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Abstract
High temperature and pressure states of matter are ubiquitous in nature. It
is therefore of the upmost importance that they are understood. Extreme
pressures can be obtained using both static and dynamic compression. Static
compression using a diamond anvil cell (DAC) can reach pressures into the multi100 GPa range and, combined with resistive and laser heating techniques, can
simultaneously access high-temperature regimes. Dynamic compression using
either impactors or lasers can be employed to simultaneously generate high
temperature-pressure states into the TPa regime. The di↵ering pressure and
temperature states accessed make static and dynamic compression methods
ideal for complimentary studies on a material’s behaviour. To probe material
conditions under extreme conditions x-ray di↵raction is a powerful tool, allowing
the di↵erent structures adopted by samples to be studied directly.
In this thesis in situ x-ray di↵raction was combined with static and dynamic
compression techniques to probe the structural behaviour of vanadium (V),
the high-pressure behaviour of which is unique amongst the elements. At 120
GPa, V has one of the highest known superconducting transition temperatures
in the elements, Tc=17.2 K. Subsequent lattice dynamic calculations aimed at
understanding the high Tc noted dramatic softening of a transverse acoustic
mode, suggestive of a structural phase transition. A bcc-rhombohedral structural
transition has been reported by x-ray di↵raction studies using DACs at 30-70
GPa, and the same transition has also been reported in several computational
studies. These latter studies predict a transition to a second rhombohedral phase
at 120 GPa, and a re-entrant transition to the bcc phase at 280 GPa. Neither
of these higher-pressure phases have been observed experimentally. Dynamic
compression studies of V have reported evidence of a phase transition starting at
32 GPa and completing at 60 GPa, but no x-ray di↵raction data were collected.
Despite near universal agreement on there being a bcc-rhombohedral phase
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transition in V between 30 and 70 GPa, the experimental evidence is surprisingly
weak. Indeed, close analysis of the published di↵raction data reveals that they do
not fit a rhombohedral structure, thereby inspiring the current study of V using
both static and dynamic compression techniques.
For direct comparison with previous studies, V was compressed with no pressure
transmitting medium (PTM) to 139 GPa and with a mineral oil PTM to 118 GPa.
The di↵raction data from these non-hydrostatic experiments were completely
consistent with previous studies, showing splitting of the bcc peaks starting at 45
GPa. However, these splittings could not be fitted by the reported rhombohedral
structure. V samples were also compressed in He to 154 GPa, reproducing
previous quasi-hydrostatic studies. The peaks of the bcc phase were observed to
start splitting at pressures as low at 20 GPa, but again a rhombohedral structure
was unable fit the di↵raction profiles from the high-pressure phase.
Difficulties in studying the bcc-rhombohedral transition arise from an inherent
limitation of the powder-di↵raction method, that is the overlap of peaks with
similar d-spacings. This was overcome by making studies of [001]-oriented single
crystals of V compressed in a mineral oil PTM to 118 GPa. The bcc peaks were
found to split at 40 GPa, and, in contrast to the powder studies, the high-pressure
phase could be fitted by a rhombohedral structure. The pressure dependence of
the rhombohedral angle is suggestive of two di↵erent rhombohedral phases, but
the distortions are much smaller than those predicted by theory. The excellent
fit of the rhombohedral phase to the single crystal data when compared with the
powder data suggests that texture of the powdered sample, which would not be
present in the single crystal may cause the misfits to the reported structures.
For comparison with the DAC studies, shock compression studies were carried
out on V foils up to 180 GPa along the principal Hugoniot. The data collected
below 40 GPa were well fitted by the bcc structure but above that pressure
a rhombohedral structure gave a better fit. The fit was much better than
that obtained with statically compressed powder samples, and the rhombohedral
structure agrees with that obtained from the single-crystal data. For comparison
with the shock compression study, high-temperature static compression was
conducted using a resistive heating set up and a KCL PTM. The rhombohedral
transition was seen to occur at higher pressures under these conditions, with the
fitted rhombohedral lattice appearing more bcc-like, suggesting the rhombohedral
transition was suppressed by high temperatures.
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Lay Summary
Extreme conditions, despite the name are commonly found in nature. The
understanding of high pressure and temperature states can be applied to our
understanding of a variety of conditions from the depths of the oceans to planetary
and stellar interiors. Further, novel materials can be created at high pressures
and temperatures.
To achieve high pressure specialised techniques are required. One such technique
compresses a material between two opposing diamonds, the diamond anvil cell.
Combining the compression in a diamond anvil cell with an appropriate heating
or cooling technique increases the variety of extreme states which can be accessed.
The limits of the pressure achieved by a diamond anvil cell are ultimately
determined by the strength of the diamonds.
Diamond anvil cells can be used to routinely access conditions similar to the
Earth’s interior. However, to access higher pressure and temperature states
an alternative method is required. Dynamic compression such as using a laser
pulse to generate a shockwave in a material can be used to explore much higher
pressures and temperatures than available in the diamond anvil cell.
When a shockwave is generated in a material, the material will gain a large
amount of energy in a fraction of second. Due to this large increase in energy
over such a short time high temperatures are produced at the same time as the
high pressures. This can be ideal for studying the most extreme environments in
the universe.
The study of extreme conditions is not without its challenges. Static and dynamic
techniques both require very small amounts of materials to be compressed. Apart
from problems with working with such small and delicate samples, high brilliance
x-rays are required to study the behaviour of materials under these extreme
conditions. Synchrotron facilities are often used to generate x-rays for diamond
iii

anvil cell experiments. Unfortunately even a synchrotron is often not bright
enough to study dynamic conditions. Instead free electron lasers are often
required to produce the ultra-bright x-rays to study materials under dynamic
conditions.
In this thesis both diamond anvil cell and shockwave compression were carried
out on samples of vanadium. Vanadium has been reported to have behaviour on
compression which is unique amongst the elements. The use of both compression
techniques has allowed the behaviour of vanadium at high pressure to be studied
and understood.
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Chapter 1
Introduction
1.1

High Pressure Physics

For centuries the field of physics has aimed to explain phenomena observed in
the universe and understand the underlying mechanisms of these observations.
When studying the behaviour of materials it is important to note that so called
extreme conditions are ubiquitous in nature. These conditions can range from
low pressure temperature states in deep space, to the high pressure temperature
states found in planetary and stellar interiors [2, 3].
Many novel behaviours have been observed under extreme conditions. Structural
phase transitions have been observed, with solid phase transitions reported
and predicted for high pressure and temperature states to increasingly complex
structures including host-guest structures and electride phases [4, 5]. Further
heating can result in melting and eventually the formation of plasmas. In
addition to changes in the crystal structure of solids, high temperature-pressure
states can result in nuclear fusion [6], and low temperature states (of the order
of a few K) can give rise to superconducting states of matter, i.e. were the
material becomes a perfect conductor and will conduct with 0 resistance [7].
The superconducting properties of materials have been extensively studied and
of particular interest is the observation that the superconducting transition
temperature (Tc ) has been observed to increase to higher temperatures with
increasing pressure [8]. On compression several materials are predicted to
enter high temperature superconducting phases, including hydrogen [9]. The
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metallisation of H is of particular interest to planetary physics where the presence
of large quantities of hydrocarbons in the interiors of giant gas planets could result
in variations on the expected behaviour of a planets polar behaviour [10].
To study extreme conditions in the lab several specialised techniques can be
employed. Laser heating and cryogenic cooling techniques can be used to
investigate high and low temperature states respectively [11, 12]. To achieve
high pressure states there are two main techniques which can be used, static
compression involving the use of specialised pressure cells such as the Diamond
Anvil Cell (DAC) or hydraulic presses and, dynamic compression incorporating
techniques such as shock wave compression.
Planetary interior conditions can range from Earth-like (Hundreds of GPa) to
the interior conditions of gas giants e.g, Jupiter (several TPa). Static techniques
have probed conditions of the Earth’s interior [13], but in order to reach the
pressures of the interior conditions of a Jupiter-like planet, dynamic experiments
must be used [14]. Dynamic compression can further be split into shock and ramp
compression, with shock compression accessing P V states along a Hugoniot
i.e, the locus of final states in P V space achievable in a shock compression.
Ramp compression uses techniques such as ramp-wave loading to isentropically
compress a sample to high pressures but at lower temperatures.
In order to probe as wide a range of pressure and temperature conditions as
possible, the use of both dynamic and static compression techniques is required.
These techniques each present their own advantages and disadvantages. Static
compression is isothermal, allowing high-P low-T regimes to be probed, and
when coupled with either resistive heating or laser heating techniques can probe
high-T conditions at pressure [15]. Static compression is, however, limited by
the pressures which can be obtained and can require the use of high brilliance
synchrotron sources to acquire meaningful data [11]. Conversely, dynamic shock
compression is able to probe higher pressure states than static compression, but
is generally associated with large increases in entropy resulting in substantial
temperature increases. Shock melting is therefore, common in samples limiting
the pressure to which solid phases of a material can be studied. Furthermore,
temperature determination of dynamically compressed material continues to
present a significant problem in experimental high-pressure physics [16]. The
use of a variety of techniques allows comparison between the static and dynamic
behaviour of the samples to better understand the behaviour of the material as it
is compressed to higher pressures and how the material behaves under di↵erent
2

pressure loading conditions, with di↵erent associated entropy’s and timescales.
The use of a variety of compression techniques has previously been carried out on
antimony (Sb) and the similarities and di↵erences discussed by Dr. Amy Coleman
[17, 18]. This Thesis presents complimentary dynamic and static compression
studies on the transition metal vanadium.

1.2

An Introduction to Vanadium

The high pressure behaviour of vanadium (V) is unique among the elements. With
a a particularly high Tc for an elemental superconductor with increasing pressure
and anomalous strength behaviour reported with pressure. On compression
the Tc of V has been observed to increase from 5K at 0 GPa to 17.2 K at
120 GPa [19]. Further to this, while no structural transition was predicted to
occur in V up to 300 GPa under dynamic conditions [20] and the structure was
reported under DAC compression to 155 GPa [21], recent studies have reported
a subtle bcc-rhombohedral transition initially at 90 GPa and later as low as 30
GPa [22, 23]. This transition was then confirmed by first principle calculations
with further structural phase transitions predicted at 120 and 280 GPa [24, 25].
Similar to the disagreement in the pressure of the bcc-rhombohedral transition
there was increasing disagreement on the conditions of this and the further
transition reported between further theoretical and experimental campaigns.
Solid-liquid phase transitions have been observed and the melting curve of
vanadium determined previously [26, 27].
The reported initial transition of V is of particular interest due to it being unique
in elements, arising from a shear instability due to phonon softening, resulting in
a discontinuity in elastic constants across transitions [28]. The unusual behaviour
of the shear modulus impacts the pressure dependance of strength in vanadium,
DAC measurements have shown an increase in shear strength with pressure up to
40-50 GPa followed by a decrease upon further compression [29]. With strength
in vanadium also predicted to increase with temperature due to the hardening
of the shear modulus C44 [30]. This strength behaviour has been observed to
change depending on the nature of the compression experiments, contrasting DAC
studies a shock compression study incorporating laser driven shockwave reported
the disappearance of residual strain above 30 GPa. Any impact the di↵erence in
strength behaviour on the transition has not been studied extensively due to a
lack of high resolution di↵raction on dynamically compressed V.
3

1.3

Motivation

The high pressure phases of V have been studied for decades. The behaviour of
V at extreme conditions has been of interest for a variety of reasons including the
behaviour of the superconducting critical temperature of V with pressure and,
it’s strength and strain behaviour as related to V’s use in alloys in tool steel and
use in structural materials.
Despite these studies there is a noticeable lack in understanding of the behaviour
of V at extreme conditions. There is a lack of published structural refinements
above 64 GPa, despite several studies reporting the structures of V well
over 100 GPa. There has been little to no discussion experimentally of the
predicted higher pressure phase transitions, again despite numerous studies
reaching pressures where these should have been observed. Inconsistencies are
also present in the theoretically predicted behaviour and observed behaviour;
and in fact inconsistencies exist between the reported behaviour of V under
static compression between di↵ering studies. There is also a lack of structural
information for V under dynamic compression conditions with no published fits
of the high pressure V phases, despite multiple studies.
One of the major issues when determining the high pressure structure of V is
that the transitions in V are remarkably subtle. The transitions can be found
summarised in chapter 2, the bcc structure can be thought of as undergoing a
rhombohedral deformation with pressure, which experimentally would result in
slight splitting of several of the bcc di↵raction peaks. A second transition between
rhombohedral structures would be more subtle experimentally with the di↵raction
profiles of both structures being nearly identical, evidenced only by the mirroring
of the doublet and triplet peaks which split in the initial transition. In order
to resolve the splitting of the high pressure V transitions very high resolution
di↵raction data is required, with many studies presenting peak broadening as
evidence of the transitions. Further as the rhombohedral and bcc structure are
very similar, in fact the bcc setting of V can be considered as a rhombohedral
structure of known angle ↵ = 109.47°, the volume change across transitions is
very small the largest of which being of the order 0.15% [31].
As a high pressure system V can be seen to have several challenges in determining
it’s high pressure structure, however, the interesting behaviours of Tc and V’s
importance in structural materials means the pressure loading behaviour of V
4

is of the upmost importance. This work set out to carry out dynamic and
static compression experiments at synchrotron and XFEL facilities capable of
collecting high quality x-ray di↵raction data of V at extreme conditions. The
recent upgrades to third generation light sources meant that the splitting of the
V structure should be able to be resolved and subtle changes in volume detected
as the V structure transitioned with pressure. The use of a variety of compression
techniques was used to allow as wide a range of pressure states to be probed as
possible, as well as allowing the behaviour of V to be determined under di↵erent
loading conditions and under di↵ering timescales.

