2D detector image. Figure 7.3 shows
the analysis sectors used to investigate this anisotropy between the horizontal and vertical
directions and presents the resultant magnetic field dependency. There is a clear difference
in scattered intensity for the horizontal direction that aligns with the magnetic field, with
the difference in magnitude most pronounced at the saturation value of H=0.2 T, before
reducing as magnetic field is further ramped towards 1 T. Figure 7.4 shows the scattering
vector dependence on the intensity at the four fields of interest and informs that the
anisotropy in scattered signal is uniform across this ¢ range. The degree of scattered
intensity is found to drop significantly between H=0.2 T and H=0.5 T, suggesting that
saturation is indeed reached at some point between these two data points. The raw signal
images (Figure 7.5) show a collapse in scattering signal at H=0.5 T when compared to

H=0.2T.
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Figure 7.5: Detector images showing the collapse in scattering intensity either side of the
anticipated saturation field, for the low ¢ region.



7.1.2 Medium q (MQ) - ILL

Figure 7.6 shows the room temperature (RT) magnetic field dependency in the medium
q range. The expected decrease in intensity with increasing field is seen however there
is also an unexpected peak in the intensity centred around H=0.5 T. Furthermore, the
hysteresis seen for H-Up and H-Down is consistent with the low ¢ results, in that the
intensity at H=0 T is larger after the material has been fully saturated. Interestingly
however, the newly discovered peak at H=0.5 T shows the ramping measurements (H-

Up) more strongly than with decreasing field (H-Down).
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Figure 7.6: Intensity against field for the medium ¢ arrangement at RT. Field range is
H=0 T to H=1 T (H-Up) and H=1 T to H=0 T (H-Down). Black arrows dictate the
fields of interest (c.f Figure 7.7)

Analysis of the scattering vector dependence shows significant, non-uniform variation with
altering field strength. Figure 7.7 shows the slope for the different fields - at the extremi-
ties of the MQ range, the slope is uniform for all fields. However, the H=0 T data shows
a shifting in the slope of the data, suggesting that a change in the scattering features
in this size range. Furthermore, the H=0.5 T data shows the expected intensity peak

(compared to H=0.4 T) with the dependence on ¢ showing no irregularities, suggesting
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that the increased intensity comes from uniform scattering features. The high field mea-
surements (H=0.6 T) have the lowest overall signal, characteristic of magnetic saturation
and therefore a reduction in contribution to the scattering. Errors increase at high ¢ due

to reduced counting statistics - a reduction in intensity leads to an increased percentage

error, following Poisson statistics.
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Figure 7.7: Intensity against scattering vector for the medium ¢ arrangement at RT.
Fields were selected to investigate specific points of interest.

Figure 7.8: Detector images showing the varying directionality of the scattering signal as

a function of field, for the medium ¢ region at room temperature. Colour scale is as in
previous figures.
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Study of the 2D detector images for fields preceding the peak at H=0.5 T show a distinct
four-fold anisotropy for H<Hg,;, which then collapses after saturation, before intensity is
recorded in an isotropic manner at the H=0.5 T peak and finally the intensity collapses
again in the high field regions. Figure 7.8 summarises the detector images for this results
series. To further investigate the directionality, Figure 7.9 shows the averaged intensity
as a function of the azimuthal (or analysis) angle, elucidating that the intensity change
is stronger for some angular directions than others as field is changed from H=0 T to
H=0.2 T. H=0.4 T is included in this plot to highlight the transition to isotropic scatter-

ing at this value of field and the background data used for reduction is H=0.6 T.
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Figure 7.9: Intensity as a function of azimuthal angle for varying magnitudes of magnetic
field strength at RT.

To analyse these peculiar effects and attempt to determine the underlying mechanism
for this anisotropy, one can employ the use of split analysis sectors to focus on both ’on
anisotropy’ and ’off anisotropy’ scattering. Henceforth, sectors taken at 0°, 90°, 180° &

270° will be summed together and displayed as + scattering and correspond to the 'on
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anisotropy’ scattering. Conversely, sectors at 45°, 135°, 225° & 315° are summed to form
X scattering, corresponding to the ’off anisotropy’ scattering. Example sectors are shown
in Figure 7.10 and Figure 7.11 shows the intensity as a function of the scattering vector

from this analysis.

Figure 7.10: Example sectors used to investigate the anisotropy seen at 0 T and 0.2 T in
the MQ region. White is the + sectors and red is the x sectors.
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Figure 7.11: Intensity as a function of scattering vector at RT for the split sector analysis
(Figure 7.10) for the low values of field which exhibit the four-fold anisotropy.
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It is clear that there is a peak in the scattered intensity within the anisotropy (+) as
opposed to outside of the anisotropy (x). This peak is shown to broaden slightly with
increasing field. Outside of the peak, the scattering data lines up well for both sector sum-
mations, reinforcing that the scattering feature causing the anisotropy appears within a
specific length scale, along specific crystallographic directions.

By using the x scattering signal as a background, the anisotropic peak can be plotted on
a standard I vs ¢ plot (not log scales) where the data shows a clear Gaussian-like shape.
Fitting this data to a standard Gaussian function and using the error bars to contribute to
the weight of the fitting, the centroid position of the peak can be converted to determine

a physical size of the scattering object. Eq. 7.1 shows the fitting model used:

() g

where A is the peak height, b is the centroid position and c is the full width at half max-

Y =Aexp

imum (FWHM) of the peak.

Figure 7.12 shows the results from this peak fitting. At zero applied field, the centroid
position of the peak fitting corresponds to a physical size of 50 nm (determined using Eq.
6.4) for the scattering object, whilst at H=0.2 T the peak is shifted towards a lower ¢
value, suggesting that the scattering object has a physical size of 57 nm. The ¢ values
taken from the fitting to determine these sizes were of high precision (8 decimal places
from instrument) however for this work, it is reasonable to round to 4 d.p, therefore es-
timating physical sizes to the nearest nanometer. The increase in scattered signal at the
extreme low ¢ (0.005< ¢ <0.010) arises from the increased AM due to application of field
- as the material is slightly hysteretic and had previously been magnetised in the negative
direction, it is anticipated that this low ¢ scattering is nothing of note with regards to the

anisotropy-inducing scattering object.
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Figure 7.12: Gaussian peak fitting of the reduced data from the split sector analysis for
both the H-Up and H-Down measurements.

No difference is seen between the peak shape and the resultant centroid position for
both the H-Up and H-Down results. While the centroid position is consistent, there is
clearly a broadening in the peak width (approximately 20% on the FWHM) for the H-
Down fitting, suggesting that there is more of a range in size of the scattering feature
upon reduction of the applied field.

For the second experiment, the introduction of a cryostat allowed for temperature de-
pendency to be investigated. Figure 7.13 shows the zero field resultant temperature
dependency for both cooling and warming. A clear ferromagnetic-like change in intensity
occurs around 230 K which is unusual given that FePd is ferromagnetic at room temper-

ature as shown in Figure 7.2. Further to the large increase in scattered intensity below
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~230 K, there is a precursor increase in scattering beginning at ~250 K, which is roughly
the temperature that the material returns to a background level of intensity.

Due to the instrumental inaccuracies in the heating and cooling data (thermal lag and
poor control settings), it is important to analyse the scattering vector dependence for
more definitive information on the transition temperature. By plotting the intensity as a
function of ¢ for various temperatures, the difference in slope can illuminate the transition
temperature more clearly. Figure 7.13 shows the results of this, using the zero field cool-
ing (ZFC) data to present that the transition temperature lies between 230 K and 240 K
and that after the transition the dependence on scattering vector changes, suggesting a
different scattering mode. Furthermore, it is intriguing that the dependency is the same
at 260 K, which is equivalent to a background level, as for 250 K and 240 K which has

slightly raised intensity.
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Figure 7.13: Left Zero field temperature dependence of FePd, both cooling and warming,
across a temperature range of 200 K to 300 K. Right Scattering vector dependence as a
function of temperature (ZFC) for the MQ arrangement.

Examples of the raw detector images for cooling are given as Figure 7.14 and it is clear
that at T=270 K (and RT) that the four-fold anisotropy previously seen in the first exper-
iment is reproducible. As temperature is reduced, the four-fold anisotropy gets slightly

stronger at higher values of ¢ but becomes significantly sharper in its directionality.
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Figure 7.14: Raw detector images taken upon zero field cooling from 300 K towards 200 K.

To investigate the magnetic properties in the lower temperature region, Figure 7.15 shows
the split sector analysis for the magnetic field dependence at 200 K. As seen at lower val-
ues of ¢ at RT, the horizontal direction is dominant at 200 K for all fields but shows a
peak around H=0.2 T - this was previously unseen in the low ¢ data. The small peak
seen in the MQ field dependency at RT (prior experiment) is no longer visible at 200 K.

Suppression of this predominantly HQ feature may be due to reduced temperature.
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Figure 7.15: Split sector analysis of the magnetic field dependence at 200 K. The defini-
tions of H-Up and H-Down (Figure 7.6) and sector analysis method (Figure 7.10) remain
consistent.
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7.1.3 High q (HQ) - ILL

Beginning in the new high ¢ (HQ) range with measurements as a function of applied
field, it was found that the unexpected peak at H=0.5 T in the MQ range was more
strongly pronounced in the HQ range - specifically the intensity at the peak is &~ 2 orders
of magnitude larger than the intensity surrounding the peak. From this, it is clear that
this appearing feature is by far the dominant scattering mode and warrants investigation.

Figure 7.16 shows a split sector investigation into the field dependence of the intensity.
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Figure 7.16: Split sector analysis of the intensity as a function of applied field for the HQ
range at room temperature. The inset is a magnified view of the data points that make
up the peak from 0.45 T to 0.55 T.