1.4

Thesis outline

My thesis discusses a variety of di↵erent static and dynamic compression
techniques used to study the high pressure of V. Static experiments held at
synchrotron light sources including the Diamond Light Source (DLS), ALBA
Synchrotron, European Synchrotron Radiation Facility (ESRF) and the PositronElektron-Tandem-Ring-Anlage (PETRA III), with dynamic experiments carried
out at the MEC beam-line at the Linac Coherent Light Source (LCLS). This
Chapter has served as an introduction to the concepts of high pressure sciences,
a brief discussion of V, and outlining the main areas where research at high
pressure V could be improved. The remainder of this work will be structured as
follows.
Chapter 2 gives an in depth discussion of the work carried out on V at high
pressure, preceding this work. Being divided into three sections the first
outlines and introduces the high pressure behaviour of V. The second section
is an overview of V studies to the date of this thesis looking at studies using
experimental static and dynamic techniques, theoretical investigation and specific
superconducting studies. The third section is a discussion for the problems with
the V phase diagram, including misfits to the structure and inconcsisticeies noted
between di↵erent investigations.
Chapter 3 serves as an introduction to the experimental techniques used
in this thesis. It is split into four sections. The first section concerns
the background theory of crystallography and x-ray di↵raction, the main
diagnostic of the static and dynamic compression experiments carried out. The
second section is a discussion of high pressure equations of state, used to
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explain high pressure behaviour of materials as well as a powerful tool for the
calibration of sample pressures. The third section discussed the static compression
techniques carried out by this work focusing on DAC techniques, di↵ering sample
environments and loading conditions and the use of high temperature apparatus
and brilliant light sources in these experiments. The final section concerns the
background of dynamic compression techniques involving a discussion of how
shock compression was carried out, the use of XFELs for x-ray di↵raction, the
HYADES hydrodynamics code used to simulate shock conditions and the VISAR
interferometry system as a pressure diagnostic for shock compression experiments.
Chapter 4 concerns non-hydrostatic compression of V carried out under static
conditions. Several campaigns are summarised and discussed, V foil and
powder has been compressed with and without a pressure transmitting medium.
This chapter is divided into four subsections concerning di↵erent experimental
campaigns at the ALBA, PETRA and ESRF synchrotrons and a final concluding
section summarising the non-hydrostatic compression work.
Chapter 5 concerns reporting the results of hydrostatic compression of V, loaded
in He at the ESRF synchrotron. Deviations from the bcc structure are discussed
and results of high pressure x-ray di↵raction presented.
Chapter 6 discuses the compression of single crystal under static compression.
The results of singe crystal compression carried out at the DESY synchrotron
and how these results were used to decouple strain and texture e↵ects from the
transitions in V are presented.
Chapter 7 presents the results of a high temperature, static compression
experiments held at the Diamond synchrotron. Additionally, additional nonhydrostatic room temperature results from the same campaign are presented.
This will discuss the e↵ect of temperature on the high pressure phases of V and
allow comparison with the dynamic experiments outlined in Chapter 8.
Chapter 8 accounts dynamic compression experiments of V at the LCLS. This
section is split into three sections. The first concerning the experimental
methods used, shock target design and pressure determination by the VISAR
interferometer system. The second section summarises the results of the high
pressure structural studies carried out in both 2017 and 2018, and discusses the
structure, compression observed above 100 GPa and negative pressures observed
in the di↵raction patterns. the final section serves as a conclusion of the dynamic
experiments.
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Chapter 9 acts as a summary of this work, and discusses ideas for future
experiments on the behaviour of V.

1.5

Role of the Author

The nature of high pressure is extremely collaborative. In this section I aim to
clarify my role as the author of this work. The static and dynamic experiments
were led by the McMahon group at the University of Edinburgh (Prof Malcolm
McMahon, Dr. Martin Gorman, Dr. Amy Coleman, Dr Ed Pace, Ms Sarah
Finnegan, Mr Christian Storm and the author). Target preparation for dynamic
experiments, sample preparation for static experiments and data collection have
been carried out by the author with additional help at the beam lines provided
by a small group of scientists consisting of members of the McMahon group
and beam line sta↵. The data analysis of the V experiments, including the
di↵raction studies under static and dynamic condition and the VISAR analysis
under dynamic conditions has been carried out by the author under supervision
of Prof McMahon.
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Chapter 2
Vanadium at High Pressure
2.1

Introduction

The high pressure behaviour of vanadium (V) has been interesting for a variety
of reasons. Several studies have been conducted on studying the pressure
dependence of the superconducting critical temperature (Tc ) of V [32]. The
phase and strength behaviour is also of interest in V, it is commonly alloyed
with steel and other materials for industrial applications with uses in tool steel
and structural materials [33, 34]. Further, the strength behaviour of V is unique
amongst the elements and behaves remarkably di↵erent under varying loading
conditions, the underlying mechanics of this behaviour are therefore, of much
interest in understanding how materials behave under extreme conditions.
The phase behaviour of V with pressure has been the source of some debate.
Initially no transitions were reported and the structure was shown to be bcc up
to 155 GPa [21]. However, further studies revealed the presence of a subtle bccto-rhombohedral transition with further predicted transitions from theoretical
studies reported after this, seen in Figure 2.1.

Figure 2.1

The predicted crystal structures of V at 0K.
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The current phase diagram as described above reports ambient V existing in
a body-centred cubic (bcc) structure an on compression undergoes an initial
transition to a rhombohedral lattice (R1 with ↵>109.47°), with increasing
pressure a further transition is predicted to a distorted rhombohedral lattice
(R2 with ↵<109.47°) and, with even higher pressure a final predicted re-entrant
transition to the bcc structure. The bcc and rhombohedral phase can be seen
illustrated in figure 2.2.

Figure 2.2

The a) body centred cubic phase of V at ambient conditions and b)
rhombohedral phase of V with ↵ > 109.47°. The higher pressure
phases of V are a second rhombohedral phase with identical space
group and ↵ < 109.47°and the recovered bcc lattice. Also shown
here c) the bcc unit cell of vanadium (solid lines) and primitive
rhombohedral cell (dashed lines) overlaid to demonstrate the relation
between them (taken from [1]).

Theoretically and experimentally there is much disagreement on the phase diagram of V, In particular the initial bcc-to-rhombohedral transition. Theoretically
the transition has a pressure ranging from 60-98 GPa, and experimentally
this transition ranges from as low as 20 GPa up to 69 GPa. The further
transitions have not been confirmed experimentally and also see a wide range of
transition pressures predicted theoretically which can be seen in table 2.2. These
inconsistencies in the literature between the experimental observations and the
theoretical predictions, as well as between the published experimental results will
be discussed in further detail in this chapter.
Before discussing the reported structures and behaviours of V under pressure it
is important to first understand the nature of the structural transitions. The
bcc-rhombohedral transition occurs as a rhombohedral distortion in the bcc
lattice, reported to arise due to softening of the C44 modulus by fermi-nesting
e↵ects. The higher pressure rhombohedral-to-rhombohedral transition is an
9

electronically driven transition where the rhombohedral angle ↵ changes from
being ↵ >109.47°to ↵ <109.47°. These transitions can be detected by the use of
x-ray di↵raction, with most studies focusing on the behaviour of the first three
peaks of the bcc structure, the (110), (200) and (211) peaks.
When V undergoes a transition to the rhombohedral structure the (110) peak
would split into a doublet, the rhombohedral (100) and (101̄). The (200) remains
un-split becoming the rhombohedral (111̄) and the (211) peak splits into a triplet
¯ (201̄) and (110) peaks. With the rhombohedral-tothe rhombohedral (211),
rhombohedral transition only being evident by the “mirroring” of the (100) and
¯ (201̄) and (110) peaks. The peak splittings in the
(101̄) peaks and the (211),
di↵raction pattern are demonstrated in figure 2.3.

Figure 2.3

Di↵raction patterns for the bcc and rhombohedral phases showing
the (hkl) indexing of each peak, and the di↵erence in the di↵raction
pattern between the R1 and R2 phases.

For the bcc structure the ratio of the d-spacings of the (110) and (200) peaks
p
should be a fixed value of 2. Examination of the rhombohedral structure reveals
that the ratio of the d-spacings of the average position of the (100) and (101̄)
p
peaks, and the (111̄) peak would also be fixed at 2. This means that when
considering the peak positions of the rhombohedral lattice, the positions of the
split (110) peaks should be split equally about the position of the un-split (110).
The reported phases of V have been summarised on a phase digram in figure 2.4.
Boundaries in figure

2.4 are constructed from several sources and as the
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Figure 2.4

Phase diagram of V, with phase change data taken from [22–24, 31,
35, 36] and melt data taken from [26, 27, 37]

pressure ranges from these papers for phase boundaries are noted to be large the
boundaries in this diagram should be considered a “best guess” of the transitions
from several sources. The two DAC melts are the result of di↵ering studies
reporting the melt at di↵erent temperatures for the phase diagram of V.

2.2

Background

V has been of interest under dynamic compression since the 60’s. Initially the
compressibility of V and the Hugoniot determined up to 125 GPa [38]. The
Hugoniot was extended to 340 GPa by further work, with a noticeable kink in
the Hugoniot suggesting a phase transition [39]. Concurrent with these dynamic
studies, static compression of V was carried out, in particular the study of the
superconducting behaviour of V under pressure. In a Be-Cu alloy pressure capsule
the superconducting transition temperature Tc was measured to be 5.03 K at 10
Kbar [40]. Further dynamic compression experiments on V subsequently showed
no kink in the Hugoniot to 340 GPa [41], figure 2.5.
This revised Hugoniot was in agreement with the published compressibility
behaviour of V from studies where no kink in the Hugoniot was observed. There
were no discontinuities in the compression curves of V suggesting the lack of a
11

Figure 2.5

P-U shock Hugoniot for vanadium up to 1986, data taken from [38,
39, 41]

first order transition in V under dynamic compression conditions, as evidenced
in figure 2.6.
While dynamic compression experiments suggested a lack of any observable
structural transition in high pressure V the superconductivity of vanadium group
elements has been the topic of much discussion. These elements tend to have
relatively high transition temperatures, Tc , as well as pressure dependencies
with Tc . For V, Tc was observed to increase from 5.46 K at atmospheric
pressure to 17.2 K at 120 GPa, with further increases up to 150 GPa beyond
which the Tc was reported to remain constant [19]. For the most part this
discussion of superconductivity in V with pressure has assumed no transitions
with pressure and the bcc lattice being retained up to 155 GPa as suggested by
static compression studies [21]. A further study, reported the partial melting
curve in 2001 for V in a laser heated diamond anvil cell up to near 100 GPa
constraining the solid-liquid phase transition, it was interestingly found to have
an identical melting curve to Cr [37].
The pressure dependence of Tc was determined in V up to 150 GPa from first
principal calculations for the lattice dynamics and electron-phonon interaction in
the bcc phase of solid vanadium. Using a Birch-Murnaghan equation of state
and determining the phonon dispersion curves along high-symmetry lines for
several volumes the pressure dependence of the phonon frequency was determined
[42]. With increasing pressure there is an overall increase in phonon frequency,
12

Figure 2.6

Compression curves of V taken from the shock data published up to
1986 from [38, 39, 41]

simultaneously a phonon anomaly in the transverse mode appears showing
softening with increasing pressure and becoming imaginary above 130 GPa. With
calculations of the electron-phonon interactions and by use of the Allen-Dynes
formula [43] the electron-phonon coupling constant and logarithmic averaged
phonon frequency were found for several volumes. With the electron-phonon
coupling constant increasing with pressure, and increasing rapidly above 80
GPa reflecting the phonon softening. The value of the phonon frequency also
increases with pressure initially however the phonon softening then causes an
abrupt decrease in frequency. From these parameters the pressure dependency of
Tc could be determined, in lower pressure regions the Tc increases linearly with
pressure and above 80 GPa the increasing and decreasing ! cancel each other
out resulting in Tc becoming independent of pressure. The phonon softening
behaviour was later confirmed and it was suggested that this softening arose
due to intra-band fermi surface nesting [44]. This behaviour would normally
be consistent with that of a material undergoing a structural phase transition,
however due to several discrepancies in the V phase diagram up to 150 GPa it
was of utmost importance to model the behaviour of V with pressure.
Fermi nesting here being the process where di↵erent sheets of the Fermi surface,
or di↵erent parts of the same sheet can be made to coincide with a translation
of a particular q-vector [45]. In V this arises from partial contributions, from
3rd to 3rd electron band transitions to the general susceptibility along the t13

h direction peaks due to intra-band nesting in the 3rd band. With increasing
pressure this peak will shifts to lower wavevectors corresponding to anomalies
in the acoustic phonon mode. The nesting vector already exists at 0 pressure
and with increasing pressure leads to a kohn anomaly in the transverse acoustic
mode [46]. As a result of this anomaly the C44 elastic constant is softened under
increasing pressure the nesting vector decreases rapidly and the softening e↵ect
increases. When qn reaches 0 there is a sharp minimum in elastic constants.
Since the initial work on shocked V there have been several further shock studies
conducted. Partial shock melting has been detected by discontinuous sound
velocities in vanadium at 225 GPa, further to this the shock melting temperature
of V was confined to an upper limit of 7800(800) K [26]. Interestingly, the shock
melting of V was found to be inconsistent with results from heated diamond anvil
cell work, this disagreement depending on the compression pathway also being
seen in iron, molybdenum and tantalum [47–49]. It has been suggested that for
the bcc transition metals, melting occurs via a mechanism dominated by angular
forces and electron-thermal contributions [50].
Shock experiments incorporating extended x-ray absorption fine structure (EXFAS) measurements, showed by the fitting of the EXFAS spectra a volume
compression of 1.19 (⇡43 GPa) at a temperature of 980 K ± 160 and for
volume compression 1.15 Temperatures of 770 K ± 70. In these cases the
compression is given by the ratios of the fitting parameters R for the EXFAS
spectra, with heating by imploding the target constrained to 530 K ± 25K
[51]. Further experiments, showed that for an approximately 200 K temperature
increase during the quasi-isentropic compression that the temperature rise due
to compression excluding irradiance from the backlighter was 90 K, this was
analogous to pressures from a shock experiment which saw temperature increases
of 770 K. Further compression of V up to 75 GPa showed nonuniform compression
above 60 GPa [52]. While there was no remarked upon structural changes in
these studies the non-uniform compression above 60 GPa could be considered
suggestive of a transition.
As mentioned despite some evidence for the presence of a structural transition
there was no confirmation of such behaviour and the V structure was assumed
to remain constant until at least 155 GPa from experiment [21]. However, it
is now known that solid phase transitions do occur in V below 155 GPa, with
an initial subtle bcc-to-rhombohedral transition reported for the first time at
69 GPa [22]. This transition was evidenced by reported splitting of the bcc
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(110) and (220) peaks, while the (200) peak remained sharp, above 65 GPa. In
order to eliminate the possibility of anisotropic strain broadening from uniaxial
stress, complimentarily to the non-hydrostatic experiments, experiments were also
carried out under quasi-hydrostatic conditions. Under the di↵ering compression
pathways the phase transition occurred at higher pressure for the non-hydrostatic
experiments when compered with the hydrostatic, 69 vs 63 GPa.
With the observation of the bcc-rhombohedral transition for the first time it
became apparent that the structures and behaviour of V would need to be
reexamined. The elastic constants and volume changes in V with pressure and
across its’s predicted transitions became the subject of extensive calculation.
Studies determining the behaviour of high pressure V confirmed the initial
bcc-rhombohedral transition and also predicted two higher pressure phases, a
rhombohedral-rhombohedral transition above 100 GPa and a re-entrant transition
to the initial bcc lattice close to 300 GPa [36]. Interestingly, with pressure only
relatively small discontinuities have been observed in the elastic constants, including the shear modulus, even at 0 K were the transitions should unambiguously
be of the first-order. Volume changes across the transitions of high pressure
V have been calculated to be particularly small when calculated o↵ an EOS.
The bcc-rhombohedral transition would only see a volume change of 0.03%, with
larger volume changes of 0.15% and 0.1% for the rhombohedral-rhombohedral
and rhombohedral-bcc transitions respectively [31]. In the case where the bcc
or initial rhombohedral phases persist to higher pressures due to metastability,
the volume changes would become progressively smaller and in fact will become
an expansion near 200 GPa. With metastability resulting in the possibility of
the transitions being overdriven and phases persisting to higher pressure. When
Polycrystalline V is considered for the use in shock compression experiments the
volume changes are considered too small to be detectable on a VISAR trace.
When considering the stress-strain coefficients Bijkl or the elastic moduli with
respect to a shear-stress free reference state at pressure P. The stress-strain
coefficients were found to be discontinuous at the first order phase transition,
although they were observed to increase with the range of each phase with
pressure. The only exception being the B33 in the region of the proposed distorted
rhombohedral-to-bcc transition. This transition being associated with uniaxial
strain along the threefold axis, while this anomalous behaviour is suggestive of a
transition it can not be considered conclusive evidence of it. The elastic properties
are generally seen to be continuous across phase transitions which is not readily
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apparent from the Bijk ’s. The shear and compression in the rhombohedral phase
are in fact mixed, such that non-equiated strain is required to produce a purely
hydrostatic pressure and the tetragonal strains to produce produce hydrostatic
pressure and pure shear are not orthoganol to each other.
Further confirmation of the observed phase transition were reported in 2008 with
the calculated enthalpies of V confirming the existence of several transitions in
the high pressure phase digram. The total energies with ↵ of the rhombohedral
structure were determined with respect to bcc, simple cubic (sc) and face-centred
cubic (fcc) structures. The fcc structure was found to exist in a local minimum
and the sc to exist at the absolute maximum and bcc at the global minimum
of the system [25]. The calculated enthalpies as a function of the rhombohedral
distortion showed metastability of the rhombohedral structure in the region of 6073 GPa with new minima appearing for lower and higher angle ↵ phases, with the
completion of the phase transition and a rhombohedral ground state at 84 GPa,
with increasing pressure the bcc lattice will become more thermodynamically
stable becoming the ground state at 280 GPa, with the complete disappearance of
the rhombohedral minima in the free energy above 434 GPa. The lower estimates
of metastability of the rhombohedral phase normally lie around 50 GPa, with
experimental campaigns reporting the structure tens of GPa lower than this [23,
53].
The nature of the transitions has been the source of some debate. Experimentally
the transitions may appear to be second-order. However, theoretical studies
have revealed the transitions to be first-order at 0 K with the discrepancy
experimentally arising from the closeness of the enthalpy curves, meaning small
temperature fluctuations and the spreading out of discontinuities by mixed phase
regions, metastabilities and the timescales of the kinetics driving transitions
making it impossible to tell the order of the transition experimentally [44, 54].
At higher temperatures the bcc-to-rhombohedral transition has been noted to
be suppressed, calculated by smearing of the density-of-states using fermi-dirac
distributions at electron temperatures of 2-3 kK; shear instabilities are removed
and the transition no longer occurs. The reported transitions are therefore
likely absent from sub-melting, high-temperature-pressure phases of V [54], later
confirmed experimentally [27].
Once the transition was reported further experimental work was carried out to
confirm the presence of the transition and its underlying mechanisms. One study
focused on measurement of the pressure dependence of the yield strength in V up
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to 90 GPa [29]. Two distinct regimes in the strength behaviour of vanadium have
been reported, the first region being where the strength increases with pressure
up to ⇡40 GPa and the second being where the strength decreases up to ⇡80 GPa
above which the strength remained constant to the highest pressure data collected
at 90 GPa. Extrapolation of the low-pressure data to ambient conditions resulted
in a yield strength value consistent with the literature. The strength behaviour
of V has been noted to be particularly unusual as, whilst most materials exhibit a
well understood pressure determination of strength following the shear modulus
the high pressure regime of V deviates from this. Strain hardening has been
reported to decrease with compression above 40-50 GPa. This decrease with
compression appearing to occur near the lower boundary of the phase transition
and continuing into the rhombohedral stability region. Measurements of the
elastic constants have taken place and demonstrated unusual behaviour for V
in comparison with other transition metals, with a mechanical instability in the
C44 modulus measured at 80 GPa [55] believed to be the driving force of the
bcc-to-rhombohedral transition.
While the presence of the bcc-to-rhombohedral transition was reported experimentally and confirmed theoretically [36] the exact nature of the transition was
hard to determine. Contrasting the earlier work from [22] more recent work
has reported the V transition being at lower pressures for non-hydrostatic than
hydrostatic compression [23]. V was compressed under both hydrostatic and
quasi-hydrostatic conditions, using Ar, He and Ne Pressure Transmitting Mediums (PTMs) for the hydrostatic runs and also carried out heated compression
experiments at 425 K. The quasi-hydrostatic compression phase transition was
reported to occur at 61.5 GPa, and the non-hydrostatic phase transition at 30
GPa at ambient temperature and 37 GPa at 425 K. The transition pressure was
reported to be sensitive to changes in compression pathways as by changing the
PTM the pressure of the transition was seen to change. For the PTM’s the
much sti↵er Ar PTM showed the transition at 53 GPa compared with 61.5 and
in Ne. The discussion of V at pressure has mainly focused on high pressure room
temperature behaviour, however several studies have reported the high pressure,
high temperature behaviour. The rhombohedral structure has been reported
at 425 K at higher pressure (37 GPa) than the room temperature data [23],
providing the slope of the bcc-rhombohedral phase boundary in P-T space and
demonstrating that the transition is suppressed with increasing temperature..
Until 2014 there was little or no evidence of the solid phase transitions under
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dynamic compression which were reported statically. However, evidence was
reported of a transition occurring in shocked samples of vanadium in a series
of five shock compression experiments on V utilising the direct reverse impact
method, and a distance interferometer system for any reflector (DISAR) [56], for
the measurement of particle velocities and a magnetic-induced diagnostic system
to measure impact velocity. The shock experiments were carried out between 32
and 88 GPa and Eulaerian longitudinal and bulk sound velocities were calculated
for each impact. With a discontinuity at 61.5 GPa suggesting the presence of
a transition, the transition pressure being consistent with bcc-to-rhombohedral
transition reported under static conditions. The discontinuity is also observed
in analysis of the shear modulus of the impacted vanadium, but not in the bulk
modulus implying there is no considerable volume change during the transition.
Further analysis suggested that the shear modulus increases with pressure up
to 32 GPa and then decreases with increasing pressure as it approaches the
transition, suggesting that the transition starts at 32 GPa and ends at 60.5 GPa
[57]. Further studies reported changes in the optical properties of V under shock
compression starting at 28 GPa, indicating changes in the electronic subsystem
and were confirmed not to arise from heating of the crystal lattice, indicating a
change in the structure and degree of overlapping of outer electron shells [58].
Further changes correlate with developments of spall fractures which have been
reported on extensively in shocked V [59].
A disconnect in the pressure of the bcc-rhombohedral transition is apparent
between experimental and theoretical studies. However several studies have in
fact placed the onset of the bcc-to-rhombohedral transitions as low as 19 GPa
for a metastable phase and placing the actual transition at 30-34 GPa, with
a 2% change in volume at 36 GPa [28], and the metastability of the distorted
rhombohedral phase as low as 65 GPa, with the actual transition at 115 GPa
[60]. Opposing the lower boundaries of the phase transition, are discussions that
the lower pressures of the rhombohedral phase may not be the result of a true
transition but rather a rhombohedral distortion by shear deformation [30].
The mechanism of the initial bcc-to-rhombohedral has been linked to several
factors. Firstly softening of the trigonal shear elastic constant C44 and its
associated shear, initially softening in the range of 20-50 GPa [28, 31] becoming
negative and driving the system towards a rhombohedral structure. The strain
parameter will then become positive above 119 GPa indicating the transition to
the distorted rhombohedral structure; and upon further compression becoming
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Figure 2.7

Calculated Enthalpies of the rhombohedral deformation parameter
with the bcc structure existing at an enthalpy of 0, and a negative
parameter corresponding to the rhombohedral phase and a positive
parameter corresponding to the distorted rhombohedral phase. The
energy gap for the bcc and rhombohedral phases at the transition
pressure of 84 GPa is noted as 0.37 MeV. Taken from [30].

mechanically unstable between 141-149 GPa, finally going to zero around 180
GPa. this instability being contained entirely in the rhombohedral region of the
V phase diagram. Instability in the shear modulus is dependent on pressure as
electronically s-like bands move higher than d-like bands relative to the Fermi level
with increasing pressure, alteration of the fermi surface restricts the instability
to a window of pressures [24].
The evolution of the Fermi surface of V can be considered as a distortion in the
ellipsoid of the the third band of conduction band valence electrons, with pressure
this distortion shrinks and the point moves towards the fermi level. Partial
transitions of the 3rd-to-3rd electron band contribute to generalised susceptibility
of V along the t-h directions. The interactions resulting in superconductivity
may also result in anomalies in the phonon spectrum. Calculation of phonon
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dispersion, phonon density of states and electronic structures for for the
phases described previously as in figure 2.1, concluded that the initial bccto-rhombohedral transition is driven by phonon-softening related to the Kohn
anomaly [28]. With the lower frequency phonon mode caused by the Kohn
anomaly being grown and softened with pressure while all other frequencies tend
to higher values. instabilities in the phonon mode are noticed above 112 GPa
resulting in high symmetry loss driving the distortion of the bcc lattice. The
further transition to the distorted rhombohedral and re-entrant bcc transitions
however can not solely be described solely using lattice dynamics, in fact the reentrant bcc transition has been shown to to involve an abrupt change in phonon
frequencies, with the electronic structure having partially filled valence electron
bands above the fermi level, and in the rhombohedral lattice the there are still two
conduction bands which noticeably have a tau lower than the fermi level. with
increasing pressure the fermi level moves up and the conduction band 1 is filled
by conduction electrons. Eventually the electronic e↵ects drive a transition to the
distorted rhombohedral structure as the second band moves below the fermi level
and links with band 1. With the empty band moving down as pressure continues
to increase and merges with the two occupied bans causing the abrupt change in
phonon energy and the re-entrant bcc transition [30, 61].
The bcc-rhombohedral transition has been independently confirmed in an
experiment were V was compressed up to 70 GPa using angle dispersive radial
x-ray di↵raction in a 2-fold parametric cell, and up to 38 GPa in a modified Mao
type cell [53]. The bcc-to-rhombohedral transition at 27-32 GPa as evidenced
by broadening of the (110) peak in the di↵raction pattern. With the di↵erential
stress observed to increase linearly with pressure up to 36 GPa, where it plateaued
before falling with increasing pressure above 49 GPa, suggesting relaxation of the
local deviatoric stress. The radial X-ray di↵raction experiments also showed
the bcc-rhombohedral transition occurring for a azimuthal angle between the
di↵racting plane and DAC pressure loading axis =54.7°. This being the angle
where a di↵raction pattern should be free of di↵erential stress, showing that the
transition will occur free of lattice stress and strain e↵ects.
The high pressure-temperature phases and melt were then further investigated by
[27]. Laser heating experiments showed a broadening of the (110) and (211) peaks
with the broadening suggesting a transition above 53 GPa at room temperature.
The rhombohedral phase is reported at 64 GPa at 1560 K but when heated
further to 1840 K the bcc phase is recovered suggesting an upper temperature
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bound on the bcc-to-rhombohedral transition. The melt curve was also reported,
pre-melting e↵ects in V including constant recrystallisation and peak broadening
appeared at 2790 K with the disappearance of peaks at 2930 K. The melting
temperature was reported at 27, 40, 32, 53, 58, 64 and 85 GPa. However, at
120 GPa V remained solid up to 3750 K with the previously mentioned pre-melt
e↵ects starting at 3300 K.
The variation of the bcc-rhombohedral transition has been the subject of much
debate, as seen discussed in this section there is much disagreement on the
position of the transition pressure. The reported transition pressures from under
static compression from [22, 23, 27, 53] and the transition pressures from the
theoretical studies [24, 25, 28, 30, 60, 61] are tabulated below in tables 2.1 and
2.2 respectively.
Table 2.1 Experimental pressures of the bcc-to-R1 structure (GPa)
Conditions
Non-Hydrostatic
Hydrostatic

Ding (2007)
69

Jenei (2011)
30, 37(425 K)
63(Ar), 61.5(Ne), 65(He)

Xiong(2018)
27-32

Errandonea(2019)
56

Table 2.2 Theoretical phase transition pressures (GPa).
Transition
bcc-R1
R1-R2
R2-bcc

2.3

Lee (2007)
84
119
280

Verma (2008)
60
160
240

Luo(2007)
62
128
284

Qiu (2008)
32
120
250

Wang(2016)
98
115
297

Antonangeli (2016)
34-39

Problems with the Phase Diagram

As previously discussed there has been no direct observation of the bccrhombohedral transition under dynamic compression. While there has been
evidence of a transition occurring under static conditions, the pressure at
which this transition occurs is inconsistent in the literature and as I hope to
prove the evidence of the reported transition is unconvincing. Further, despite
numerous studies reaching pressures in the region of the theoretically predicted
rhombohedral-rhombohedral transition there is a noted lack of observation of this
transition experimentally in the literature.
The behaviour of strength in vanadium with pressure is unusual, and will be
discussed later in relation to the data collected in pursuit of this thesis. The
range of transition pressures for the various high pressure phases can be seen
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in tables 2.2 and 2.1, the bcc-rhombohedral transition in vanadium has been
reported experimentally over a pressure range of 32 GPa with the theoretical
range being over at a range of 66 GPa. Further examination of the reported
transitions shows some some startling gaps in the literature, a lack of Rietveld
refinements of V above 65 GPa and very little direct evidence of splitting with the
Rietveld refinement published in [23], being just after the transition reported at 30
GPa and the structure here being very similar to the undisturbed bcc structure.
This is further compounded by the direct evidence of splitting shown being at 82
GPa, not at 30 GPa to correspond to the refinement, were splitting of the (110) is
evidenced, however a noted lack of evidence of splitting in the (211) peak which
should be a triplet in the R-3m phase with notably larger splitting than for the
(110) split.

Figure 2.8

The measured (M) ratio of the d-spacings of the first and second
peaks from [22] plotted alongside with the calculated ratios from the
published lattice parameters at each pressure (C).

Close examination of the work of [22] reveals a lack of published refinements to
the structures of V in fact it was found there was a pronounced misfit in the
rhombohedral (111̄) peak at 90 GPa and that the peak positions published for
the data at 155 GPa do not correspond with the lattice parameters quoted, figure
2.8. These misfits to the (200) and (111̄) peak are also evident in the work of [23]
and [21]. Direct measurement for the d-spacings of the published data reveals the
same misfit to the both the bcc and rhombohedral structures reported in figure
2.9. Interestingly from this data a pattern of the higher angle peak in the (110)
p
doublet being positioned such that it’s ratio with the (200) peak remains 2,
with the splitting appearing to occur as a lower angle split of the main (110)
22

peak

Figure 2.9

The measured ratio of the d-spacings of the first and second peaks
from [21–23], notice with pressure
p that the splitting of the (110) to
the (200) deviates away from 2.