As seen in the LQ) region, the direction which goes with the magnetic field (horizontal)
exhibits a larger scattering signal for both H-Up and H-Down. One point of note is that
amongst this 'top shelf’ of data points, both the ’'vertical H-Up’ and "horizontal H-Down’
share a peculiar U-shape. It is particularly intriguing given that previous data has never
shown the off-field direction to show dominance over the direction aligned with the mag-
netic field and this directional switching highlights that large fields (H>Hg,;)) may break

symmetry in the material.
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H=0.5T

Figure 7.17: Detector images showing the varying directionality of the scattering signal
as a function of field, for the high ¢ region. The colour bar is given to show the difference
in scattered intensity at H=0.5 T.

The 2D detector images for some key fields are given as Figure 7.17. It is clear to see
that the increase in scattering is significant and seemingly isotropic. The area of scatter-
ing immediately around the beam centre is shown to decrease almost linearly with field
(outside of the peak) as is the case for low ¢ signal from ferromagnetic saturation. The
dependency on the scattering vector for these key fields is given as Figure 7.18, which
shows that the increased signal for H=0.5 T extends across the whole range and is indeed
isotropic as the detector image shows. The upper limit of this HQ range translates to a
scattering object of approximately ~ 5 nm. The abrupt appearance and disappearance
of this enhanced isotropic signal is intriguing.

Moving onwards to analyse the potential hysteresis in signal, the difference between H-Up
and H-Down for the intensity against scattering vector is shown in Figure 7.19. Here it
is seen that the hysteresis shown in the HQ region is generally mild. For the H=0 T
data, there is a slight hysteresis in favour of H-Down in the lower end of the range and
this would correspond to the signal seen in the MQ range, with H-Down being ~ 10%
larger than H-Up on return to zero applied field. In contrast to this, there is seemingly
no hysteresis at H=0.5 T, suggesting that whatever the dominant scattering feature is
at this field it is completely reversible. At the lower end of the range, the H-Up can be
seen to be slightly larger than H-Down (as was seen in Figure 7.6) however the error bars
overlap and would require extremely long counting times to clarify this to a reasonable
degree. These results suggest that the hysteresis seen arises from the large scattering

features (magnetic domains) and that the process occurring around H=0.5 T is reversible
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Figure 7.18: Scattered intensity as a function of scattering vector, for key fields within
the data range. Errors are large at the higher end of the range due to a low signal and
Poisson statistics.

and lacks definitive hysteresis in the HQ range.

Finally the directionality of the scattered signal at H=0 T and H=0.5 T is shown in Figure
7.20. There is no exhibited anisotropy at H=0 T, suggesting that the small scale features
in the material have no directional bias without application of magnetic field. This be-
haviour largely continues as the field is increased to H=0.5 T, where only the lower end
of the HQ range shows any directional preference to align with the field direction.

The clear separation in scattered intensity between H=0 T and H=0.5 T warrants inves-
tigation into the effect of temperature on this feature. An altered ¢ range was used during
the second experiment, probing features from 40 nm to a minimum size of 10 nm. Figure
7.21 shows the field dependence in this updated ¢ setting as a function of temperature.
The H=1 T files were used as a background, hence why all scans terminate at zero in-
tensity. Figure 7.21 shows a clear peak at H=0.5 T which appears at 220 K (after the
FCC to FCT transition) which grows in prominence as temperature is further reduced to

200 K. The zero field intensity for both the 200 K and 210 K measurements is extremely
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Figure 7.19: Intensity as a function of scattering vector for both H-Up and H-Down at
room temperature, comparing the scattering dependence outside of, and within the HQ
peak.

similar however there is a clear separation between the two at H=0.5 T, implying that
cooling to 200 K induces some additional magnetic character which is only observed at
fields exceeding saturation.

Finally for the n || [001] arrangement, an investigation into the directional scattering vec-
tor dependence at low temperatures (FCT phase) was performed. Figure 7.22 compares
the vertical and horizontal sectors of the H=0 T and H=0.5 T data, it can be seen that at
230 K there is a very slight bias in the horizontal direction. Upon cooling through 230 K,
the directional separation is reversed and becomes more prominent, in that the vertical

sectors become dominant for both fields.
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Figure 7.21: Intensity as a function of magnetic field for multiple temperatures during
cooling. Time was critical during this experimentation phase and due to the long counting

times at high ¢, where saturation of the magnetisation drastically reduces signal, no data

was collected between 0.5 T and 1 T.
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Figure 7.22: Split sector evaluation of the intensity as a function of scattering vector, for
H=0 T and H=0.5 T, at different temperatures upon cooling from 300 K to 200 K.
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7.2 Results - n || [110]

To further investigate the directionality of FePd at different ranges, a small study was
performed with the beam direction parallel to [110]. After zero field cooling to 200 K,
the hysteresis and field dependence of the material was measured. Figure 7.23 shows the
results from this MQ scan, specifically a peak in the intensity at ~H=0.15 T and almost

negligible hysteresis.
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Figure 7.23: Intensity as a function of scattering vector at 200 K in the MQ range.

Following this, a warming temperature series (again MQ) was performed to determine the
effect of temperature on the field response and Figure 7.24 presents the results. A reduc-
tion in temperature through the transition leads to a saturation-like decline in intensity
with increasing field, however as temperature is reduced further towards 200 K there is
an emergence of the peak centred at ~H=0.15 T. Finally for this orientation, Figure 7.24
shows the hysteresis of the field response at both 200 K and 240 K. It is apparent that for
this ¢ range (a MQ/HQ hybrid), the peak centred at ~H=0.15 T is incredibly dominant
at 200 K but is seemingly not appearing at 240 K. Otherwise, the low temperature regions

of this material are hysteresis free.
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Figure 7.24: Top The field dependence (MQ) on intensity, for varying warming temper-
atures. Bottom Field dependence in the hybrid ¢ range for temperatures of 240 K and
200 K.
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7.3 Discussion

The results presented above clearly outline that FePd is a material which is heavily af-
fected by temperature, applied field and directionality. At room temperature, the material
is ferromagnetic as is evidenced by the non-linear decrease in scattering with increasing
field. Magnetic domain walls are the likely cause for this scattering due to the length
scales upon which this decrease is most prominent - the LQ range used at the FRM-II
corresponds roughly to physical sizes in the range of 50 nm to 250 nm. The alignment of
magnetic domains reaches saturation at ~H=0.3 T, a feature which has been verified by
magnetisation measurements previously.?® Approaching saturation, the directionality of
FePd is found to shift, i.e. there appears a directional bias in scattered intensity which is
maximised at H=0.2 T. The dominant direction lies with the applied magnetic field. The
room temperature hysteresis is fairly large, being on the order of 10% and despite the
directionality influence with increasing field, there are no directional factors in hysteresis
suggesting that the separation of the ’on” and ’off” field direction is itself reversible.

At higher ¢ ranges (MQ corresponds to 25 nm< d <125 nm) the room temperature
field dependence continues to provide information of note, specifically a low H four-fold
anisotropy and a peak in the scattering at H=0.5 T. The four-fold anisotropy is aligned
along the four [110] flavour directions, has a well defined + shape and persists until
H=0.2 T. It is suspected that this anisotropy continues until saturation at which point
the scattering collapses, which has been observed to occur at H=0.4 T for these mea-
surements. The intensity of the four-fold anisotropy can be plotted as a function of the
azimuthal angle where it bears a significant resemblance to magnetic torque measurements
in the literature (Figure 7.25).%> While the contrast between real and reciprocal space is
apparent and therefore the magnetic torque changes recorded previously cannot directly
be the cause of the scattering pattern measured in this work, it does however suggest at an

underlying mechanism that reinforces the importance of both field and direction analysis.

Within the low field four-fold anisotropy, careful choice of analysis sectors and reduc-
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Azimuthal plot of the intensity. MQ, H=0T. Particular attention should be directed to
the 0.2 T, or 2000 Oe, data which shows a combination of two- and four-fold anisotropy
for both results.

tion reveals the existence of a peak in intensity as a function of scattering vector. The
peaks are distinctly Gaussian in shape with a reasonably wide FWHM. Fitting of these
peaks (present at H=0 T and H=0.2 T, H-Up and H-Down) yields a centroid position
equivalent to 50 nm at H=0 T. This is reproducible for H-Up and H-Down, with the peaks
broadening and shifting to a larger centroid relating size of approximately 55 nm.

As temperature is lowered from 300 K to 200 K (which should be significantly into the
FCT phase) there is a clear two-step transition in the region of 250 K to 230 K. The higher
temperature feature has a minimal impact on the scattered intensity, suggesting that the
change in the magnetic response of the material is not significant within the adaptive (or
pseudo-orthorhombic) phase. The hypothesised driving force for the phase transition in
FePd is the coalescence and growth of the twinning clusters, which exist in the bulk at
room temperature and are stabilised with decreasing temperature. It appears that the
magnetic and symmetry properties (two-fold and four-fold combination discussed above)
of these twinning clusters is a contributing factor to the physical properties, even at room
temperatures where their physical size and volume density is small.

The second transition seen as a function of temperature, occurring around 230 K, is sig-
nificantly more pronounced as the scattering intensity rises in a Landau-manner which

is representative of a material cooling through T¢. This is peculiar as FePd is a known
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ferromagnet at room temperature, albeit with negligible hysteresis and coercivity. This
large degree of magnetic reversibility is attributed to the presence of the twinning clus-
ters, which have been found in other systems to ’fold and unfold’ to reduce the magnetic
anisotropy in their local region.'*® Following coalescence and growth through the adaptive
phase region, the crystal structure becomes tetragonal and therefore one would expect a
[001] maximisation for the strain. This is however not the case and below 240 K, the [110]
direction remains the dominant magnetostrictive direction for all fields. The [001] strain
is actually maximised within the adaptive phase region, specifically near the boundary
with the FCT phase - it could be that the bulk emergence of twinning clusters, which are
known to be elastically soft at the FCC-FCT transition, have an isotropic relaxing effect
on the crystal which in turn yields increased strain for the [001] direction.