Further, despite several campaigns in pressure regions reaching the second
rhombohedral phase there has been no reported rhombohedral-rhombohedral
phase transition observed experimentally in V. Were lattice parameters in this
region have been reported the angle of the rhombohedral phase is always reported
as larger than an angle of 109.47°; 109.61°(30 GPa), 109.65°(65 GPa) and 109.82
(155 GPa) [22, 23]. Recent work published in [27] reports the rhombohedral
structure at 63 GPa. Were the rhombohedral structure has been refined to a
rhombohedral cell with a = 2.4268 Åand ↵ = 109.3333°.
The reported literature also shows an inconsistency in the reported ↵ angle of the
rhombohedral phase. As mentioned theoretically the rhombohedral phases of V
would see an initial rhombohedral phase with ↵>109.47°and then transitioning
to a phase with ↵<109.47°. The angles reported experimentally all deviate away
from 109.47°much less than would be expected. There has been no observation
experimentally of a rhombohedral transition were all studies which reported the
initial transition also reporting the same rhombohedral phase, even as high as
155 GPa. A summary of the reported transition pressures and rhombohedral ↵
angles for the calculated and observed phases of V can be seen in Table 2.3.
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Table 2.3 Calculated and measured ↵ angles for the high pressure rhombohedral
phases, experimental values taken from [22, 23, 27] and theoretical
values taken from [24, 25, 30, 61].

Experimental Results
Ding (2007)
Jenei (2011)
Errandonea (2019)
Theoretical Results
Lee (2007)
Luo (2007)
Verma (2007)
Wang (2016)

Pressure /GPa

↵/°

90
155
30
64

109.65
109.82
109.61
109.3333

84
119
62
130
60
160
98
128

110.25
108.14
110.5
108.2
110.5
108.5
110.25
108.23

As is apparent the “true” value of the rhombohedral ↵ has not been observed
experimentally. One explanation for such a discrepancy between the calculated
and measured values is that while the “true” value of ↵ in the initial rhombohedral
phase should be significantly larger than the values measured, the smaller
observed angles may be explained by a metastable transition to the rhombohedral
phase. This imperfect transition would then experience an imperfect relaxation
of the cell back to the bcc phase due to the non-hydrostatic loading driving
the V to a rhombohedral like deformation in the flat potential well of the bcc
phase. This would result in a ↵ = 109.51°for the distortion by the relaxation
to the bcc phase in the region of of 20-30 GPa which is in better agreement of
the experimental values at these pressures [30]. This however may not explain
the larger angle observed at higher pressures as the imperfect relaxation of a
metastable R2 phase below 110 GPa woulds be ↵ = 109.39°. Importantly this
relaxation value for the R2 phase is very close to the quoted ↵ from [27] which
may suggest that the order of the rhombohedral phases may in fact be reversed
compared to what has been previously reported.
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Chapter 3
Experimental Techniques
Compression experiments utilising static and dynamic compression techniques
have been carried out on V. The main diagnostic technique for these experiments
was x-ray di↵raction. This chapter serves as an introduction to the experimental
techniques and diagnostics used during this study, and is split into four sections.
First a discussion of the background and theory of crystallography and xray di↵raction which leads into discussion of the particular x-ray di↵raction
diagnostics utilised in this study. The second section describes static compression
methods, giving an overview of the conditions achievable by static compression
and how the technique can be used to collect high pressure crystallography data.
The third section is a brief discussion of the equations of state used in this thesis,
which were used for the determination of pressure and other useful parameters
such as the bulk moduli of the high pressure samples. The fourth section is
a discussion of dynamic compression, including how the technique is used to
study the high pressure phases of materials, how the samples and experimental
parameters were prepared and refined, and the diagnostics specific to dynamic
compression.
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3.1

X-Ray Di↵raction Techniques and
Crystallography

3.1.1

Crystallography

There are a variety of methods to classify solids. However, a particularly useful
description of solids whether they are either amorphous or crystalline. Amorphous
materials exhibit short range order but lack the long range order of atomic lattices
found in crystalline structures [62]. Crystalline structures are defined as a three
dimensional periodic array of identical building blocks, which in this case are
atoms. Ideal crystals are comprised of an infinite number of identical groups of
atoms, the basis. The set of mathematical points the basis belongs to is the
lattice, defined in three dimensions with translation vectors a1 , a2 and a3 such
that arrangements of atoms in crystals look the same when viewed from point r
as viewed from every point r’ translated by an integral of the translation vectors,
a:
r 0 = r + u 1 a1 + u 2 a2 + u 3 a3
(3.1)

A primitive lattice occurs if any two points at which the arrangement of atoms
are identical and satisfy equation 3.1. with examples of lattices demonstrated in
figure 3.1.

Figure 3.1

Demonstration of the basic and lattice, each of the vectors for a1
and a2 are translation vectors of the lattice and the parallelograms
each have identical area meaning any of them could be used as the
primitive cell, adapted from [62].

Crystal lattices can be mapped into themselves via lattice transformations,
typically rotational symmetry, about an axis which passes through a lattice point.
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Lattices can be found to exhibit one, two, three, four and six fold rotation axes,
and while molecules may exhibit any degree of rotational symmetry, lattices can
not. The allowed symmetry operations of a lattice are known as the lattice’s
point group, there being 32 distinct point groups which any lattice must fit into
one of. In two dimensions, an oblique lattice is invariant under rotation by ⇡
and 2⇡ about any lattice point. For a two dimensional oblique lattice there exist
special cases which are invariant under rotation of 2⇡/3, 2⇡/4, 2⇡/6 or under a
mirror reflection. With specific restrictions on a1 and a2 a lattice can be formed
which is invariant under one or more of these operations, these four distinct
conditions result in the formation of a special lattice type. Distinct lattice types
are known as Bravais lattices of which there are five, the oblique and four special
cases under two dimensions. When three dimensions are considered the number of
lattice types increases to fourteen, including the general lattice being triclinic and
having thirteen special lattices listed in table 3.1, each of which can be described
with allowed cantering primitive (P), body centred (I), face centred (F), base
centred (A, B, C) and rhombohedral (R) [63].
System
Triclinic

Centering
P

Monoclinic

P, C (I)

Orthorhombic

P, C (A,B), I, F

Tetragonal

P, I

Cubic

P, I, F

Trigonal

P (R)

Hexagonal

P

Properties
a1 6= a2 6= a3
↵ 6= 6=
a1 6= a2 6= a3
↵ = = 90°6=
a1 6= a2 6= a3
↵ = = =90°
a1 = a2 6= a3
↵ = = =90°
a1 = a2 = a3
↵ = = =90°
a1 = a2 = a3
↵ = = <120°,6= 90°
a1 =a2 6= a3
↵ = = 90°, = 120°

Table 3.1 The 7 crystal systems, with their allowed centerings and the properties
of the associated unit cells as described by the translation vectors
a1 , a2 , a3 and the angles ↵, , . for the allowed centerings, centerings
given in brackets are alternative centerings which may be expressed
using a di↵erent choice of axis.

When considering the 14 distinct lattices listed in table 3.1, in combination with
the 32 point groups and additional symmetry, this results in the 230 symmetry
groups of crystalline solids. Description of these allowed groups can be found in
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the International Tables of Crystallography A [64]. For each allowed symmetry
group when discussing the lattice, a useful shorthand notation is the use of crystal
directions and planes. These planes are based upon the crystal axes or lattice
vectors which define the unit cell, with one set of these indices, the Miller indices
being particularly useful, for example for a cubic cell a corner to corner plane is
the the (111) and the index of the faces of a cubic unit cell is the (110), figure
3.2.

Figure 3.2

3.1.2

Selected Miller indices for the cubic crystal.

X-Ray Di↵raction

X-ray di↵raction (XRD) methods can be used to study crystalline phases.
Crystals di↵ract X-rays in characteristic manners, forming di↵raction patterns
which are made up of characteristic Bragg peaks. The position of Bragg
peaks allows precise determination of lattice parameters, space group, chemical
composition or qualitative phase analysis. Further, information about crystal
structure i.e, atomic position or occupancy, can be determined from peak
intensities. Finally the peak shape can be used to infer sample broadening
contributions i.e, micro-strain [65].
X-ray photons can interact with matter in a variety of processes including
absorption, scattering and di↵raction. Elastic and coherent scattering occurs
when a photon di↵racts from the electrons surrounding atomic nuclei, with the
scattered photon retaining its phase relationship with un-scattered photons. Xrays incident on atoms are scattered equally in all directions and, due to the
periodic nature of a crystalline solid, constructive and destructive interference
leads to characteristic di↵raction phenomena. When X-rays are di↵racted by
periodic atomic planes, such as those found in the crystal lattice, the process of
the di↵raction can be determined using Bragg’s Law, as demonstrated in figure
3.3 [66].
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Figure 3.3

figure demonstrating Bragg’s law incident x-ray beams are di↵racted
o↵ of the lattice planes.

Mathematically Bragg’s law can be simplified as:
n = 2dsin✓

(3.2)

Where n is the order of di↵raction, is the incident wavelength, dhkl is the lattice
spacing in nm and ✓ the angle of the di↵racted beam, which can be seen in
figure 3.3. The principal of XRD as a diagnostic is based on the di↵raction of Xrays by periodic atomic planes and the angle or energy-resolved detection of the
di↵racted signal [63]. When di↵raction occurs for each lattice plane the direction
which satisfies Bragg’s law in the case of constructive interference, results in the
occurrence of di↵raction cones which appear in the form of a Bragg peak. By a
crystal’s symmetry di↵erent lattice planes will di↵ract under di↵erent conditions.
The collection of the Bragg peaks formed by the di↵erent lattice planes forms a
materials di↵raction pattern, figure 3.4.
When considering di↵raction it is important to note that the patterns obtained
from this technique are for the reciprocal lattice. When considering a di↵raction
pattern the positions of the Bragg peaks can be used to determine the crystal
structure. Once the crystal structure is known, more information can be
determined i.e, transformation of d spacings to the lattice parameters of the
crystal structure. To carry out this transformation the following equations can
be used for for cubic and rhombohedral systems respectively.
1
h2 + k 2 + l 2
=
d2
a2

(3.3)
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Figure 3.4

Di↵raction pattern observed for a body-centred cubic, each peak in
the di↵raction profile corresponds to a di↵erent lattice plane, the first
three in this case being the di↵raction of the (110), (200) and (211)
planes.

1
(h2 + k 2 + l2 )sin2 ↵ + 2(hk + kl + hl)(cos2 ↵
=
d2
a2 (1 3cos2 ↵ + 2cos3 ↵)

cos↵)

(3.4)

Generally, for compression experiments in situ powder XRD is carried out. The
main advantage of this technique being that several properties including lattice
parameters, crystal structures, texture, stress and strain can be determined
trivially from the di↵raction pattern. Di↵raction experiments at high pressure
often require the use of a brilliant x-ray source such as a synchrotron or XFEL.
Synchrotrons are often used as an x-ray source for DAC experiments while for,
dynamic experiments high brilliance x-ray facilities (such as XFELs) are often
required to collect high enough quality di↵raction patterns on the short timescales
of the experiments.

3.1.3

Single Crystal Di↵raction

When carrying out XRD on a material the nature of the crystal structure will
determine the appearance of the di↵raction pattern. When a material consists
of unit cells which are identical in content and orientation this is known as a
single crystal. The condition for single crystal di↵raction to occur can be defined
geometrically by the Ewald Sphere [67].
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Figure 3.5

2-D illustration of the Ewald sphere, when the surface of the Ewald
sphere touches a reciprocal lattice point di↵raction will occur. As the
crystal rotates, di↵erent lattice points will overlap with the surface of
the sphere allowing di↵raction of many lattice points to be collected.

Figure 3.5 shows an Ewald sphere constructed such that it is considered as having
a radius of 1/ with the crystal sample at its centre. When the surface of the
sphere touches a point of the reciprocal lattice the conditions for di↵raction, as
described by Bragg’s law, are met. This point therefore corresponds to an (hkl)
reflection and a chord linking this point with the reciprocal lattice has a length
1/d. When collecting single crystal di↵raction it is therefore important to rotate
the sample in the beam allowing as many di↵erent reflections to be di↵racted, as
the Ewald sphere “scans” through the reciprocal lattice, as in figure 3.6.
In single crystal di↵raction to ensure a wide range of reflections are collected the
crystal is rotated so di↵erent lattice planes may be exposed to the x-ray beam
and di↵erent reflections may intersect the surface of the sphere. Generally there
are two di↵erent ways to collect a single crystal di↵raction data set. Fist by
taking either a wide angle shot, were the crystal is exposed to an x-ray beam and
rotated during this exposure allowing for a full set of reflections to be collected
quickly over a wide range [68]. The second method, rotates the sample in steps
and takes a di↵raction image of the sample at each step during the rotation. This
second method will take much longer than a wide angle shot as the crystal will
rotate by a small amount each time, take a di↵raction image and then rotate
again. However, smaller angle steps mean that at each step there will be fewer
di↵raction spots this can be particularly useful at resolving between di↵erent
(hkl) reflections which appear very close together on the detector.
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Figure 3.6

Example of an X-ray beam di↵racting single crystal spots from a
single crystal.

When describing a set of planes di↵racted in an experiment both the magnitude
of the inter-planar spacing (d) and the orientation of the Miller planes need to
be described. A reflection from a given set of planes can be therefore described
as a vector referred to as a di↵raction vector. The net result for an entire crystal
system is a large set of vectors each one representing a reflection in the di↵raction
pattern from a specific set of Miller planes. If these vectors originate from a
common origin, the ends of these vectors will form a regular three dimensional
array, the reciprocal lattice. The reciprocal lattice can be used to relate the
di↵raction pattern and crystal structure. the crystal lattice in direct space is
described by vectors a, b and c the reciprocal lattice will be described by a*,
b* and c*. The relationship between the di↵ractometer axes and the reciprocal
lattice is given by
x = Ah
(3.5)
Where x and h are vectors (x,y,z) and (hkl) and A is the orientation matrix.
0

1
a⇤x a⇤y a⇤z
B
C
A = @ b⇤x b⇤y b⇤z A
c⇤x b⇤y c⇤z

(3.6)
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0
1
a·a a·b a·c
B
C
(AT A) = @ b · a b · b b · c A
c·a b·c c·c

(3.7)

Where AT is the transpose of A. The nine elements of the orientation matrix
represent the projection of the reciprocal lattice onto the di↵ractometer axes.
These elements will also contain information about the unit cell parameters and
the orientation of the cell and the unit cell parameters. If the orientation matrix
is known any vector x defined relative to the di↵ractometer can be transformed
into an equivalent vector in the reciprocal lattice. Thus establishing the lattice
parameters and orientation of the crystal on the di↵ractometer is analogous to
determining the orientation matrix from a set of measured vectors. This allows
the di↵raction pattern to be related to real space and determine the (hkl ) of
di↵raction spots in the pattern, where if they are real reflections will have (hkl )
values which are integers [63].
The transformation between reciprocal and real space in principal requires an
infinite number of data points, however normally a sufficiently large range of
data can be collected to calculate a unit cell with a sufficiently large 2✓. As
the 2✓ increases beyond a certain point it can be assumed that the intensities
of reflections will be so low that the structure factor magnitudes can be
approximated to zero. In general a a 2✓ range of 50 degrees can be used as
an appropriate range.
When a single crystal pattern is collected it looks something like figure 3.7. As
can be seen, individual single crystal spots make up the pattern and these will be
intrinsic to the single crystal which has been studied. Single crystal di↵raction
allows subtle phase transitions to be studied as the behaviour of individual single
crystal di↵raction spots can be studies with pressure without e↵ects such as
texture which are found in powder di↵raction experiments.