The magnitude of the two-step transition is visible in the scattering patterns, with the
four-fold anisotropy becoming intrinsically more diamond shaped (i.e. losing its round-
ness at the + positions and instead evolving to assume a non-symmetrical square shape,
orientated 45° off angle) below 250 K. Despite the changes to the pattern, the four-fold
anisotropy remains prominent and increasing the field at 200 K is found to collapse the
signal onto the field direction.

At low temperatures, FePd continues to exhibit almost zero hysteresis between increasing
and decreasing field. Directionality effects persist though, with the peak at H=0.2 T only
existing in the [110] direction aligned with the magnetic field. There is an assumption that
this peak corresponds to magnetic saturation as it correlates well to the room temperature
magnetic properties however it is intriguing that the change in crystal structure did not
affect the saturating field. Furthermore, the increase in scattering from zero field up to
H=0.2 T suggests that the features in this range have some resistance to magnetisation in
low amounts. It may be the case that the martensitic phase (existing of long range order-
ing of twin clusters) maintains its isotropic demagnetisation field up to fields of H=0.2 T,
at which point the demagnetisation field is quenched and bulk saturation occurs. This

is backed up by the fact that the scattering in the [110] direction perpendicular to the
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applied field is almost flat until H=0.2 T, at which point the magnetisation collapses to
Zero.

Probing the smaller length scales (high ¢) elucidates some intriguing directional properties
of FePd, hinting at an intimately linked phenomena between crystallographic direction,
magnetisation and temperature. Twinning striations (of character {110}/(110)) have
been detected in FePd at room temperature, with striation separation of approximately
5 nm. When converted to a reciprocal space value, the striations (assuming 5 nm spac-
ing) will correspond to an approximate value of ¢=0.1 A~'. The high ¢ measurements
showed a strong, isotropic peak in the field dependence at room temperature, with the
peak centred at H=0.5 T and with a width of 0.1 T. Analysis of the scattering vector
dependence at this peak position and comparison to H=0 T show negligible difference in
the hysteresis response, directionality and general scattering vector dependence - seem-
ingly the only difference is one of increased scattering. As temperature is lowered, the
prominence of the beam is reduced through the transition, to such an extent that there
is no discernible peak in the field dependence at 230 K. Continuation of cooling causes
the reemergence of the H=0.5 T peak, which becomes quite pronounced (taking almost
Lorentzian-like shape). Note that the zero field intensity is uniform for 200 K and 210 K,
whilst the H=0.5 T peak shows higher intensity for 200 K than for 210 K, potentially
highlighting that the feature causing an intensity peak at H=0.5 T has a different thermal
behaviour to the bulk.

Shifting orientation to neutrons parallel to the [110] direction (therefore the in-plane
directions of the disk are another [110] and [001] direction, respectively vertical and hori-
zontal on the scattering pattern). Tracking these directions with reducing temperature, it
has been found that the [110] direction becomes the dominant scattering direction below
230 K - more specifically, there is bulk isotropy within the adaptive phase region which
is independent of field. For T<230 K the [110] direction is dominant for all values of
field, likely due to the FCT phase itself having a directional preference in this directions,

a feature which likely holds from the precursor twinning clusters.
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Cooling to 200 K shows that FePd remains free of magnetic hysteresis even after a phase
change, something which is ideal as a long term application. As seen in the MQ range,
there is a well defined peak in the field dependent intensity at H=0.2 T. It has been
previously noted that the twin clusters in FePd are highly mobile and have an unusually
high demagnetisation field - these clusters will mobilise to minimise the magnetisation,
eventually de-twinning at saturation. The lack of peak appearance at H=0.5 T for this
beam direction (H || [001]) is in direct contrast to the previous measurements which show
the aforementioned peak when H || [001]. Clearly this HQ feature has a very specific field

response, yet also seems to undergo the elastic softening at the transition.

7.3.1 Key Findings and Evaluation

e Iron-palladium exhibits magnetic saturation at H=0.2 T - coinciding with magneti-
sation measurements performed in literature and visible in reciprocal space as a

Landau-like increase in scattering with decreasing temperature.

e Presence of an anisotropy in the scattering pattern, which bears similarities to a
combination of two- and four-fold anisotropy observed in the magnetic torque of
FePd. Isolating this anisotropy along the [110] directions shows a clear peak in the
intensity, with scattering features of size 50 nm at zero field. Application of low field
(H=0.2 T) increases the size of this feature to 55 nm, before the feature seemingly

collapses upwards of H=0.4 T.

e A two-step, thermally induced transition which confirms the presence of an adaptive
phase, consisting of a co-existence of FCC and FCT phases, before a bulk transition
into FCT. The FCT phase produces significantly larger scattered intensity in a
manner that appears ferromagnetic in nature - a reduction in temperature produces
a significant increase in signal, reminiscent of the second-order transition seen when
a material is cooled below its Curie temperature. The mixed FCC-FCT phase does

not contribute as strongly to the intensity increase as the volume fraction of FCT is
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presumed to be low and yet to dominate the magnetic response, however the growth
of the adapting does lead to a small signal increase. At 200 K, the field dependence
produces a peak at saturation (H=0.2 T) before proceeding to fall to zero as field

is ramped further.

e A crystal direction dependent peak in the high ¢ region at H=0.5 T. This peak is
present when the field is aligned along a [110] direction but fails to appear when
H || [001], suggesting a strong reliance on magnetocrystalline anisotropy for the
feature inducing this scattering interaction. The peak is shown to stand out signifi-
cantly from the background at 200 K and 300 K but is indistinguishable around the
transition temperature. Finally, the [110] direction remains dominant in intensity

despite field direction being applied parallel to [001] in this geometry.

These results clearly show that the precursor twinning clusters, or martensitic tweed, play
a crucial role in the physical properties of iron-palladium. It has already been highlighted
that the resistance to magnetisation of these clusters, arising from a unique demagneti-
sation field, play a significant role in the minimisation of magnetic energy within the
material. It is likely that the twinning clusters continue to play a crucial role in the
material following the transition to a bulk FCT phase.

Room temperature analysis of the four-fold anisotropy clearly reveals a group of scatter-
ing features with an average size of 50 nm at 0 T and 55 nm at 0.2 T. These features are
reversible with applied field and exist solely along all of the [110] flavour directions. As
temperature is reduced, the [110] directions preserve their anisotropy however there is a
growth in intensity in the intermediate directions. This arises from the bulk coalescence
of clusters at the phase transition and makes the twinning clusters hard to detect using
SANS, with the anisotropy becoming sharper in ¢ and not in azimuthal angle. These
twinning clusters are highly mobile and significantly larger than those previously seen
using TEM, with these results suggesting cluster size of 50 nm in comparison to tweed
striations seen on the 2 nm length scale.

The high g range, covering physical sizes from ~ 5 nm up to ~ 30 nm show a peak in the
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magnetisation at H=0.5 T, when applied field is along a [110] direction. For the orienta-
tion when H || [001], this peak does not appear. Given this information and supported

100 it appears that there is also a

by the knowledge of twinning striations within FePd,
distribution of striations which exist along, and are incredibly resistant to magnetisation,
along the [110] directions. Given their small physical size, their net contribution to the
bulk magnetic properties will be small and likely undetectable using conventional meth-
ods. However, with SANS, direct evidence has been observed for some transition at 0.5 T
whose length scale corresponds directly to that of the twinning striations. As field is
ramped, the striations will resist magnetisation (due to their mobility and extremely low
anisotropy) until such point when the magnetism is able to ’override’ the twin character,
forcing alignment along the [110] directions. At this override point, the striations produce
a peak in scattering intensity whose character is currently undetermined - it may arise
from a magnetic or crystal structure effect, more likely a combination of both.

As FePd is cooled to 200 K it clearly passes through the expected adaptive phase before
becoming FCT in the bulk. The two phases show different levels of scattering intensity,
with the latter FCT producing a very dominant degree of scattering upon cooling. Sat-
urating field remains constant at H=0.2 T for all values of temperature, although the
intensity of signal is more pronounced outside of the transition than within it, likely aris-
ing from the softening of the phonon coupling during co-existence of the FCC and FCT
phases. The same is true for the high ¢ peak at H=0.5 T, suggesting that the peak in

scattering at saturation is a feature of the FCT phase regardless of its physical form, i.e.

bulk or striations.

7.4 Further fundamental material investigations

It is fairly typical for Doctoral programmes with a focus on beamline/large-scale facility
techniques to include investigations that span multiple scientific strands - the work in-

cluded in this thesis is no different, presenting studies on two specific alloy systems. Other
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work performed in this thesis includes but is not limited to:

Irradiation induced precipitation in reactor pressure vessel steels Precipitation
clusters, comprising mainly of Cu, Mn and Ni, have been found to negatively affect
the key properties of reactor pressure vessels in the nuclear industry. These clusters
form due to the large irradiation and time at temperature experience near the core
of nuclear reactors. The cluster size and changing magnetic character make them
detectable on the SANS scale. Work in this project involved an experimental SANS
study, coinciding with a metallurgical characterisation of reactor pressure vessel

steels.

Search for magnetic polarons in europium hexaboride and europium telluride
Polarons are a hypothesised quasiparticle, consisting of a cage of lattice distortions
and a drifting conduction electron. Exchange interactions between the conduction
electron and local lattice moments may give rise to the existence of magnetic po-
larons. These local regions of ferromagnetism have been speculated to play a crucial
role in the insulator to metal transition in europium hexaboride/telluride and there-
fore could be the underlying mechanism behind the colossal magnetoresistance seen
in this compound. Multiple SANS studies on this compound have been performed
in the pursuit of direct evidence for magnetic polarons. Given the experimental
difficulties in measuring Eu based samples (large neutron absorption), it has proved
troublesome to achieve these desired results in a typical transmission SANS orien-

tation.