3.1.4

Powder Di↵raction

In X-ray di↵raction experiments many of the samples studied are not single
crystals, particularly in high pressure science. This is because at high pressures
perfect single crystals will often break down into more “powder-like” samples.
Samples for powder di↵raction including powders and foils are often much easier
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Figure 3.7

Wide single crystal data set collected at 3 GPa, collected between
± 25°. This data set was collected by exposing the single crystal to
the x-rays continuously throughout the samples rotation; in a normal
data collection composing of many exposures each single crystal spot
would only be visible for a small range of angles.

to work with as well, as single crystals can break down when handled, for example,
the preparation of a shock target may require samples to be glued or annealed
to an ablator and a widow material, requiring the targets to be handled and
thicknesses measured. When a sample is not a single crystal it is referred to as
a powder, in fact in a DAC as a single crystal sample is compressed beyond a
few GPa the sample will begin to break down and become more “powder-like” as
the unit cells of the composing crystallites are no longer all oriented uniformly.
Powder analysis allows for a material’s purity and homogeneity to be studied.
This technique is well suited to the high pressure and temperature studies detailed
in this work, particularly in cases of dynamic compression in which samples are
destroyed by the transmission of a shockwave passing through them meaning even
if a sample was a single at ambient after it has been shock compressed a powder
will have formed.
The main di↵erence in the di↵raction profiles from powders, when compared to
single crystals is, rather than the pattern consisting of single crystal spots the
34

powder pattern will be made up of a series of di↵raction rings as in figure 3.8.
This means rather than getting individual reflections for a single crystal i.e. the
(110), (1̄1̄0), (1̄10) and (11̄0) reflections of a single crystal only a full ring with
an (hkl ) of (110) will be observed.

Figure 3.8

Example of an X-ray beam di↵racting from a powder sample
composing of many individual randomly oriented crystallites,
forming a di↵raction pattern composed of several Debye-Scherrer
rings.

One noticeable a↵ect of powder di↵raction is how the texture of a sample can
change. Texture in this case refers to the relative organisation of the crystallites in
solid. Single crystals are considered highly textured all or at least the majority of
crystallites orientated in the same direction [69]. Powders should have randomly
oriented crystallites however some amount of uniformity of the crystallites may
occur, this can result in in a variation of intensity around a powder di↵raction ring
in , the azimuthal angle. Information is also extracted di↵erently for powder
di↵raction patterns, the position and intensity of the peaks in a powder di↵raction
pattern are determined by the composition and size of a unit cell. While, the
shape and width of peaks are determined by instrumental e↵ects and sample
properties such as the size and strain of crystallites and stacking faults.
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3.1.5

Structural refinements

After the collection of di↵raction data there are several di↵erent ways of
interpreting this information. For, single crystals commonly the indexing the
(hkl ) reflections from a known orientation matrix is used to determine the unit
cell of a crystal structure. With powder samples more commonly Le Bail and
Rietveld refinements are used as complimentary techniques in order to determine
the crystal structure and lattice parameters of a sample. Much of the discussion
of di↵erent fitting techniques was taken from reference [70]
A full powder di↵raction pattern can be expressed in terms of yobs , the intensity
observed at a given 2✓. A structural model can be used to how the peaks will
vary with 2✓, and by incorporating a model of the background the calculated
intensities ycalc can be determined for each value of 2✓. When building the model
of the peak shapes they can be described using either a psuedo-voigt, gaussian
or lorentzian profile, and include contributions from experimental set-up and
size/strain contributions from the sample. A least squares fit is then use to
adjust the structural parameters to minimise:
yobs

ycalc

(3.8)

This is minimised over the whole di↵raction pattern. Quality of the refinement is
monitored in terms of the agreements of fitting criteria. The fitting criteria being
parameters which measure the agreement between the observed and calculated
parameters (R factors). The RF the structure factor, Rp the pattern R factor,
Rwp the weighted pattern R factor, RBragg the Bragg R factor and the goodness
of fit (GOF) listed below:
RF = ⌃|(Iobs )1/2

(Icalc )1/2 |(⌃Iobs )1/2

ycalc |⌃|yobs |

Rp = ⌃|yobs

Rwp = [⌃|w(yobs

(3.9)

(3.10)

ycalc )2 |⌃|w(yobs )2 |]1/2

(3.11)

Icalc |⌃Iobs

(3.12)

RBragg = ⌃|Iobs
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GOF = Rwp /Re

(3.13)

Where the I ’s are the observed and calculated intensities assigned to the nth
Bragg reflection at the end of a refinement and Re is an expected structure
factor determined by the weighting of intensities, site occupancies and preferred
orientation.
Of these di↵erent parameters Rwp is often used as it represents the quantity
minimised, however this is highly sensitive to the background and a high
background can give a misleadingly low Rwp . Further, the RBragg will be biased
by the structural model. The GOF can be particularly useful in expressing
the appropriateness of a given refinement with a general rule of thumb being
a goodness of fit close to 1.3 being a good fit. A GOF lower than 1 normally
indicates a dataset has been ‘over fit’ [67]. Often alongside determining structure
factors and the GOF, visual inspection of the fit can often be a better method of
evaluating the the agreement between observed and calculated patterns
Similar to the Rietveld method a Le Bail refinement uses a least squares fitting
method, if a structure factor is unknown no calculated structure factors can
be determined for the refinement. Therefore, initially all integrated intensities
are equal as the least squares method fits the data and the observed integrated
intensities will be correctly scaled. After one iteration isolated peaks will have an
observed intensity equal to the area under the Bragg peak, if there are overlapping
peaks then an iterative method must be used. Le Bail refinement is particularly
useful as it works well alongside the Rietveld method. Refinements of peak
positions and widths can help improve the Rietveld method, which can then be
used to improve the Le Bail fits. Due to the two techniques being complimentary
Le Bail refinements are often incorporated into Rietveld software.

3.1.6

Strain Analysis

At high pressure, lattice stress and strains are incredibly common, particularly
in non-hydrostatic compression experiments. These e↵ects can manifest in the
di↵raction patterns in a number of ways and are important to be understood
themselves as they may mask other structural e↵ects with pressure. The strain
and stress parameters in this thesis were determined using the Multifit and
Polydefix from Sébastion Merkel, as described in [71].
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The e↵ects of strain are often considered as arising due to the non-hydrostaticicity
of a system [72]. For the DAC experiments in this work the x-ray beam was
incident parallel to the compression direction, this is known as parallel geometry.
For this geometry the angle , the angle between the di↵racting normal and
direction of compression, is given by:
cos = cos✓cos

(3.14)

where ✓ is the Bragg angle and is the azimuthal angle [73] and the stress in the
centre of the sample is given by:
0

11

B
( i j) = @ 0
0

0
11

0

1 0
0
p
C B
0 A=@0
0
33

0
p
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0
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C
t/3
0 A=
0
2t/3

p

+ di j

(3.15)
where dij is the deviatoric stress component and p is the mean normal stress
[74]. the variable t is the di↵erential stress component given by:
t=(
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11 )

=

y

= 2⌧y

(3.16)

where y and ⌧y are the yield and shear strengths respectively. Equations of
the lattice strains are derived under stress and strain continuities given by the
Reuss [75] and Voigt [76] limits respectively. The Reuss limit describing isostress, where all grains in the bulk sample experience identical stress when an
force is applied to the sample and the Voigt limit describes iso-strain where all
the grains experience the same strain when the bulk sample is deformed under
stress [77]. When measuring the strain, analysis is normally done incorporating
an appropriate equation of state such that:
dm (hkl) = dp (hkl)[1 + (1

where

3cos2 )Q(hkl)]

t
1
Q(hkl) = (↵[2GX
R (hkl) ] + (1
3

↵)(2GV ) 1 )

(3.17)

(3.18)

where GX
R is the shear modulus under the Reuss condition, GV is the shear
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modulus under the Voigt condition and ↵ is a factor between 0 and 1 for the
weighting of strains calculated under each condition [78]. Specific equations of
lattice strains can be seen discussed in references [74, 79]. This analysis framework
is the underlying theory for the strain analysis carried out using the Multifit and
Polydefix software.

Dynamic Compression
The strain analysis described previously is sufficient for statically compressed materials. However, under dynamic experiments exhibiting large strain anisotropies
the assertions of this model are likely to fail, as these assumptions rely on
the di↵erences between longitudinal and transverse strains being negligible
which becomes increasingly untrue with large uniaxial strain components. For
discussion of strain under dynamic conditions see reference [80]. This method
works by measuring deviations in the d-spacings of the Debye-Scherrer rings [81]
around the azimuthal angle. This deviation is calculated by measurement of d/d0
where d0 is the original plane spacing and the measured d-spacing d, is given by:
d=

2sin✓

(3.19)

When the value of (d/d0 )2 is plotted against cos2 ,
here being the the
angle between the di↵racting grain normal and the direction of the shock
propagation. The parallel and transverse strain components may be extracted
by the relationship:
d
( )2 = ✏211 + (✏233 ✏211 )cos2
(3.20)
do
In this case where ✏11 and ✏33 are the transverse and parallel components of the
strain tensor along the direction of shock compression.

3.1.7

High Pressure Crystallography

When compression techniques are combined with XRD techniques the structure
of a material at high pressure can be determined. Generally x-ray di↵raction at
high pressure requires the use of brilliant x-ray sources such as synchrotrons and
x-ray free electron lasers (X-FELs), in order to obtain high quality di↵raction
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from the small samples or over the short timescales the experiments can occur
over.

Figure 3.9

Brightness against photon energy for several XFEL and Synchrotron
sources taken from [82].

The use of a synchrotron or XFEL will rely on several factors when planning
an exposure. Synchrotrons are generally less brilliant with lower peak fluxes
than XFEls. As synchrotrons tend to have a lower peak flux samples they
work well with samples that can be exposed for relatively long periods of time
i.e. exposures of microseconds or seconds instead of femtoseconds. Another
advantage of synchrotrons is the lower peak fluxes mean that there is likely less
heating from the x-ray beam which can damage apparatus and samples. For
these reasons synchrotrons are often used in static compression experiments and
dynamic compression experiments using flyer-plate techniques with compression
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of the order of microseconds. XFELs are particularly useful in laser driven
shockwaves where the femtosecond pulses, such as at the LCLS, can resolve
the dynamic compression experiments taking place over nanosecond timescales
[83]. However, recent advances in synchrotron technology have made synchrotrons
viable for x-ray di↵raction as a diagnostic tool for laser driven shockwaves [84].
Synchrotrons may be employed in dynamic experiments but will require longer
pulse times with a high average flux over the duration of the pulse [85]. These
longer pulse durations can mean that synchrotrons may not be appropriate for
some studies of ultrafast phenomena when compared with the temporal resolution
a↵orded by femtosecond XFEL pulses. Further to this, there has been increasing
interest in the use of XFELs to provide diagnostics tools for statically compressed
samples and in fact the x-rays themselves could heat the diamonds and samples
by hundreds to thousands of Kelvin, with the rapid heating itself generating a
shock wave in the sample at pressure [86].

3.2

Equations of State

When characterising solids one important property is that the atoms comprising
a material will be arranged at distances from one another comparable to the range
of the Coulomb force they interact with. Each atom will be close enough to its
neighbouring atoms to be a↵ected by neighbouring nuclei’s electrostatic potential.
These potentials will lock the atom in place at an equilibrium position. These
positions are determined by the arrangement of atoms in a minimum free energy,
for many materials this will be regular lattice structure with short and long range
order. these lattices can take one of several di↵erent forms and are discussed
in further detail in this work in section 3.1.1. These lattices are maintained
by the balancing of repulsive and attractive forces between neighbouring atoms.
However, on compression of a lattice atoms will be pushed towards each other and
this may upset this balance, where electron orbitals may overlap and repulsive
forces can drastically increase, and the pressure required to further compress a
material will increase [87].
When describing the pressure volume behaviour of a material on compression
a useful tool is the use of an equation of state this being an equation which
relates the pressure and volume of a solid, normally at a given temperature.
Generally equations of state are worked out at a temperature of 0 K or on an
isotherm. However, it is possible to model the e↵ects of temperature increases
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and decreases on the pressure-volume behaviour of a sample by including the
appropriate temperature coefficients in an EOS. In this work the most commonly
used equations of state are the Birch-Murnaghan:
3
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(
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where P is the sample pressure, V is sample volume, V0 is the volume under
ambient conditions and K0 is the isothermal bulk modulus and K 0 is the first
derivative with respect to pressure [88, 89]. For the high temperature studies the
excel tables from [90] using the thermal equations of state as described in [91]
were used.
These equations of state can be used to create compression curves figure 3.10 and
these curves mean in experiments were structural parameters such as the volume
are found the pressure of the sample can be determined.

Figure 3.10

Compression curves for Pt, for several isotherms. Pt was used as
a calibrant in the majority of the static compression experiments
presented in this thesis, with Mo and KCl used as alternatives when
appropriate. The use of Pt for many of the experiments due to
its relative inertness and lack of overlap between the Pt and V
di↵raction peaks.

Using these compression curves of a known calibrant the equation of state and
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compression curve of V has been determined to above 100 GPa. Compression
curves can be particularly useful as they allow the results of previous experiments
to be used to make a calibrant for in situ pressure determination using di↵raction,
whereby a small amount of calibrant placed in a high pressure cell when coupled
with an XRD technique volume information can be obtained and used to
determine the pressure from a known compression curve, for more information
on pressure determination see section 3.3.3.

3.3
3.3.1

Static Compression Techniques
An Introduction To Static Compression

Static compression can be used to probe high pressure environments, with a
commonly used technique being the use of a diamond anvil cell (DAC). In the
DAC the sample is placed in a hole, drilled in a thin metallic gasket which is placed
between the flat faces of two diamonds (culet), Figure 3.11. The sample pressure
then increases as the diamonds are pressed together [92]. Compression in a DAC is
isothermal allowing the technique to be combined with either cooling or heating
techniques to investigate a wide range of states of matter for example, DAC
experiments in combination with a laser heating set up allows high-temperaturepressure states to be probed analogous to the conditions near the centre of the
Earth [11].
DAC compression is uniaxial in nature, with the main advantages being the
capability to reach pressures above 100 GPa and that the transparency of the
diamond windows to a large range of the electromagnetic spectrum permitting a
wide range of in situ analytical techniques. The main disadvantage of the DAC is
that generally very small sample volumes are required, meaning that for several
techniques, e.g, x-ray di↵raction, a high brilliance source such as a synchrotron
is required [11]. The highest pressure achieved is also ultimately limited by the
strength of the diamonds. Pressure can be further limited by e↵ects such as
misalignment of the diamonds, defects in the diamonds or reactions between
samples and the diamonds at extreme conditions.
Pressure measurement in a DAC is generally done by one of two methods; the
use of ruby fluorescence [93] or the use of a calibrated gauge material [13].
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Figure 3.11

Schematic of a Diamond Anvil Cell, showing the main components
of the cell, a metal gasket held between two opposing diamonds
which can be moved together to compress the sample. The cell
seats will have an incorporated window for sample diagnostics.