Polarised SANS on FePd In addition to the work presented in this chapter, a po-
larised neutron scattering study on FePd has been attempted. The aim of the
experiment was to isolate the contributions from the four channels of polarised
scattering (++,+-,-+,—) which in turn would allow for the determination of the
precise magnetic and structural contributions to the scattering pattern. Unfortu-

nately, given the ferromagnetic nature of FePd and the desire to probe features at
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magnetic fields exceeding saturation (i.e. the 0.5 T peak), the results from these

measurements remain inconclusive.
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Chapter 8

Functional materials (Tb;_,Dy,Fes):

Results & Discussion

This chapter recounts the results of the synchrotron XRD study on various compositions
of Th;_,Dy,Fe, samples. Results are presented in this chapter firstly as individual sam-
ples, before a summary of the MPB position is delivered. When discussing temperature
regions, these are are divided as ’low’, 'intermediate’ and ’high’, relative specifically to
the sample environment used to achieve them. Table 8.1 summarises these temperature

ranges.
Table 8.1: Definition of the temperature regions described in this analysis.

Region name ‘ Sample environment ‘ Temperature range

Low Cryostat 10 K to 120 K
Intermediate Cryostream 90 K to 300 K
High Hot air blower 300 K to 700 K

The two main methods of data presentation and analysis in this chapter are: colour maps,
covering a wide temperature and angle range, with the intensity displayed as an overlaid
colour, and individual scans of the (222), (440) and (800) reflections, displaying intensity
as a function of angle. Colour maps allow for easy visualisation and determination of tran-
sition temperature and character and follow a typical 'temperature’ scale; blue or ’cold’
represent a minimum in intensity, while dark red or ’hot’, represent the maximum inten-
sity values for that figure. Due to the reflection sites chosen, new or changing appearances

of colour/intensity (rapid or slowly with temperature) are signals of a change in phase
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structure. Discontinuities in the centroid positions and/or intensity hint at the existence
of first-order phase transitions, or 'sharp’ boundaries. While colour maps are particularly
effective at highlighting the presence and position of phase transitions, they are not so
effective at presenting the specific peak splitting which occurs over very small angle ranges
(an example is four separate features within an angular range of 0.5°) - individual intensity
scans at various temperatures addressed this problem. Plotting the intensity as a function
of angle for individual temperatures (or occasionally multiple temperatures where appro-
priate) the nature of the phases and/or phase mixing at that composition & temperature
position can be assessed. The ratio of peak amplitudes is used as an indicator of both the
degree of phase mixing, however peak fitting is only performed for defined regions of two
peaks, with a double pseudo-Voigt profile (see Chapter 6.4.2). The metric of "amplitude
ratio’ visible on the figures in this Chapter, is defined in Eq. 8.1 and Table 8.2 presents a
summary of the expected peak amplitude ratios for rhombohedral, tetragonal and cubic
phases. Amplitude ratio is used to show a ’trend’ in the peak splitting behaviour, in that

it is shown to highlight when a set of reflections is distorting towards a given phase.

High angle intensity

Amplitude Ratio = (8.1)

Low angle intensity

Table 8.2: Expected peak amplitude ratios for the rhombohedral, tetragonal and cubic
phases. Unity represents no splitting, or one single peak in the intensity. Otherwise, peaks
are listed in order of ascending angle, such that the ratio is Low angle intensity: High angle
intensity. The value of the amplitude ratio metric, calculated using Eq. 8.1, is given in
brackets.

(222) | (440) | (800)
Tetragonal Unity | 1:2 (2) | 2:1 (0.5)

Rhombohedral | 1:3 (3) | 1:1 (1) | Unity

Cubic Unity | Unity Unity
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8.1 Sample 1 - Tby Dy ssFes

Given that this composition has a relatively high Tb content, the measurements were
focused on monitoring the low temperature region, where the ThFe, parent phase should
induce a rhombohedral distortion which will in turn generate a peak splitting in the
amplitude ratio of 1:3. There are no corresponding Mossbauer results relating to this
composition, however by extrapolation between the known easy axis results, the MPB is
anticipated to appear at approximately 50 K.32 By probing temperatures between 10 K
and 90 K, evidence has been uncovered for a previously undiscovered low symmetry, low
temperature phase where the peak transformations and resultant positions do not coincide
with either of the parent phases. A further discovery is that of a first-order transition from
the co-existence of rhombohedral and low symmetry phases, signalled by a spontaneous
jump’ in the peak amplitudes at 50 K, which heralds a second-order growth in dominance
of the rhombohedral phase. The shift to a fully rhombohedral structure appears to still
be occurring at 86 K.

Figure 8.1 shows the peak intensity as a function of temperature and two theta angle for
all three reflection sites, where there is a sharp discontinuity in the region of 50 K. Below
the discontinuity, the (222) reflection site shows four key features at 14 K (Figure 8.2) -
two peaks at approximate positions of 9.60° and 9.62°, as well as two well defined shoulders
at ~=9.58° and 9.63°. The presence of these additional features suggests the existence of
some low symmetry phase. As temperature is increased to 46 K, there is minimal change
in the reflection site other than an increase in signal at the ~9.58° shoulder. Between
46 K and 54 K, there is a sharp transition above which the resultant angular dependence
on intensity is characteristic of a rhombohedral lattice distortion (two peaks at 9.58° and
9.62°), although there remains some dilution of the lower angle peak in that its intensity
is higher than expected. Rhombohedral lattice distortions will cause a 1:3 splitting ratio
in the (222) reflection. Analysis of the peak intensities at T=86 K for this reflection yield
an approximate value to the amplitude ratio metric (Eq. 8.1) of 1.67. At T=82 K, this

metric is 1.36. This discrepancy in the peak amplitude ratio suggests that phase mixing

131



o«

o
o«
o

<3
=]

=

=]

=]

o
=]
o

Temperature (K)
2

F
(=
Temperature (K)
2

o
(=]

w

o
w
o

h
(=]

h
(=1

l

952 954 956 958 96 9..62 964 966 968

1555 156 1565 157 1575 158 1585
Angle (°) Angle (°)
(a) (222) reflection (b) (440) reflection

Temperature (K)

2215 222 2225 223 2235
Angle (*)

(c) (800) reflection

Figure 8.1: Low temperature intensity mapping at the specific reflection angles of interest
for Thg.44Dyos6Fes.01 for a temperature range of 14 K to 86 K
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is preserved with increasing temperature and is still significant at T=86 K. The intensity
vs angle scans for temperatures in the range 14 K to 86 K, at the (222) reflection site are
given as Figure 8.2.

Similarly, the (440) reflection exhibits a co-existence of phases at 14 K with approximate
peak positions of 15.72°, 15.74° and 15.76°. The outer peaks are expected for a rhombohe-
dral lattice distortion, while the centre peak is not. All three peaks share roughly similar
amplitudes. Increasing temperature to 46 K results in amplitude changes to two of the
peaks - relative to the 15.72° peak, the centre-most peak shows reduced amplitude while
the high angle peak intensity is enhanced. Across the supposed boundary, the transition
is sharp and at 54 K the low angle peak has become dominant while the centre peak (at-
tributed to arise from a low symmetry phase) is reduced to exist within the background.
Further temperature increase reverts the peak dominance to the high angle peak. The
(440) reflection peaks should take a ratio of 1:1 under a rhombohedral distortion and, as
in the case of the (222) reflection for this sample, this amplitude ratio is not yet seen at
86 K suggesting co-existence of phases at this temperature. Figure 8.3 summarises these

(440) reflection scans.
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8.2 Sample 2 - Tby 4Dy ¢ Fes 0

For this sample, the aim was to track the reflection positions through a larger region of
interest, namely from 10 K (using the cryostat) up to 300 K (using the Cryostream). The
results are divided into two approximate ranges, the low temperature range (10 K to 70 K)
and an intermediate temperature range (100 K to 300 K). The low temperature colour
plots (Figure 8.4) show reproducible evidence from Sample 1 that there is a transition to
a low symmetry phase at around 50 K, demonstrated by the existence of two additional
peaks (at 9.60° and 9.63°) whose intensities fade into background above 50 K. All three
reflection sites show a clear discontinuity in the centroid positions of the main intensity
peaks, with a centroid shift to the lower angle on the order of 0.01° at 50 K. A summary
array of the (222), (440) and (800) reflections, where the peak fitting results are plotted
and amplitude ratio is presented, are given respectively as Figures 8.6, 8.7 and 8.8.

The intensity profiles exhibited above 50 K are well defined - the (222) reflection shows
two pronounced peaks, with the higher angle peak being significantly stronger in intensity
than the peak at ~9.58°. The (440) reflection shows a uniform, even splitting above 50 K
with only slight variation in intensity (the lower angle peak shows stronger intensity) and
a separation of 0.05°. Finally, the (800) reflection shows a single peak with considerable
width; some degree of increased peak width is expected as scattering angle is increased,
however the non-symmetrical intensity profile for this reflection is characteristic of peak
shouldering, which appears unchanged with increasing temperature (from 10 K to 68 K).
Continuing into the intermediate temperature range of 95 K to 300 K, the intensity pro-
files and centroid positions at 95 K agree well with the 68 K information from the low
temperature data set (Figure 8.5). The (222) reflection maintains its intensity imbalance
character, while the (440) reflection appears to be more evenly split and the shouldering
on the (800) reflection remains unchanged with temperature. The width on the low angle
side of the (800) reflection is approximately 0.05°, significantly larger than that on the
high angle side (/0.01°).
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Figure 8.4: Intensity mapping at the specific reflection angles of interest for
Thbo.40Dyo.e0Fes.01, for a temperature range of 10 K to 68 K.

For the two reflections with a discernible peak splitting, specifically the (222) and (440)
reflections, the centroid separation decreases in a linear fashion with increased tempera-
ture such that the peak splitting appears to ’close’ with warming.

Analysis of the individual intensity vs angle scans (Figures 8.6, 8.7 and 8.8) shows that
for the (222) reflection above 50 K, the amplitude ratio metric tracks well towards the
expected value of 3, confirming the rhombohedral character. Alongside this, the (440)
reflection shows dual peak character across a wide temperature range (15 K to 293 K)
with the expected amplitude ratio metric of 1. It is important to highlight however that
the goodness of fit is increasingly poor for temperatures below the transition, suggesting

that as seen in Sample 1, there is a third peak feature in the angle region of 15.74°, which
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"pollutes’ the rhombohedral distortion at low temperatures. The change in the (800) re-
flection is minimal with temperature, although the statistics suffer at higher temperatures

where the increased thermal vibrations cause problems at high angle peaks.

280
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Figure 8.5: Intermediate temperature intensity mapping at the specific reflection angles of
interest for Thg 40Dyo.60Fe2.01, for an approximate temperature range of 100 K to 300 K.
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8.3 Sample 3 - Tb0-36Dy0_64Fe2_02

This sample is of particular interest as it encompasses a large range of features: the ex-
pected rhombohedral-tetragonal MPB but also low T Mossbauer results either side of this

composition (x=0.6 and x=0.7) show different easy axes of magnetisation,?

suggesting
that some transition takes place in the low temperature region. Given the intrigue in
this region of the phase diagram, a full temperature scan (10 K to 700 K) was performed
and also temperature hysteresis scans in certain ranges to assess the effect of cooling and
warming on certain transitions.

Beginning with the low temperature region, Figure 8.9 shows there is a clear hystere-
sis between cooling and warming - transition appears to occur around 50 K for cooling
but not until approximately 110 K for warming, although there is a slight peak shoul-
der, visible as a smear on the colour plot, extending down to around 50 K for warming.
It is important to highlight that the discontinuity, or first-order ’jump’ in the centroid
peak position at 50 K (seen in Samples 1 and 2) is again shown for this sample, however
the magnitude of said centroid shift to low angle is lessened (approximately 0.005°, as
opposed to 0.01° for Sample 1). The hysteresis response is summarised in Figure 8.10,
which shows the overlaid cooling and warming (222) peaks as a function of temperature.
While the centroid positions of the peaks remain within error for cooling and warming,
there is approximately a 50 K difference between the transition temperature, found in
both the (222) and (440) reflections.

Figure 8.11 shows the colour map array for warming in the intermediate and high tem-
perature ranges, while Figure 8.12 shows the three reflection sites at key temperatures
through the whole temperature range. The transitions in this sample are particularly
noteworthy and intriguing. The peak reflections at 20 K are all unity, signalling that this
phase is neither rhombohedral, tetragonal or the low symmetry phase observed in Samples
1 and 2. Based purely on the reflection measurements, it would be assumed that this low
temperature phase is cubic in nature (due to its high symmetry and lack of distortion

driven peak splitting), however the presence of a low temperature cubic structure in this
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alloy series has not thus far been suggested - in all likelihood the distortion is below the
detectable limit, a reality that may occur from poor sample quality. Furthermore, it is
peculiar that the previous low symmetry to rhombohedral transition (Samples 1 and 2)
exhibit no hysteresis for warming and cooling. This sample, where the peaks are reflec-
tive of a high symmetry system, has a transition with well quantifiable hysteresis and this
further adds to the intrigue for this phase.

Trending upwards through the transition, the peaks shift to take on a rhombohedral like
reflection pattern (i.e. splitting of the (222) and (440) but not the (800) reflections),
which then persists through the intermediate temperature range. The (440) amplitude
ratio shows consistent agreement with the expected value of 1 for the majority of rhombo-
hedral region, however the (222) reflection exhibits more fluctuation in the peak splitting,
with the amplitude ratio varying from 4 at 98 K before trending towards, and decreasing
below, a value of 3 at 406 K. Upon further heating, centroid position separation is reduced
until such a point that the peak splitting is no longer observable - the peaks merge back
to unity. Further to this, there exists a slight discontinuity in angle at approximately
600 K. This discontinuity takes a similar form to that seen in the low temperature data
of Samples 1 & 2, and is seemingly a first-order transition, one which is more in line with

a transition to a high temperature cubic structure.
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Figure 8.9: Low temperature intensity mapping at the specific reflection angles of interest
for Tho.36Dyo.64Fe2.02. Note that a cooling run for the (800) reflection was not performed
due to early errors in experimental set-up, another of which is the reduced resolution
unfortunately visible in the (800) warming results.
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Figure 8.10: (222) reflection peaks as a function of temperature, for both cooling and
warming cycles, showing the hysteresis in the transition temperature. The slight variation
in temperatures at each point is due to slight inaccuracies between regulator and sample

space thermocouples.
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Figure 8.12: Intensity as a function of two theta angle at key points across the temperature
range, for Left (222), Centre (440), and Right (800) reflections. Note that the slight
low angle shoulder on the (800) peak is attributed to a small amount of impurity present
within the sample, as the shoulder is constant across the full temperature range.
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8.4 Sample 4 - Tbq 35Dy ¢5Fes 05

The composition of Sample 4 matches that used in previous synchrotron XRD studies
and marked the composition lowest in x from those studies. Based on this previous
data,? the MPB transition is anticipated to occur around 150 K. It is important to note
that this sample had the highest Fe content of the nine alloys studied - a factor which
may contribute to a small degree of impurities as RE-Fez is known to form readily.'%*
Figure 8.13 shows the generated colour plots from the measurements in the intermediate
temperature region, for both cooling and warming, where the transition temperature is
observed to onset at 180 K. Below the transition temperature, the reflections are all unity
albeit with some significant shouldering. The angular separation of the split reflections
above the transition temperature remains distinct. At the transition temperature and for
the reflections which undergo a splitting (i.e. (222) and (440)), it is found that the unity
peak intensity (low temperature) consistently tracks towards the higher angle reflection.
Figure 8.14 shows the three reflection sites at key temperatures around the MPB and
where applicable, the associated fitting results. Aside from the presence of two minor
impurity peaks (attributed to excess iron and the formation of minor undesirable phases)
affecting the low angle shoulder on the (222) and (800) reflections, the observed peak
splitting is characteristic of the MPB. However, the transition temperature appears higher
than that seen in Sample 3 which is similar in composition - 180 K for Sample 4 as
opposed to ~120 K (warming). A further point of interest arises in the "flavour’ of the
(440) reflections at 90 K. For Samples 1 and 2, the low temperature region of the (440)
reflection exhibited three distinct peaks of roughly equivalent intensity, the centre-most of
which is attributed to the presence of a low symmetry phase. For this sample, the central
peak (15.73°) is significantly larger in intensities than the peaks either side (15.50° and
15.75°) and the peak intensity remains constant with increasing temperature, eventually
collapsing between ~110 K and 150 K. A tetragonal structure would exhibit a 1:2 splitting
and therefore these measurements may suggest a co-existence of T and R phases (dominant

T at 90 K, evolving to dominant R with increasing temperature).
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with temperature and assumed to derive from an impurity.
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8.5 Sample 5 - Tb0_34DyQ.66F62‘03

Tho.34DyoesFea o3 is very similar in composition to Samples 3 & 4. Sample 5 acts as a
compositional accuracy check for the other samples in this region. Figure 8.15 shows
the resultant colour plots, which feature a relatively sharp transition to rhombohedral
structure at ~120 K. This transition is free of hysteresis between cooling and warming
cycles, with the MPB transition temperature for this sample having an onset of around
120 K and appears relatively sharp in its transition from tetragonal to rhombohedral.

Figure 8.16 shows the reflections at approximately 95 K, 150 K and 200 K. At 90 K
all three reflection sites exhibit peak unity, a feature which has already been discussed
for Sample 3, is characteristic of a high symmetry cubic structure. While it may be
the case that the tetragonal distortion is not of significant magnitude to split the (800)
reflection, a 1:2 splitting in the (440) reflection is expected and the lack of such a feature
does provide evidence for a low temperature cubic structure. Centroid separation after
the transition is shown to close with increasing temperature and the non-symmetrical,
low angle shouldering on the (800) reflection is observed for this sample - a reproducible
feature from Sample 2. A further point of note for Sample 5 is that it shows a good degree
of 'purity’, specifically that the peak reflections behave as expected with minimal impurity
shouldering and sharp transitions. This may imply that MPB width is more intimately
tied to composition than originally thought, with the previous perception being that MPB

width is only a function of temperature.
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8.6 Sample 0o - Tb()'goDyO.mFez_()l

Sample 6 sits firmly within the region of composition that has previously been docu-
mented using synchrotron XRD, with an expected MPB position at around 230 K. This
sample was only studied in a small temperature range of 230 K to 280 K - a choice which
in hindsight, was an experimental misstep. Figure 8.17 shows the colour plots for cooling
across that narrow temperature range. There is a smearing across all angle ranges be-
tween 255 K and 260 K - it is believed this arises from poor instrumental setup and/or an
artefact from interpolation between data points, rather than any transitions within this
temperature range. The most likely cause of this experimental error is a small degree of
thermal expansion in a poorly ground powder, causing a slight shift in the powder (within
the capillary).

Due to the smearing and low resolution of the colour plots, it is even more paramount
than in other samples to study the individual plots of intensity as a function of angle
- Figure 8.18 does this. While resolution remains poor in comparison to other samples
(it is not uncommon for instrument parameters to be optimised more with increasing
experiment time) it is still sufficient to show that the material is rhombohedral across this
whole temperature range. Furthermore, the poor resolution of this data set raised issues
with the fitting and analysis of the amplitude ratio. Throughout this analysis, the DPV
fitting has been performed using a consistent peak shape - more specifically, the ratio of
Lorentzian and Gaussian contribution within the Pseudo-Voigt is constant for both peaks,
meaning the fitting is based only around changes to centroid, amplitude and peak width.
This is the most robust method for fitting peak splitting, based on the assumption that
the reflections are splitting only due to distortion from phase changing which is uniform
across the sample. An example of the poor statistics is visible in the (800) reflection,
where the large error bars cast doubt on whether the feature at ~22.27° is two fine peaks

or one single peak with considerable width.
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Figure 8.17: Intermediate temperature intensity mapping at the specific reflection angles
of interest for Tbg 30Dy 70Fes01. Measurements were taken upon cooling.