Ruby fluorescence requires a small amount of ruby to be included in the sample
chamber, meaning it will be held at the same pressure as the sample, and using
fluorescence techniques the R1 fluorescence of ruby can be measured and has been
extensively calibrated pressure. Gauge materials work by a similar concept. For
high pressure x-ray di↵raction experiments a small amount of a gauge material is
included in the sample chamber, when di↵raction is collected of the sample it can
also be collected for the gauge and using a known equation of state the pressure
of the gauge and therefore of the sample can be determined. The choice of a
gauge material will depend on several factors, including the overlap of di↵raction
peaks between the gauge and sample and any reactivity of the gauge and sample
materials under experimental conditions.
In the DAC high-temperature experiments can be carried out using either
electrical resistive heating or by laser heating a sample [15, 94]. Resistive heating
techniques can create highly-uniform temperatures, which are easier to measure
and longer lasting within the DAC, but have upper limits on the temperatures
achievable and may take several hours reach higher temperatures. While laser
heating will generally achieve higher temperatures, much faster than resistive
heating techniques, temperatures can be harder to measure than for resistive
heating. The nature of laser heating means a thermal shock may be induced
in the sample, meaning dynamic e↵ects will be introduced to the experiment
and, results will deviate further from the hydrostat than anticipated. Resistive
techniques can easily attain temperature in the range of 1500 K for moderate
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pressures and lower temperatures for higher pressures [95, 96]; while laser heating,
such as that using an infra red beam from a Nd:YAG laser heats the sample to
temperatures of up to 10,000K.
In this thesis the static compression experiments utilised three types of DAC.
For the majority of experiments a Boehler-Almax plate DAC was used, to reach
pressures up to 150 GPa [97]. The experiments at the Diamond Light Source and
high-temperature data were collected using a Lawrence-Livermore type DAC,
coupled with a resistive heating set up and and a gas-membrane for pressure
controls as described in [94]. The final type of DAC used was the membrane type
DAC used at the ESRF [98].

3.3.2

Pressure Transmitting Medium

Hydrostatic Compression
In a DAC the compression of the sample results from the two diamonds moving
together, creating a with the force from the diamonds acting uniaxially along the
direction of the movement the diamonds. The large uniaxial component of the
compression can be minimised by the use of an appropriate Pressure Transmitting
Medium (PTM), as demonstrated in Figure 3.12.

Figure 3.12

Compression in a DAC with a) no PTM where the uniaxial
compression from the diamonds is the main compression pathway
and b) where a PTM has been used and the compression can be
considered to be hydrostatic.

When choosing a PTM for a DAC experiment the choice of liquid can be very
important. Hydrostatic pressure transmitting mediums arose from the the ruby
fluorescence method line broadening could be seen resulting from in-homogenous
stresses on the sample. It was discovered that using a liquid in the high pressure
cell resulted in significant R line sharpening until the hydrostatic limit of the PTM
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is reached [99]. When there is a liquid pressure transmitting medium in a cell
there are nonexistent pressure gradients until it reaches its freezing pressure or the
liquid viscosity approaches the glass transmission pressure. Even beyond freezing
depending on the di↵erences in viscosity of the sample and PTM the compression
may remain quasi-hydrostatic were pressure gradients are much lower than those
found in non-hydrostatic compression. The choice of PTM allows for a well
characterised pressure environment and allows for single crystal di↵raction to be
carried out in a DAC to high pressure without the single crystal sample breaking
down into a powder.
In the hydrostatic compression experiments in this thesis a He PTM was used.
Helium was used as even at the highest pressures in these experiments (150
GPa), experiments compressing metals in a He pressure transmitting medium
have shown stresses due to non-hydrostatic strains of the order 0.3-0.5 GPa [100].

Non-Hydrostatic Compression
The static compression experiments reported in this thesis utilised several
di↵erent PTMs. Most commonly Si oil, KCl and a 4:1 Methanol-Ethanol mixture.
Normally the use of any PTM would be discussed as hydrostatic compression
however, when compared to PTM’s such as He, Ar or Ne, the compression tends
to be less hydrostatic in nature [99]. However, the use of a He PTM creates its
own set of advantages and disadvantages, as several PTMs have been used in the
course of this thesis only the compression under a He PTM is considered to be
truly hydrostatic and in cases were non-hydrostatic compression discussed unless
otherwise stated a less hydrostatic PTM will have been used.

3.3.3

Pressure Determination

A limitation of early DAC work was the lack of a convenient and rapid
measurement of the pressure of within the cell. Pressures determined by
calculating the force per unit area where unreliable due large uncertainties and
the unknown distribution of force on the sample and gasket meaning there could
be large unknown pressure gradients over a sample. In the early days of DAC
work either force calculations or utilising an equation of state were inaccurate or
time consuming respectively. The wider acceptance of the DAC by the scientific
community came when fluorescence spectroscopy was combined with the high
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pressure technique for to create a pressure scale. Specifically, ruby fluorescence
of the R1 and R2 doublet were intense and sharp and shifted to higher higher
wavelengths with pressure [93]. This method was particularly useful as only a
small amount of ruby was needed to create a high intensity spectrum. This
allowed plenty of room for the sample and PTM in the gasket hole. Ruby was
also commonly used as it is chemically inert to high pressure and temperatures.
The scale is therefore, reliable over a variety of pressure temperature regimes and
the sample would not be contaminated during the experiment. The pressure scale
has subsequently been used to determine pressures well above 100 GPa [101].
As x-ray power di↵raction techniques became more widespread due in large
to better sources of x-rays, it became viable to use a calibrant, with known
compressibility with pressure, in experiments such that a small piece of a calibrant
material could be placed in the gasket with the sample and used as the calibrant
instead of ruby fluorescence. This is particularly useful in XRD experiments as
when going to high pressures above 100 GPa it is quite possible that the diameter
of the x-ray beam will be of a similar magnitude as the gasket hole containing
the sample. This can result in contamination of the XRD pattern by both the
calibrant and the gasket. Using a material other than ruby can allow careful
selection of the calibrant material to avoid overlapping of the calibrant and sample
di↵raction peaks. Further, several very inert materials, including platinum and
gold have been studied extensively to high pressures meaning they can be used
as calibrants in very high pressure and temperature studies without the risk of a
chemical reaction contaminating the sample [102]. For the purpose of this work
careful selection of calibrants was done using the work in references [102–106] in
both choosing a calibrant material as well as allowing equations of state to be
made and used to determine pressure from d spacings of the calibrant. For the
static compression experiments the equations of state used were those found in
reference [90].

3.3.4

Synchrotrons

As previously mentioned a sufficiently brilliant source is required to carry out xray di↵raction on statically compressed samples. Synchrotron-based techniques
are often used; third generation synchrotron sources, and improvements in xray optics and detectors, have led to drastic advances in material property
measurements at high pressure [11].
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Synchrotrons are a type of Radio Frequency (RF) accelerator, which have an
oscillating electric field to accelerate electrons and a magnetic field to bend the
particle path into a closed loop, at one or a few places the beam path the particle
will pass through the RF field and will be accelerated. As the particles are
accelerated they will emit radiation to lose energy and this is the synchrotron
radiation which is used in the high-pressure experiments [107]. XRD can be
carried out on statically compressed samples inside a DAC with an x-ray beam
being directed through the DAC and the di↵raction recorded, Figure 3.13.

Figure 3.13

Set up for XRD experiments in a laser heated DAC taken from
[11].

A simplified schematic of a synchrotron radiation source can be seen below in
figure 3.14. There are several components of a synchrotron light source. Initially
electrons are accelerated in the linear accelerator (Linac) to several MeV, and
they then enter a booster ring where they are accelerated to GeVs. Once
the electrons have travelled through the booster ring they travel into the final
part of the accelerator, the storage ring. In the storage ring electrons may be
accelerated further by the RF electric fields. The synchrotron radiation can then
be removed from the storage ring to be delivered to the beam line for use by users
in experiments [108].

Synchrotrons may also introduce insertion devices, these being periodic magnetic
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Figure 3.14

Basic design of a synchrotron showing the main components, the
Linac, booster ring, storage ring and beamlines adapted from [108].

structures installed in straight sections of the storage ring. Passing through
alternating magnetic fields results in electron oscillations perpendicular to the
direction of travel and emission of synchrotron radiation during each individual
oscillation. These devices will allow for higher energies, increased radiation
intensity and increased brightness. The two types of insertion devices are wigglers
and undulators [109].
Wigglers are insertion devices which are made of a periodic series of magnets
which force the electrons to oscillate along a straight path. Geometrically the
alternating magnetic field is generally applied vertically to the electron travel
direction. With higher magnetic fields resulting in higher critical energies, being
the energy derived from the maximum critical frequency of the synchrotron . The
resulting radiation is incoherent and the overall characteristics of the radiation
are identical to a beam formed by bending magnets, with an intensity increased
by factor 2N, the period of the wiggler. The magnets used in wigglers will have a
large K value, this being the ratio between the wiggling angle and natural angular
aperture of the synchrotron radiation. The large K value means that interference
between emission of di↵erent poles can be neglected and, the overall intensity is
the summation of the contributions from the individual poles. An example of a
wiggler insertion device can be seen below in figure 3.15
The other type of insertion device is an undulator, these devices generally use
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Figure 3.15

a) Wiggler insertion device emitting broad band radiation in a wide
cone and b) undulator source emitting monochromatic radiation in
a much more narrow cone .

more magnets with K very close to 1. In undulators interference between radiation
at the di↵erent poles occurs at di↵erent points along the trajectory. Due to the
phase di↵erences of photons emitted at di↵ering points along the sinusoidal orbit
radiation will constructively at wavelength . Undulators therefore will emit
narrow cones of coherent radiation at specific wavelengths. The gap di↵erence
between poles in an undulator has an inverse e↵ect on the amplitude of the
magnetic field and can be used to control further the amplitudes of the fields
radiated by each period of the undulator and coherently such the intensity
increases with N 2 as opposed to 2N as is the the case in a wiggler. The di↵erent
emission behaviour of undulators and wigglers can be seen in figure 3.15. As
can be seen wigglers are much less bright than undulators but are able to access
higher and a wider range of photon energies.

3.4

Laser Driven Shock Waves

Dynamic compression can be achieved by a variety of methods, detonation of an
explosive, a flyer plate technique or by laser ablation. The dynamic compression
experiments in this thesis made use of laser driven shock compression carried
out at the MEC beamline at the LCLS. The experiments were carried out under
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nanosecond loading times and coupled with ultrafast x-ray di↵raction and VISAR
diagnostics. This section presents how the dynamic compression experiments were
carried out and gives an explanation of some of the theory behind the facilities
used. Much of the discussion of the background theory in this section came from
chapters 1-4 of [16], chapters 1-3 of [87] and chapters 1-3 and 7 of [110]

3.4.1

An introduction To Dynamic Compression

Dynamic compression techniques encompass techniques were either a shock or
ramp compression wave is introduced to the sample. This can be induced in a
variety of ways either from a gas-gun [111], flyer plate [112] technique or laser
driven shockwave [113]. The experiments in this thesis employed laser-Drivenshock-waves at the MEC end station at the LCLS.

Shock Compression
In a typical shock experiment the dynamic timescales are much shorter than static
ones, having nanosecond and second timescales, respectively. Shock compression
can be used to reach higher pressure regimes than static compression. However,
large increases in temperature are characteristic of shock compression compared
to static techniques [114]. Issues arise due to these large temperature gradients
from the inability to measure temperature in a shocked solid and determining
the physical mechanisms of energy scattering and phase transitions. This
temperature increase arises due to the nature of shock compression. When a
shockwave enters a material the strain rate of the material will be the highest
possible for the material to have in equilibrium. Energy is put directly into
atoms and molecules and defects are created by the shock wave, this combined
with viscous forces, energy scattering and shear forces causes increases in entropy
and therefore, temperature [16].
In the dynamic shock experiments carried out in this work a shock wave is
introduced into the material using a laser pulse. Shockwaves are assumed to
act on a material such that, the material at an initial stress and compression
state instantaneously reaches a higher state in a discontinuous jump in pressure.
The shockwave can be assumed to have a constant shock velocity, US and the
compressed state can be assumed to have properties pressure, P , and mass
particle velocity, UP , for times longer than those needed to measure these
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parameters. These parameters are related through mass, momentum and energy
conservation laws. Eventually stress will be reduced by rarefaction “release”
waves, which are non-steady, with Eulerian velocities greater than that of the
shock front and being spread out in time, this means the relief wave eventually
catches up to and destroys the shock wave [16]. The propagation of the relief and
shock wave can be seen in Figure 3.16, with the relief wave behind the shock
front reducing the pressure to zero.

Figure 3.16

1-D plot of a shock profile and accompanying relief waves. the shock
wave will propagate through a sample and after a finite amount of
time a relief propagating through the sample returns the sample to
an uncompressed state. Taken from [16].

The conservation of mass, energy and momentum can be used to determine
the pressure of a system undergoing shock compression, the Rankine-Hugoniot
equations relating these can be seen, equations 1.1, 1.2 and 1.3, and assume a one
dimensional steady shock wave with no heat flow and external energy sources. It
is helpful to first visualise the propagation of a shock wave through a material,
Figure 3.17.
The conservation of these parameters in a steady one-dimensional shock results
in the Rankine-Hugoniot relationships:
v/v0 = (Us

Up )/Us

P = ⇢0 Us Up

E

E0 = P (V0

(3.23)

(3.24)

V )/2

(3.25)

In this case V is the specific volume, ⇢ is the density, E is the internal energy
of the system, P is the pressure, Us is the shock velocity and Up is the particle
velocity. P , Us and Up are generally measured in shock experiments and from
these using the Rankine-Hugoniot equations, the thermodynamics of the system
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Pressure
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Figure 3.17

Shock wave propagation, from left to right, with material behind
the shock front in a shocked state and material ahead of the front
in the initial state of the system. Where E is the internal energy
of the system, P is the pressure, Us is the shock velocity, Up is the
particle mass velocity of the material and ⇢ is the material density.

may be determined.
When a shock experiment takes place the end state of the experiment exists at
point on the Hugoniot. This being the locus of points in P-V space representing
the end states of a single shock, present in Figure 3.18.

Figure 3.18

Hugoniot in P
V space with Rayleigh line connecting initial
unshocked P ,V point to final P ,V state, taken from [16].

For the Hugoniot the Rayleigh line is a line connecting the initial and final
states. It is this Rayleigh line which represents the compression path. While
some materials have a linear relationship between US and UP , many exhibit a
curvature in this relationship at low pressures due to elastic yielding, strain rate
viscosity or time dependant flow issues. When the material is in an initial state at
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ambient conditions the curve in P V or P U space is known as the principal
Hugoniot, di↵erentiating it from the curves found in multi-shock experiments.
Multi-shock experiments involve several shocks travelling through a material and
every wave after the first will have an initial state were pressure and particle
velocity are not 0, and volume is not V0 , requiring more general versions of the
Rankine-Hugoniot equations. While the Hugoniot is often described in P V
space, it can be converted into P
T space making it particularly useful in
describing the behaviour of a material as it relates to the phase diagram of that
material.