The MPB transition is expected at around 230 K, previous evidence within this study
suggests that the rhombohedral peak splitting can begin to emerge at temperatures lower
than expected - likely due to the large [111] strain of TbhFes being significantly larger than
the [001] strain of DyFe,, approximately 75 times stronger at 250 K.?® Therefore, this

data set can only affirm that this composition is wholly rhombohedral across this narrow

temperature range.
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Figure 8.18: Intensity as a function of two theta angle across a focused temperature range,
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87 Sample 7 - Tb0'25DyO.75F62_01

Thbo.o5Dyo 75Fes 01 exists firmly within the region of samples previously studied with syn-
chrotron XRD and of the samples studied is arguably closest to Terfenol-D in composi-
tion.?? The expected MPB position is in the region of 250 K to 300 K and Figure 8.19
shows the resultant colour plots for this intermediate temperature range, for both cooling
and warming.

Figure 8.19 shows a discrepancy between cooling and warming, a feature which has not
been seen thus far for the MPB transition. The cooling run shows a continuous transition
from tetragonal to rhombohedral, beginning around 250 K and continuing with increasing
temperature, however the warming run shows more of a 'jump’ in the data. This mild
discontinuity at 250 K appears first-order in nature and shares significant similarities to
the low temperature transition observed in Samples 1 and 2. Otherwise, there is negligible
hysteresis between warming and cooling.

Above the transition temperature, the three reflection sites do not exhibit the normal
splitting for an "above MPB’; or rhombohedral, position - a direct contrast to what has
been seen in the samples preceding this one. Consulting the colour maps, it has become
common in these measurements to observe a clear separation between the low and high
angle peaks of the (222) and (440) reflections. For this sample, this is not the case and
above the transition temperature the colour maps show one feature with considerable,
non-symmetrical width, rather than individual features.

Figure 8.20 shows the reflection sites at key temperatures - before, during and after the
MPB transition (increasing temperature). Firstly, it is important to highlight that the
(800) reflection shows a consistent, temperature independent, low angle shoulder which is
separated from the main peak by approximately 0.03°. While the intensity of this feature
does fluctuate slightly, i.e. more pronounced at 304 K than at 268 K, it is most likely that
this feature arises from a small amount of impurity phase. Despite this, the remaining
reflections are fairly conclusive. From approximately 100 K up to ~220 K, the reflections

are at unity; this has been observed and discussed prior (for example in Sample 5) and
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provides further evidence for a low temperature cubic phase on the Dy-side of the phase
diagram. At 220 K and onwards to a temperature in excess of 300 K, the (222) and
(440) reflections split in the expected manner, taking respective amplitude ratio metrics
of 3.25 and 1.31, at 300 K. These agree reasonably well with the expected values of 3
and 1. The top end of this data set is ~440 K and at this temperature, the (222) and
(440) reflections have returned to unity, whereas the (800) reflection continues to con-
tain the low angle shoulder hypothesised to arise from impurities. While the peaks at
this temperature are not yet symmetric, it is clear that either: the lattice distortion is
drastically reducing with increasing temperature, therefore reducing the degree of peak
splitting, or that the transition to the high temperature cubic structure (documented to
occur at approximately 700 K depending on z) is happening at temperatures far lower
than expected. Given the high temperature discontinuity seen at 600 K for Sample 3,
it is anticipated that the cause of centroid merging is a reduction in lattice distortion, a
suggestion which is also backed up by a lack of, or immeasurable amount of, [001] lattice

distortion in the tetragonal phase.
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Figure 8.19: Intermediate temperature intensity mapping at the specific reflection angles
of interest for Thg o1 Dyg.79Fes g2, for a temperature range of 100 K to approximately 450 K.
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Figure 8.20: Intensity as a function of two theta angle across the high temperature range,
for Left (222), Centre (440), and Right (800) reflections observed in Thg25Dyo.75Fe2 1.
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8.8 Sample 8 - TbO_QlDyo_']gFeQ'OQ

With an z ratio slightly higher than that previously studied using XRD (Bergstrom),
Sample 8 provides a crucial comparison between previous work and this study. The high
Dy content in this alloy leads to an expectation for the MPB to exist at temperatures not
too dissimilar from room temperature, as the Dy content for Sample 8 is higher than that
for Terfenol-D and it has been previously explained that Terfenol-D is a market leader
for room temperature magnetostrictive applications (see Chapter 4). Therefore, for this
sample the intermediate and high temperature ranges were studied. Figure 8.21 shows
the cooling data for all three reflection sites, in the intermediate and high temperature
ranges.

Figure 8.21 shows that there are three transitions occurring in this sample - two posi-
tioned approximately at 300 K and 450 K, which are both continuous in their nature, and
a final at approximately 620 K that behaves similarly to that seen in Sample 3, albeit
with a larger magnitude shift to lower angle. The higher temperature transition agrees
well with the other samples and given the reflections are all unity above this, it seems
apparent that this is the cubic transition temperature. Cooling from 600 K, the peaks
remain fairly singlet in nature until 450 K, at which point the (222) and (440) peaks gain
a lower angle shoulder (~0.01°) and increased width respectively (Figure 8.22). A lack of
distinct rhombohedral peak splitting suggests that for this composition, there is a large
region of rhombohedral and tetragonal phase co-existence - more completely, the MPB
nature is clear and has a large width for this large value of Dy content. Below 300 K
all three reflections are at unity. Given the continued observation of unity peaks in what
is anticipated to be a tetragonal region, it is becoming apparent that the magnitude of
tetragonal distortion in these samples is not significant enough to promote peak splitting,
particularly at temperatures greater than 100 K. Reasons for this may include changing
elastic constants with temperature, or that the polycrystalline nature of these samples is
resulting in reduced degree of distortion.

Terfenol-D (~Thy 3Dy 7 Fes) exhibits desirable properties due to the minimisation of the
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opposing magnetocrystalline anisotropies of the parent phases and the large strain of the
[111] distortion (Section 4). At this composition, the MCA will be significantly large on
the Dy side and furthermore, the [001] distortion is approximately two orders of magni-
tude smaller than the [111] distortion from the ThFe, phase.

In the 100 K region, there is a peculiar shifting of the two theta angle with temperature.
Increasing temperature promotes lattice expansion, increasing the lattice parameters and
shifting the reflection to lower angle. It appears that from low temperature up to ~100 K,
the opposite is true and that all three reflections shift to higher angle, suggesting that
the shifting anisotropy constants (Figures 2.2 and 4.5) are leading to negative magne-
tostriction. Unfortunately, the low temperature region was not probed for this sample

and therefore cannot offer any indication as to the cause of this feature.
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Figure 8.21: Intermediate and high temperature intensity mapping at the specific reflec-
tion angles of interest for Tbhg o1 Dyg79Fes02. Measurements were taken upon cooling.
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8.9 Sample 9 - Tb()'lgDyO.87Feg_()1

Sample 9 falls firmly onto the Dy side of the existing phase diagram and has not previ-
ously been studied by synchrotron XRD. Mossbauer results for z=0.85 show tetragonal
structure at 0 K but at 300 K the structure becomes non-trivial and therefore not well

defined. Figure 8.23 shows the colour plots for the three reflection sites of interest.
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Figure 8.23: High temperature intensity mapping at the specific reflection angles of in-
terest for Thg 13Dyg.s7Fes01. Measurements were taken upon cooling.

Figure 8.23 clearly shows uniformity with increasing temperature, aside from a slight
discontinuity or 'jump’ in the data at approximately 600 K. The cubic transition temper-
ature for DyFe, is in that region, previously stated as 635 K, therefore this discontinuity

likely corresponds to the first order phase change from tetragonal to cubic - as the lattice

parameters unify, the reflection angle is shifted slightly to represent that.
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Figure 8.24 shows the reflections as a function of temperature. In comparison to other
compositions near the MPB (i.e. those with less Dy), there is no clear transition from
300 K up to 700 K and a single measurement performed at ~90 K shows that this peak
unity continues down through the intermediate range. Unity peaks in this high temper-
ature region would seem to suggest that the structure is cubic and the lack of a clear
transition in this composition is striking. As discussed for Sample 8, it is fair to propose
that the material is indeed tetragonal from 89 K to the cubic transition but the [001]

distortion is sufficiently small to not promote significant peak splitting.
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Figure 8.24: Intensity as a function of two theta angle across the high temperature range,
for Left (222), Centre (440), and Right (800) reflections.
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8.10 Discussion

The results presented in this chapter have shown a considerable expansion on the previ-
ous synchrotron XRD results for Th;_, Dy, Fes alloys. Table 8.3 summarises these results,

showing the different phase regions and transitions identified during this study.

Table 8.3: Table summary of the phase regions determined within this study. = represents
the at% of Dy. LS, R, T and C represent low symmetry, rhombohedral, tetragonal and
cubic phases respectively. MPB is used in place of a T+ R co-existence.