Ramp Compression
Dynamic ramp compression allows access to the high pressures normally associated with shock compression but with reduced heating arising from less dissipative
heating, and occurs on longer timescales, tens of nanoseconds compared to
nanoseconds. Ramp compression, however, requires precise control of the
pressure waves applied to the sample in order to prevent shock formation [14].
Ramp compression experiments can be used to make Equation of State (EOS)
measurements, observe solid phase transformations and determine strength at
high pressures.
The reduced heating in ramp compression makes it ideal to the study of high
pressure solid regimes, as it is possible to compress a sample without it undergoing
shock melting allowing high pressure solid phases to be observed. Ramp
compression is achieved by extending the time scales of dynamic compression to
tens of nanoseconds or longer using Ramp-Wave Loading (RWL). This allows
for significantly less heating than in shock experiments allowing solid phases
of materials to be studied at higher pressures [35]. Ideally RWL experiments
would measure conditions of a material with no heating however, deviations
from the expected isentrope can occur due to material strength, rate dependent
deformation e↵ects or other dissipative processes. The major disadvantage
when using ramp compression techniques is its instability compared with shock
compression. Instabilities can arise as sound velocities increase with pressure,
meaning precise control of the pressure loading history is required to prevent the
formation of shock waves.
One technique for ramp compression involves gas-gun experiments employing
reverberating shocks achieving high-density states with minimal heating, were
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the ramp wave can be approximated to be an infinite number of weak shocks
[115]. Other experimental setups include the use of laser-driven plasma loaders
for shock-less compression [116]. In ramp compression it is sometimes useful to
initially shock a sample to an intermediate pressure before the onset of the main
ramp compression, to produce a more fluid like state reducing dissipative heating
during compression.

3.4.2

Shock Formation for Compression

The shockwaves in the dynamic compression experiments were formed by laser
ablation processes. This process can be seen demonstrated in figure 3.19.
Ablation occurs when a drive laser is incident on the surface of a target. The
surface then ablates as a plasma forms when the laser energy is deposited onto the
target. This plasma will then expand away from the surface and by conservation
of momentum a pressure wave will travel into the sample [117]. Often rather than
ablating the sample material an ablation material is incorporated into the target.
For the shock compression experiments in this thesis a kapton ablator was glued
to V foil samples. This reduced heating of the V sample by the incident laser
and means the sample was not destroyed in the initial ablation process allowing
for longer transmission times of the shock front through the V sample.

Figure 3.19

Diagram showing laser ablation of a shock target, and the
subsequent compression wave formed by the ablation process.

For the laser intensities used in the shock experiments, the majority of the
laser energy is absorbed by the sample via inverse bremsstrahlung absorption.
This means that the photon energy will be small compared to the ionization
potential; and the interaction of the laser light and plasma is dominated by
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interactions between photons and free electrons. The rate of energy deposition is
approximately equal to the rate the plasma formation, and it is also assumed that
the majority of the energy absorption occurs close to where the laser radiation
penetrates at the critical density, nc which is inversely proportional to the square
of the laser wavelength, :
8.8 ⇥ 1020
nc (cm ) =
[ (µm)]2
3

(3.26)

At high laser intensities the electric field from the electromagnetic wave can
distort the electron distribution of the plasma, and the inverse bremsstrahlung
absorption will be dependent on intensity. The plasma pressure here being
proportional to the electron temperature (Te ) and therefore the intensity, I:
P / Te / (I

2

2

)3

(3.27)

In optimising the experiments the initial drive pulse shape is of the utmost
importance. The pulse will need to be designed with the pressure state which
needs to be achieved in mind, as well as how the material will behave at pressure.
Further, when a laser pulse ends a release wave, as previously discussed in
section 3.4.1, will propagate through the sample, often at a speed faster than
the propagating pressure wave. In order to achieve the peak compression in an
experiment it is important to measure compression data before this release wave
catches up with the pressure front. Therefore, it is important to consider sound
speeds and target thickness in the design of the drive pulses. The pulse shape
and energies of the incident laser can be tailored reach a variety of shocked states.
Often a square drive pulse is used, The intensity of the pulse can be determined
by:
Energy
Intensity =
(3.28)
(AreaP ulse )(T ime)
When using a square pulse like those discussed here the sample will be
instantaneously driven into a shocked state along the Hugoniot. The experiments
described in this thesis used a square wave combined with a 20% ramp, which
has been used previously to compress the sample to steady pressure state for the
duration of the experiment [4, 18]. Examples of a square wave and the ramp
eave can be seen in figure 3.20. This type of drive pulse has been demonstrated
previously to induce a constant pressure in a plastic ablator.
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Figure 3.20

3.4.3

Examples of beam shapes in a shock compression experiment a) a
square wave and b) square wave incorporating a 20% ramp used to
drive a sample to steady on hugoniot state for the duration of a
shock experiment.

X-ray Free Electrons Lasers - LCLS

High energy lasers such as X-ray Free Electron Lasers (XFELs), are ideal for
dynamic experiments, where the high peak intensity, short pulses of light in the
X-ray region can be used in conjunction with laser driven shock compression [118].
Electrons are accelerated to relativistic speeds in a linear accelerator before they
pass through a undulator, consisting of a line of magnets of opposite poles, Figure
3.21. The magnetic force on the electrons causes them to be accelerated back and
forth, resulting in the emittance of radiation [119]. Due to Lorentz contraction
the distance separating the poles is shortened, such that in the electron’s rest
frame the oscillation frequency is a factor of higher. In the frame of the lab the
electron motion will be another factor of higher leading to the wavelength of
light being emitted being:
n F EL = µ/ 2
(3.29)
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Where is the Lorentz factor and µ is the separation between the poles in the
undulator.

Figure 3.21

Schematic of a typical XFEL, electrons are injected and then
accelerated through a linac after which the electron bunches pass
into the undulator where x-rays are formed, electrons are removed
by a bending magnet and photons pass out of the XFEL [119].

Generally the emitted radiation would be incoherent. However, as a very short,
dense bunch of electrons is passed through the undulator, the emitted radiation
moves faster than the electrons and will interact with electrons further up the
beam, accelerating or decelerating them. This interaction causes a periodic
bunching of the electrons and this well defined spatial periodicity in the bunches
results in increasing coherence, collimation and exponential growth in intensity
as the bunch moves through the undulator. The electrons act as both the emitter
and gain medium, and this process is known as Self Amplified Spontaneous
Emission (SASE) [119].
The intensity increase of the emitted radiation is exponential in nature, the
amplification is due to the energy transfer from the electrons to the emitted wave.
The time rate energy transfer for one electron is proportional the product of the
wave E-field magnitude the transverse electron velocity, the magnitude being
proportional to I 1/2 . This by itself would not result in an exponential intensity
increase. However, micro-bunching of the electrons arising from the transverse
B-field of the previously emitted waves producing a a longitudinal Lorentz force.
This Lorentz force is proportional to the transverse electron velocity and B-field
strength, being proportional again to I 1/2 . However, as the microbunching occurs
it will e↵ect the subsequent wave emission. The correlated emission is enhanced
by a factor proportional to the microbunching force. When the e↵ect of the
energy transfer rate is also considered this results in an exponential increase in
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the intensity along the undulator such that:
ut

I = I 0 e LG

(3.30)

where I0 is the initial intensity, u is the longitudinal speed of the bunches (⇡c)
and LG is the gain length or length of the undulator [120]. The high intensity
and energy x-rays mean that di↵raction can be collected with at with a temporal
resolution to resolve structures of materials undergoing compression at dynamic
timescales. For more information on the systems used at the MEC end station
of the LCLS, see chapter 9.

3.4.4

Experimental optimisation

Target Optimisation
The shock targets in this work comprised three main parts, a 50 um black Kapton
ablator as previously discussed, either 12.5 or 25 µm thick V foil and some
targets incorporated a 150 um LiF window on the rear surface. The targets were
constructed using a thin (1-2µm) layer of glue between each layer. A schematic
of the targets used can be seen demonstrated in figure 3.22.

Figure 3.22

Example of the shock targets used in the shock experiments, a 50
µm kapton ablator attached to either a 12.5 µm or 25 µm V foil
sample, several targets also incorporated a LiF window on the rear
surface of the V.

In designing the targets the thickness of the sample was important to consider.
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A shockwave will propagate faster than the speed of sound in the material, the
material therefore needs to be sufficiently thick such that the time taken for the
wave to travel through the sample will allow any diagnostics which need to be
carried out to finish. In general, a window of a between 5-20 ns is sufficient to
reliably collect data on compression. Another consideration for these experiments
was the x-ray attenuation of the sample, the di↵ering shock experiments used wray energies between 9.5-11 KeV. Figure 3.23 shows the x-ray transmission for
12.5 and 25 µm thick V foil for a range of photon energies.

Figure 3.23

Transmission of x-rays through a 12.5 and 25 um V sample for a
range of photon energies

In designing these experiments the 30-40% transmission for the 12.5 µm foil
would have been ideal. However, the thickness of the sample meant that timing
the diagnostics would be particularly difficult, the shockwave could propagate
through the sample completely in the order of < 5ns. The 25 µm foil had a
lower transmission in the range 10-20%, but the propagation time was increased
to the order of 10 ns. It was decided to therefore utilise both sample thicknesses,
and in fact found out that the high brightness of the XFEL meant that 10%
transmission was sufficient to collect high quality x-ray di↵raction.
The LiF window incorporated into some of the targets meant there was now
interface between a higher impedance material and the rear surface, the shock
impedance here determined by a materials density and particle velocities [16]. As
opposed to when no window was present and the rear surface interfaced with a
vacuum. This meant that the shockwave reached the rear surface of the sample
it would not break out with the sample releasing back to ambient conditions.
Instead the shockwave transits into the window holding the sample at a high
pressure state. This meant the high pressure would not reduce as quickly when
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the shockwave reached the V rear surface allowing the high pressure state to be
retained for longer times, giving a longer time for measurements to be taken.

HYADES
Before carrying out laser driven dynamic compression experiments, rigorous
simulation is required to optimise the beam parameters and target design. One
package for doing such simulations is HYADES, which is a one-dimensional, threegeometry, three-temperature Lagrangian hydrodynamics code [121]. To help with
designing the target and predicting the expected results simulations of the target
package and beam pulse were run using HYADES to model the high-pressure
environments of dynamic compression. Several di↵erent target designs and beam
shapes can be entered into the code to allow the optimisation of both to ensure
that the correct pressures will be reached in the experiment. An example of the
target design and output of a HYADES simulation can be seen in Figure 3.24.

Figure 3.24

(a) The pressure in the sample with respect to time and distance
into the sample simulated by the HYADES code and (b) the
accompanying VISAR trace for the HYADES simulation

The use of the HYADES code allowed for beam parameters to be refined before
the experiment. More importantly for the experiment, these allowed timings to be
considered before the experiment. The code was used to simulate several di↵erent
drive pulse profiles and target configurations, allowing pressures achievable and
timings of shock propagation through the sample to be determined and used to
help plan the campaigns. As discussed above, when a shock experiment is carried
out timing is of the upmost importance. Shocked pressure states were to be
studied in the experiments presented in this thesis, therefore, it was important to
collect di↵raction data before the shock front completely trraversed the V sample.
Knowing when the breakout and release should occur allows an appropriate delay
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of the XFEL to be chosen so that data can be collected from the sample on the
Hugoniot. This allows the temperature to be determined by calculation of the
P-T Hugoniot, particularly useful when temperature diagnostics are either not
appropriate for an experiment or unavailable at the facility.

3.4.5

VISAR

One of the most common forms of analysis in shock and ramp compression
experiments is laser velocity interferometry using any reflective surface (VISAR).
VISAR has been used to determine high pressure equations of state by measuring
the shock velocities [122]. VISAR is used to measure the velocity of the back
surface of the sample as the pressure propagates through it [16]. This velocity
information can be used in tandem with the Rankine-Hugoniot equations and a
material EOS to determine the pressure of the sample. The VISAR interferometer
system used in all of the shock experiments can be seen summarised below in
Figure 3.25.

Figure 3.25

(a) Target illumination and image transport through velocity
interferometer to streak camera. (b) The Velocity interferometer
[122].

In the VISAR interferometer light reflected of the rear surface of the sample is
passed into a beamsplitter and the split beams then pass into two Mach-Zender
interferometer where they are then split again, and traverse di↵ering optical path
lengths, made possible by the use of etalons. The time delay ⌧ in the etalon can
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be found using:
⌧=

2h
(n
c

1
)
n

(3.31)

where h is the etalon thickness, n is the etalon’s refractive index an c is the speed
of light [122]. After transversing the interferometer the beams are recombined,
producing an interference pattern [123]. The interference pattern is then recorded
on a streak camera as in Figure 3.25.
When a shock wave traverses the sample, the sample particles are accelerated
to speeds of several kilometres per second. This change in particle velocity will
manifest in a Doppler shift of the recorded interference pattern, with the fringe
shift being related to the velocity change of the reflecting surface [14]. This fringe
shift allows the rear surface velocity of the target to be determined using:
V PF =

(3.32)

2⌧ (1 + )

Where VPF is the velocity per fringe, is the wavelength of the incident light
and is a correction term accounting for dispersion in the etalon. The sensitivity
of the fringe shifts is dependant on the optical time delay in each interferometer
which are controlled by the etalon properties. The discontinuous fringe shifts
characteristic to the type of shock experiments carried out in this thesis can be
seen in figure 3.26.
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Figure 3.26

(a) Fringe shift characteristic of shock compression [124].
Example VISAR trace.

(b)

For the shock experiments in this work, the discontinuous jump in fringes is identical for integer numbers of fringes. To compensate for this a second interferometer
is used. When a velocity profile from the first VISAR interferometer (VISAR 1) is
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obtained there are multiple possible solutions for the rear surface velocity. When
the solutions of the second interferometer (VISAR 2), which will have a di↵erent
etalon, optical path length and VPF, are compared with the solutions for VISAR
1 the correct velocity (UF reeSurf ace ), can be determined where the solutions of
each VISAR trace are in agreement.
Once the velocity of the rear surface is found, depending on the target parameters,
the particle velocity can be determined. For targets incorporating a LiF window,
the velocity measured is the velocity at the interface of the V and LiF and the
particle velocity in V must be determined using the impedance of the material
and Hugoniot curve. When there is no LiF window the particle velocity (up ) of
the V can be approximated to:
UF reeSurf ace = 2up

(3.33)

This assumption has been used in the reported study of dynamically compressed
Sc and Sb [18, 125]. When the particle velocity of the sample is known the shock
velocity can be determined from the Rankine-Hugoniot equations, EOS data and:
US = c0 + s1 up

(3.34)

Where c0 is the sound of speed in the material under ambient conditions and s1
is a constant which can be determined either experimentally or from data from
the Shock Wave Database (SWDB). Once the shock velocity is determined the
pressure of the sample can be determined by:
P1

P0 = ⇢0 Us up

(3.35)

In this case where P1 is the pressure of the sample under compression, P0 is the
pressure in the uncompressed state (0 GPa if compressing from ambient conditions
along the principal Hugoniot) and, ⇢0 is the density of the material at ambient
conditions.
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Chapter 4
Non-Hydrostatic Static
Compression of Vanadium
This chapter deals with the results of experiments using the previously discussed
static compression techniques in 3.3, were the compression can be described
as non-hydrostatic. For this chapter non-hydrostatic compression is considered
to take place in a Diamond Anvil Cell (DAC) were there is either no Pressure
Transmitting Medium (PTM) or a PTM was used which will not result in
compression considered sufficiently hydrostatic when compared with use of a He
or Ne PTM. Discussion of hydrostatic compression of V can be found in chapter
5. The results in this chapter concern V compression at room temperature. A
high temperature study was carried out and is discussed in chapter 7. Some
further room temperature data were collected alongside the high-T isotherms
which are presented in chapter 7 for the purposes of comparison. In this chapter
the experiments have been split up by the facilities where the experiments were
conducted, with the goals and set up of each experiment explained within.