Sample Number | =z Summary
1 0.56 15 K<R+LS<54 K,
54 K<R<86 K
5 0.6 10 K<R+LS<50 K,
' 50 K<R<300 K
15 K<LS<110 K,
3 0.64 110 K<R<450 K,
450 K< C
90 K< R+LS<160 K,
4 0.65 160 K<R
90 K< T<170 K,
5 0.66 | 170 K< MPB<210 K,
210 K<R<300 K
6 0.7 230 K< R<280 K
90 K< T'<245 K,
. 075 245 K< MPB <300 K,
300 K< R<440 K,
440 K< C
90 K< T'<300 K,
8 0.79 | 300 K< MPB<460 K,
460 K< C
9 0.87 | 90 K<T/C<700 K

Here new evidence is shown for the existence of a low temperature, low symmetry phase
which appears in compositions with 0.5<x<0.65. Furthermore, these results have ex-
panded the synchrotron XRD phase diagram for this material, particularly focused around
the morphotropic phase boundary that exists between the tetragonal and rhombohedral
phases. Focused studies within the MPB region show a second-order transformation
through the boundary, with no evidence to suggest that monoclinic phases form and/or

are stable within the MPB region - therefore, MPBs in this material are a co-existence
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of the two phases either side of the boundary. The high temperature results suggest that
the cubic transition, previously thought to exist at 700 K, is occurring at slightly reduced
temperatures in the region of 600 K to 650 K, signified by a first-order discontinuity in the
angular positions. Meanwhile, the peak centroids merge to unity in a 'cubic-like manner’
at temperatures significantly below the cubic transition (approximately 450 K) - an indi-
cating factor that the spontaneous lattice distortion of the rhombohedral and tetragonal
phases are drastically reduced with increasing temperature.

It is important to preface this discussion by saying that minor compositional inaccuracies
may lead to some discrepancy between samples. An attempt has been made to con-
firm the Tb/Dy ratio of the samples measured (using Reitveld refinement in the high
temperature region) however these have proved unsuccessful due to the highly similar
electron clouds of the two elements. Previous arc melting experience and preliminary
compositional analysis of samples produced earlier in the production cycle (where errors
in fabrication are expected to be most apparent) show good agreement with calculated
composition, therefore it is reasonable to assume an error of o = +0.01 to the Th/Dy
ratio, which ultimately dictates the position on the phase diagram. The presence of any
impurities provides minimal impact to these results as the experimentation focuses in on
specific reflections, where the amplitude ratios are well defined - any impurity peaks are
visible and can be accounted for.

The existence of low symmetry phases in MPB-containing materials has long been spec-
ulated and work which has been previously discussed in this thesis has paved the way for
ever developing knowledge. Monoclinic phases have been suggested to exist within the
MPB, forming an adaptive phase across which the easy axis transition can occur - this is
contrary to the findings of this work, which show a continuous, or second-order, transition
through the MPB, facilitated by a co-existence of tetragonal and rhombohedral phases.
Interestingly, evidence has been found to support the existence of a low temperature, low
symmetry phase which may be monoclinic in nature but would require a separate study

to determine the complex nature of this newly discovered phase.
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Figure 8.25: Left The (222) and Right (440) reflections for multiple temperatures in the
low temperature range, showing the changing co-existence of the rhombohedral and low
symmetry phases, observed in Sample 1. Offset is provided for clarity.

Figure 8.25 portrays an example of the low symmetry phase, and its co-existence with a
rhombohedral phase, for both the (222) and (440) reflections in Sample 1. It is clear from
the 66 K results, that the rhombohedral peak splitting take positions of approximately
9.57° and 9.62°. As temperature is reduced, the intensity of these peaks decreases in a
non-linear fashion - the change in peak intensity is of no particular note between 66 K
and 54 K, however the data at 46 K shows a significant reduction in the intensity of the
rhombohedral peaks. At the same time, two new features appear (at ~9.60° and 9.63°)
which become more pronounced as temperature is further decreased to 14 K. A similar
phenomena is also visible in the (440) reflection, although the low symmetry feature here
exists between the two rhombohedral peaks, at an approximate position of 15.74°.

It may be a fair assumption to say that given there is some evidence (simulation and
practical in PZT'7%:188) that the low symmetry phase seen may be monoclinic in nature.
Monoclinic phases are found to exist when the anisotropy energy is low and the magne-
tostatic and exchange energies dominate - it may be the case that the complex balance
of the parent phases and their respective changing anisotropy constants, combined with a
reduction in thermal fluctuations (which increases exchange energy), causes the creation

of low symmetry phases.
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This low temperature, low symmetry transition has been found to exhibit significant hys-
teresis between cooling and warming (Figure 8.26), with a thermal lag of approximately
50 K. Particularly in the low temperature transitions, there appears a discontinuity in
the peak centroid at the onset transition temperature (low temperature, at which point
the transition would begin for warming from 0 K). It has previously been reported that
the MPB transition is a two-step process with increasing temperature - a second-order,
continuous transition away from the [001] tetragonal easy axis to some arbitrary crystal
direction, before a first-order transition to the [111] rhombohedral easy axis, as shown
in Figure 8.27.2° This theory may prove true for the transition between low symmetry
and rhombohedral phases (as in the low temperature region for ~ x=0.5), where the
observed discontinuity for cooling is typically preceded by a continuous decrease in the
rhombohedral phase intensities, before a sharp transition to a mixed state at =50 K.
In contrast, the warming results show a more second-order transition through the whole
temperature range, likely caused by favourable energetics of the rhombohedral phase at

increasing temperatures.

Temperature (K)
Temperature (K)

9.56 9.58 96 9.62 9.64 9.66 9.68 954 956 958 9.6 962 964 966 968
Angle (°) Angle (°)
(a) (222) Cooling (b) (222) Warming

Figure 8.26: Example of the thermal hysteresis seen between Left cooling and Right
warming, for Sample 3.

The peak splitting behaviour through the MPB and indeed the MPB width (the temper-
ature range across which the transition takes place) suggests a slow 'melting’ of one phase

into the other, such as is shown in Figure 8.28 where the (440) reflection peak splitting
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Figure 8.27: Single ion crystal field theory for the thermal width in MPB transition as a
function of composition.?’

is shown at the extremities and centre of the MPB. It transpires that the co-existence
of rhombohedral and tetragonal phases in the MPB, are a function of composition and
temperature and it is expected that these two properties are intrinsically linked. The
increase in MPB width at high values of composition and temperature provides some
level of analytical problems, where for some higher x sample the reflections show only
light rhombohedral character and are not well defined because the shift to peak unity
(likely arising from a reduction in magnitude of lattice distortion) occurs. The lack of any
rhombohedral character in Sample 9, where x=0.87, may suggest that the MPB forms
a vertical or near vertical boundary at some high Dy composition values, therefore the
transition becomes simply a tetragonal to cubic shift (which is difficult to detect due to
minimal lattice distortion, especially at high temperatures).

These measurements help to elucidate the transformation to a high temperature cubic
phase in this alloy. The parent phases of TbhFe, and DyFey are expected to undergo a
transition to cubic structure at approximately 700 K, however these results instead show
that any split peaks are found to merge over a wide temperature range - a phenomenon

which would normally signal a transition to a high symmetry, in this case cubic, structure.
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Figure 8.28: Intensity as a function of two theta angle across the MPB region, for the
(440) reflection, observed in Tbg 34Dy ¢6Fes.03-

There are two potential causes for this, either the alloying of parent phases causes a large
reduction in the cubic transition temperature (a feature which is somewhat supported by
the discontinuities observed for some samples in the region of 600 K to 650 K), or that
the lattice distortions caused by the parent phases, which determine the degree of peak
splitting and allow phase examination using synchrotron XRD, is vastly reduced above
room temperature. Given that the parent phases are well understood, it is more likely
the latter. Small amounts of undesirable phases (RE-Fes) may exist and are known to
reduce the produced strain - it may be the case that these phases are present and reduce
the distortion to such a level that the cubic transition is smeared.

To conclude, a summary of these results is shown in the form of a synchrotron XRD phase
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diagram, presented as Figure 8.29. These results use the analysis presented previously in
this chapter, to outline the phase regions for each sample in this study. The presence of
low symmetry phases prompts further study, with determination of the crystal structure
and mechanism for formation being paramount. It appears to be the case that MPB
containing materials often contain more complex transitions than a simple MPB, as is

seen in PZT materials (among others).?% 188

700 ‘ | | | -
e RS T ) C B )_”_Vﬁ_,_,!.,,
600 -~ R — =]
IIIIMPB :
c :
500 | == C |
SET/C ———— - [ —— == r ol - 4_7[._i,..._
S o
© 400 [ L= 'MPBEi
2 : P8
o : / !
GL} R // l/;" i
a / :
£ 300 - ¥ |
@ , )
l—

A
27

200 | Pt | T

mEEE e

100 -

\
-

R+ |
R K- R

O | | | | |
0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9
X (at% Dy)

Figure 8.29: Results of the synchrotron XRD experiments, showing an updated phase
diagram for comparison with that shown in Bergstrom et al (Figure 5.17). Vertical bars
correspond to the direct results of phase determination from synchrotron XRD analysis.
Grey dashed lines and letters act as guides to highlight the phase regions present. MPB
is used here to denote a rhombohedral and tetragonal co-existence, while the unmarked
phase region is left such as no distortion was detected, however the cubic transition
temperature is well documented for the parent materials.

LS: Low Symmetry, R+LS: Co-existence of Rhombohedral and Low Symmetry, R:
Rhombohedral, MPB: Morphotropic Phase Boundary, T: Tetragonal, C: Cubic, T /C:
Assumed direct transition of Tetragonal to Cubic
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Chapter 9

Conclusions and future work

Functional materials have become a cornerstone of modern society, with the advent of the
technological age providing, and thriving in, the continuous development of new alloys
for practical purposes. Magnetostrictive materials are one such example of a functional
material, within which application of an external magnetic field will induce a strain.!%
Desirable magnetostrictive materials exhibit large magnitudes of strain, for minimum val-
ues of applied field and have low coercivity; a combination of these properties allows for
easy switching 'on’ and ’off” of the strain, which can then be used in applications such as

1,34 The future state of all functional materials, not

sensors, actuators and transducers.
just magnetostrictive materials, is reliant on both optimisation of existing materials and
the synthesis of new materials. To achieve this, it is crucial to investigate, characterise
and understand the underlying physics and material properties in existing materials, the
path to future materials is highlighted.

To elucidate future alloy development, the aim of this thesis was to perform comprehensive
analysis on two samples of magnetostrictive material - the binary alloy, iron-palladium,
and the Laves phase compound, Th;_,Dy,Fe,, using reciprocal space analysis techniques.
These studies are linked via their shared interplay between magnetic and crystal struc-
tures. To achieve these aims, a series of neutron scattering experiments into the ferro-
magnetic shape memory alloy FegggPds;2 have been performed, alongside a synchrotron

X-ray diffraction study on a range of Th;_,Dy,Fe, alloys, wherein a barrier between crys-

tal structures known as a morphotropic phase boundary (MPB) exists, which provides
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enhanced physical properties if the alloy fabrication is carefully controlled.??%

[ron-palladium is a magnetostrictive material wherein the large strain at reduced tem-
perature is attributed to a change in crystal structure from a face centred cubic to that
of a face centred tetragonal, via an adaptive phase. A pre-martensitic tweed phenomena
is known to exist as a minor phase at room temperature. These twinning clusters have
been found to be adaptive to both applied magnetic field and temperature changes.?% %
Neutron scattering has been used to investigate the various temperature and magnetic
field responses of this material, using two samples of identical composition. The results
from these experiments show good agreement with physical property measurements in
the literature, showing a clear magnetic saturation at H=0.2 T. At low values of applied
field, up to and including the saturating field, a strong anisotropy is visible in the medium
scattering vector (q) range. Analysis of this anisotropy reveals a peak in intensity as a
function of scattering vector, which when converted to a physical size, suggests a strongly
scattering feature with a median size of 50 nm at zero applied field. As field is increased
to 0.2 T, the median size is shown to grow to approximately 55 nm. These sizes are
significantly larger than that expected for twinning clusters (previously seen to be 2-3 nm
in iron-palladium'®), are reversible with applied field, and exist solely along [110] direc-
tions. At larger fields, this collapse of this anisotropy infers that the scattering feature is
drastically changed, hinting at a significant change to either the magnetisation or crystal
structure of the alloy at some threshold value of applied field.

Investigation of the intensity as a function of temperature clearly shows a transition,
which appears to be a two step process where the latter is characteristic of a transfor-
mation to a ferromagnetic material, in that scattering intensity is enhanced due to the
increase in magnetic scattering. This is peculiar as FePd is known to be ferromagnetic
at room temperature. These findings suggest that the FCT phase of this material may
have significantly stronger magnetic properties than the room temperature FCC phase,

implying that the increased strain at low temperatures may not arise purely from changes

to the elasticity of the material. Exceeding saturation, at H=0.5 T, there is an unex-
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pected peak in the scattering intensity for the high ¢ range. This peak has been found to
be heavily influenced by directionality, only appearing when the magnetic field is aligned
along a [110] direction. Thermal analysis of this peak shows that it is clearly pronounced
at both 200 K and 300 K but is negligible at the transition temperature (/240 K).

It arises that FePd actually contains two specific sizes of precursor tweed - 'large’ twinning
clusters, on the order of 50 nm, which are crucial to the adaptive phase transformation as
they coalesce together, and smaller twinning striations aligned along the [110] direction
which strongly resist magnetisation until 0.5 T at which point they are the cause of the
anisotropic scattering visible in high q.

Thby_,Dy.Fes is a family of magnetostrictive alloys largely used in functional applications,
most notably for sensors and actuators. The market leading Terfenol-D material is one
such alloy in this family, with a composition of Tbg 7Dy 73Fes, its desirable physical
properties are found to exist near the morphotropic phase boundary between the two par-
ent phases of ThFe, and DyFe,, where it is known that the anisotropy is minimised and
strain remains high, owed to the precise balance of the parent materials ThFe, and DyFe,
which have rhombohedral and tetragonal structures respectively.3® This synchrotron XRD
study has been aimed at increasing the current knowledge on phases and phase transi-
tions, specifically the morphotropic phase boundary, across multiple compositions of the
functional material Th;_,Dy,Fe,. A range of samples were fabricated using the arc melt-
ing method, before the most promising were identified using a preliminary ’sample study’,
employed to confirm that impurity concentration is minimal and that the desired phases
were present. To determine the crystal structure as a function of composition and tem-
perature, three main reflection sites were monitored so as to study the observed peak
splitting, caused by inherent lattice distortions. Clear evidence is obtained for a low tem-
perature, low symmetry phase which may be monoclinic in nature due to the reduction in
anisotropy energy and increase in exchange energy in these regions. This low symmetry
phase is found to co-exist with the rhombohedral phase at multiple compositions and may

potentially suppress the formation of the tetragonal phase, in turn causing a reduction
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in [001] lattice distortion (which is already dwarfed by its [111] counterpart by approxi-
mately two orders of magnitude, at room temperature). Furthermore, evidence has been
obtained in this thesis which confirms that morphotropic phase boundaries are in fact
a co-existence of rhombohedral and tetragonal phases, visible by their shifting character
across the boundary. It is also shown that MPB width may be a function of composition
and temperature, with the MPB width being significantly larger for samples with high
Dy content, potentially allowing for greater application potential, particularly so where
phase co-existence is desirable and the MPB could be designed to exist as a functionally
metastable region.

Finally, these results highlight the high temperature region of these alloys. The transition
to a cubic structure for both of the parent phases is expected at approximately 700 K - this
is in direct contrast to the results obtained within this work, where the crystal structure is
shown to 'melt’ towards cubic across a large temperature range before eventually settling
in a cubic fashion around 450/500 K. Given that the cubic transition temperatures for
the parent compounds are well documented,'?? these findings provide confirmation that
the degree of lattice distortion is significantly reduced at high temperatures away from
the MPB composition.

By increasing the understanding of the response to temperature, applied magnetic field
and compositional changes, the application potential of these two compounds is widened
significantly. While the low symmetry phase in Th;_, Dy, Fe, alloys is found to appear at
temperatures well below those feasible for application (less than 100 K), the knowledge
of phase co-existence provides a significant insight into the nature of phase boundaries
in this alloy system, which is not specific to the morphotropic phase boundary. With re-
gards to the MPB, its position has been further mapped (both wider in composition and
temperature than previously measured) and the nature of the MPB has been cemented as
a phase co-existence of rhombohedral and tetragonal symmetries, information which can
be exploited to achieve increased performance at boundary positions. The importance of

directionality within the iron-palladium system brings to light a realm of new possibilities
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for magnetostrictive materials of this type, specifically those which take on a ’strain glass’
structure. The highly mobile and influential twinning clusters may provide a mechanism
for significant enhancement to the physical properties, while the new information regard-
ing the magnetic and temperature response can be used to aid in the optimisation of any

future employment.

9.1 Future work

9.1.1 Iron-Palladium

Suggested future work for this material is largely based around new sample synthesis and
physical property measurements. A new range of single crystal samples, fabricated to
provide a focused range of compositions either side of that studied in this thesis, should be
thoroughly characterised to determine their directions. Following this, physical property
measurements of the magnetisation, magnetostriction and AC susceptibility will help to
determine the nature of the magnetisation in the FCT phase, and also potentially unlock
the secret behind the peak in the high ¢ region at 0.5 T. By confirming the cause of this
peculiar extremity in scattering intensity, the magnetic response of iron-palladium can be
accounted for across every length scale. Cementing the cause of this feature, hypothesised
to arise from forced magnetic rotation of the nanoscale striations, will provide clues to
the ideal fabrication methods for these materials.

Polarised small-angle neutron scattering has already been attempted in a bid to isolate
the nuclear and magnetic components of scattering, albeit with limited success. Future
attempts at this experimentation should account more for depolarisation at the sample
position, a feat which would require increasingly fine control of the instrumentation,
but would lead to determination of the specific contributions to the scattering intensity,
allowing for a more comprehensive analysis of the magnetisation anisotropy. A newly
fabricated sample with higher saturation field (dependent on results of magnetic analysis)

may allow these measurements to be performed. Finally, to analyse the structural features
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within this sample, transmission electron microscopy or atom probe tomography provide
the best resolution in the size region of interest. Studying single crystal samples with
well aligned growth directions, will allow for a complete picture on both the size and
directionality of the tweed striations, which can in turn be combined with the polarisation

study previously suggested.

9.1.2 Thb;_,Dy,Fe, alloys

For this material, the existence of a low symmetry phase prompts strong interest, as the
anisotropy compensation and drastic reduction in thermal fluctuations stabilises a previ-
ously unseen crystal structure. Therefore, the suggested approach is fabrication of a new
range of samples (preferably single crystal such as to maximise distortion magnitude)
within a tighter region of interest, specifically 0.5< x <0.7 to encompass all compositions
which feature the low symmetry phase - Bridgman or floating zone methods would be
ideal for this. Following fabrication, a comprehensive microstructure and compositional
study of the samples should be performed. By checking for the presence of any impu-
rity phases, examining the microstructure, cementing the composition and confirming the
phases present are as expected (particularly important would be to determine volume
fractions of the phases, particularly when near MPB composition) this work can be el-
evated to finer detail, particularly relating to the finer points of the underlying physics.
To achieve this, the following techniques are suggested - ICP-OES will be used to de-
termine sample composition and should be combined with light element compositional
analysis (notably oxygen) to ensure sample purity. Microscopy work should then include
topographical work and compositional work (EDS, WDS), where the distribution of RE
elements and/or oxides may highlight any problems during fabrication. To aid the subse-
quent XRD measurements, particle size analysis of the ground samples would allow for an
optimum particle size to be assessed and achieved, therefore maximising the instrument
resolution. Finally, a combination of low temperature synchrotron XRD measurements

(consisting of both peak monitoring and full angle scans) and magnetostriction measure-
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ments should be performed - this would allow for a new type of 3D phase diagram to be
generated, i.e. adding a z component to express regions of enhanced strain. This phase
diagram would serve as a new benchmark figure-of-merit for functional materials whose
optimisation relies on MPB enhancement. Full angle scans will allow for refinement and
determination of the low symmetry phase. Low symmetry phases provide unique poten-
tial for study of anisotropy in non-trivial directions and if characterised correctly, could
provide insight that is invaluable for the study of low symmetry phases in other functional

madterials.
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