4.1
4.1.1

Compression at DESY
Experimental Set-Up

A 12 µm V foil sample was loaded into a Boehler-Almax (B-A) cell with a W
gasket, along with a small amount of Pt powder which was used as a pressure
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calibrant [90]. The experiment used a mineral oil PTM.
This experiment was carried out at the P02.2 beamline at the PETRA III
synchrotron in September 2018. Powder x-ray di↵raction data were collected
up to 120 GPa using a monochromatic x-ray beam with a wavelength of 0.2895
Åand a fast 2D Perkin Elmer (XRD1621) detector approximately 394 mm from
the sample. The x-ray di↵raction patterns were integrated and analysed using the
same software and procedures previously discussed. The x-ray di↵raction patterns
were integrated in Fit2D [126] and Dioptas [127] to produce 1-D di↵raction
profiles, with Le-Bail and Rietveld refinements of these profiles carried out in
the JANA2006 software [128].
The short wavelength x-rays meant that for this PETRA study, higher order
reflections could be studied. For these higher order reflections the magnitude
of the peak splitting should be much larger than for the (110) and (211) peaks.
For the bcc-rhombohedral transition the evidence reported has consisted of peak
broadening suggesting an unresolved splitting of the (110) and (211) peaks. The
peak splitting of the higher angle peaks, such as the (220) and (330) into doublet
peaks, should have a larger magnitude than for the (110) allowing the splitting
of these peaks to be resolved easier than for the lower angle peaks.

4.1.2

Vanadium Foil Results

On compression, observation of the V di↵raction profiles showed deviations from
the bcc lattice. Broadening of the (110) and (211) V di↵raction peaks was
suggestive of the transition to the rhombohedral lattice. Unfortunately several
of the high order peaks which would have exhibited the largest splitting were
not present in the di↵raction pattern. These reflections were found to either be
very weak, so were unable to resolve any transition when present, or were absent
completely, this being most likely due to a preferred orientation of the crystallites
in the rolled V foil meaning that, as discussed in chapter 3, the conditions for
di↵raction of these reflections were not met in this experiment. The evolution of
the di↵raction patterns of V with pressure can be seen in figure 4.1.
From inspection of the di↵raction profiles a deviation from the bcc lattice is
obvious. In fact, close inspection of the (211) even suggests the presence of the
here-before unseen rhombohedral-rhombohedral transition by the mirroring of
the peak splitting with increasing pressure as discussed in Chapter 2. “Splitting”
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Figure 4.1

“Waterfall” plot of V di↵raction with pressure at the PETRA
Synchrotron. Included in the insets are the (211) peak at selected
pressures to demonstrate the variation in splitting of this peak in the
rhombohedral phase.

of the (110) peak can first be observed at 46 GPa. The (211) peak at 56 and
188 GPa can be seen in the insets of figure 4.1. The di↵raction profile at 56
GPa suggests that splitting has occurred and V is in the rhombohedral phase.
Inspection of the (211) peak at 56 GPa suggests that this is in fact the R2
phase, with ↵ < 109.47°, which would see this peak split into a lower angle
singlet and a higher angle doublet. This is particularly unusual as this phase is
normally reported as the higher pressure rhombohedral phase, predicted above
120 GPa [25]. From inspection of the higher pressure patterns the R1 phase, with
↵ > 109.47°, is detected only above 95 GPa. The (211) inset for the profile at 118
GPa is clearly mirrored from the lower pressure inset at 56 GPa, and is evidently
a lower angle doublet and higher angle singlet. From figure 4.1 it can be inferred
that the R1 phase exists only at higher pressures than previously suggested, only
appearing after the R2 phase at 95 GPa. This suggests that the order of the high
pressure phases is reversed. However, Rietveld refinement to these phases was
found to be difficult due to the previously mentioned misfit to the cubic (200)
and rhombohedral (111̄) di↵raction rings, as discussed in Chapter 2.
When refining the structures of V at high pressure it was found that obtaining
a good fit to the data was problematic. The issues with fitting the data arose
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due to misfits present in fitting the peak positions of the di↵raction pattern.
When fitting the peak positions in the cubic structure both the (110) and (211)
peaks would fit, however there was a pronounced misfit to the (200) di↵raction
peak. Similarly, with a fit to the rhombohedral structure the (101̄), (100), and
¯ di↵raction peaks could fit, these being the split peaks
the (110), (201̄) and (211)
for the (110) and (211) peaks respectively. However, the position of the (111̄)
peak showed a pronounced misfit. This misfit to the cubic and rhombohedral
structures are demonstrated by, as discussed in Chapter 2, a deviation away
p
from an ideal value of 2 of the ratios of the d-spacings of the (110) and (200)
di↵raction peak positions for the cubic phase and the ratios of the d-spacings of
the (101̄) and (100) peaks to the d-spacing of the (111̄) peak for the rhombohedral
structure. The deviation from the ideal value of these d-spacing ratios can be seen
demonstrated in figure 4.2.

Figure 4.2

p
d-spacing ratios showing deviation from the ideal value of 2 for
the cubic structure (110)/(200) and the rhombohedral structure
(101̄)/(111̄ and (100)/(111̄). The order of the (101̄) and (100)
di↵raction peaks in the pattern is dependent on the nature of the
rhombohedral phase which has not been refined yet. As such, the
ratios are presented as the ratios of the lower angle(first) peak and
the higher angle (second) peak in the doublet to the (111̄) peak.

Definitive splitting of the (110) di↵raction peak cannot be measured until above
45 GPa. Before the split occurs the ratio of the (110)/(200) can be noted to
p
deviate slightly away from the ideal value of 2. When the splitting occurred
the (110) peak did not split into the (101̄) and (100) peaks such that their dp
spacing ratios with the (111̄) peak gave values equally above and below 2.
p
Rather, the splitting occurred such that both values of the ratio were above 2,
as shown in figure 4.2. The splitting appears from inspection to suggest the
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presence of a lower angle peak appearing at 45 GPa, with this lower angle peak
not fitting to the rhombohedral structure as the d-spacing ratio of this peak to the
p
(111̄) can be seen to quickly deviate away from 2. As this happens the higher
p
angle more intense peak can be seen to keep a d-spacing ratio slightly above 2
until 120 GPa, behaving remarkably similar to the un-split (110). This splitting
is consistent with what was observed when discussing the misfit present in the
literature, in that the d-spacings ratios of the split (101̄) and (100) peaks to the
p
(111̄) do not give values equally above and below 2 and that the splitting of
the (110) peak manifests as a lower intensity, lower angle peak. This misfit was
present in all fits and refinements to the data, including both fits to the bcc and
rhombohedral structures where appropriate.
Conveniently, the short wavelength x-rays allowed numerous high angle reflections
to be studied. When fitting the structures at high pressure the positions of
the (110) and (211) peaks were generally found to be consistent, in this case
meaning these peaks could be fit to the cubic structure with no noticeable misfit
between them. When the rhombohedral structure was present the indexing here
is discussed in terms of the un-split cubic peaks, for ease of comparison. When
a fit to the bcc and rhombohedral structures was carried out using solely the
(110) and (211) reflections it was found that the (200) consistently misfit this
lattice, the same is true of the (110) and (211) peaks when considering a lattice
determined by the (200) peak position. In figure 4.3, the d-spacing ratios of the
(110) to the (220) and (330), and the (200) to the (400) peaks are demonstrated.
What can be determined from these higher angle peaks is that for the (110) family
of reflection i.e. (220), (330) etc. the lattice obtained from the (110) and (211)
peaks should fit these higher angle peaks reasonably well. This is demonstrated
by the very small deviation of the (110)/(220) and (110)/(330) ratios from ideal
values of 2 and 3 respectively. Similarly the ratio of the (200)/(400) peaks was
seen to be remarkably consistent with an ideal value of 2. These higher angle
peaks showed that the (110), (220) and (330) peaks are self consistent with each
other and the (200) and (400) peaks are also self consistent. However, the misfit
p
of the d-spacings of the (110) and (200) to their ideal value of 2 means that all
of the (110) class of reflections are not consistent with (200) class reflections. As
the (211) reflection has been observed to also be consistent with the (110) peaks
this suggests that the cause of the misfit is an irregularity in the position of the
(200) peak.
For the (110), (220) and (330) reflections a very slight deviation from the expected

69

Figure 4.3

The d-spacing ratios for the higher angle peaks, a)(110)/(220),
b)(110)/(330) and c)(200)/(400), note that while the ratio for the
first and second peak deviate from the expected values the (110)
peaks and (200) peaks are all self consistent with their higher order
di↵raction peaks.

ratio was seen in the region of 40-100 GPa, overlapping with the onset of the
rhombohedral phases, as previously discussed being suggested at 45 GPa. While
this slight deviation in these ratios existed it was of the order of 0.015 at its
largest. This misfitting being much smaller than the values for the (110)/(200)
which in the same pressure range, deviates from the ideal value by 0.05-0.15. It
can be concluded that as the (110) and (211) reflections were observed to be
consistent the misfits were likely the result of a shift in the (200) di↵raction peak,
possibly by stress along the (200) direction of the lattice.
For the high pressure di↵raction patterns, Rietveld refinements were not found
to be possible due to the previously mentioned misfits in the structure. However
from Le Bail refinements the theoretical d-spacing ratios of the peaks were
determined. The presence of true “splitting” of the di↵raction profiles, as opposed
to, for example, peak broadening by strain or the combination of texture and
strain e↵ects resulting in non-circular Debye-Scherrer rings with varied intensities
azimuthally around the ring, was difficult to determine. From observation of the
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(110) and (211) peak broadening a deviation from the bcc lattice can be measured
from 45 GPa. However, examination of the raw di↵raction patterns and cake plots
shows that these deviations could be the result of non-circular Debye-Scherrer
rings, resulting from strain in the sample, the rhombohedral transition occurring
but being masked by e↵ects of the texture of the foil, or in fact a combination of
both e↵ects. Examination of the raw di↵raction images did not yield definitive
splitting of the (110) and (211) peaks until 70 GPa. With Le Bail refinement
of the data not reliably returning the rhombohedral lattice until this pressure.
From this a lower limit of 45 GPa can be placed on the possible position of the
transition from the peak broadening observed in the di↵raction pattern which is
consistent with results from [23] and an upper limit of 70 GPa from the observed
splitting in the raw di↵raction pattern which would be more consistent with [22].

Figure 4.4

The d-spacing ratios for the first two peaks of the Le Bail fits
p to the
data, were the first peak can be seen to split about a ratio of 2 when
compared with the second peak.

As can be seen from figure 4.4 the splitting of the bcc (110) into the rhombohedral
(101̄) and (100) peaks occurs above 70 GPa and their ratios to the (111̄) are
p
equally split about a value of 2. Initially the d-spacing ratios of the peaks
deviate away from each other as evidenced by the ratios in figure 4.4 deviating
p
away from 2. However at at 95 GPa the fitted parameters show a substantial
decrease in the splitting between the (100) and (101̄) peaks, as the ratios return
p
to values close to 2. At this pressure the structure of V could be seen to have
almost recovered the bcc lattice as the splitting is minimised here. Previous
discussion of the rhombohedral-to-rhombohedral transition has not suggested
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this minimisation of the peak splitting and the recovery of the bcc phase. The
presence of this minimisation here where the second rhombohedral phase is first
observed may suggest that the phase transition is more gradual than previously
thought. The transition being placed at 95 GPa is consistent with the observed
mirroring of the split (211) peaks. If this is the second rhombohedral phase
transition it would place the rhombohedral-rhombohedral transition much lower
than previously predicted by 25 GPa down from 95 GPa from 120 GPa [25].

4.2
4.2.1

Compression at ALBA
Experimental Set-Up

At the ALBA synchrotron, in 2017, V foil and a Pt calibrant were loaded in
silicone oil in a B-A plate DAC and compressed up to 58 GPa. The data were
taken at the Materials Science and Powder Di↵raction beamline (BL04 - MSPD),
using a wavelength of 0.4246 Å, and beam size of 15 x 18 µm. Di↵raction captured
on the CCD camera, SX165 (Rayonix) at the high pressure end station.

4.2.2

Results

V was compressed at ALBA to supplement the other studies, specifically the
Diamond Light Source study discussed in Chapter 7. Similar to the PETRA
study, the (110) and (211) peaks were seen to broaden, however, as in the PETRA
data there was still a misfit from the (200) peak and non-circular Debye-Scherer
rings were observed at high pressure.
The previously discussed misfits to the bcc and rhombohedral structures of V
were found to be either absent or greatly reduced when compared to the PETRA
experiment. The minimisation of the misfits meant that structural analysis could
be performed. As the rhombohedral and bcc structures are very similar, with the
rhombohedral structure arising due to a distortion of the bcc structure, the fits
to these structures were often very similar. For several high pressure di↵raction
patterns the fit to the bcc and rhombohedral lattices were found to be fitted with
similar goodness of fits, table 4.1. This meant that either structure could be the
“real” structure. While the misfit in the lattice was much less pronounced than
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Figure 4.5

The d-spacing ratios showing
agreement for these data points with
p
the theoretical value of 2 for V compressed at ALBA.

previously seen it was still present. While it could be argued that either the bcc or
rhombohedral structures could fit these di↵raction profiles, when a rhombohedral
structure is fitted here the refined angle was found to be ↵ = 109.65°, this being
interesting as this would place the distorted rhombohedral lattice, the higher
pressure phase, as the initial rhombohedral phase. Rietveld refinement of the
V structure at 56 GPa reveals that despite the misfit to the (200) peak position
being reduced compared to other data sets, it is still large enough to be noticeable
when inspecting the refinement, figure 4.6.
Apparent from figure 4.6 was that despite the magnitude of the misfit in the
ratio of the (110)/(200) di↵raction peaks being significantly reduced from the
PETRA data, robust refinement to the data was still not possible. The misfit
was still pronounced enough that it can clearly be seen in the insert of figure
4.6. This misfit was also present when carrying out a Rietveld refinement of the
di↵raction pattern to the bcc lattice. In fact inspection of refinements showed
little di↵erence between the calculated patterns for the bcc and rhombohedral
refinements. Further, the goodness of each fit only showed slight di↵erences, it
could therefore be argued at this pressure, it can not conclusively be said if V is
in the bcc or rhombohedral phase.
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Figure 4.6

Rietveld refinement of the rhombohedral V structure, at 56.4 GPa,
with ↵ = 109.65 and the misfit to the (111̄) peak expanded in the
insert.

Table 4.1 R values for fits to the bcc and rhombohedral structures of V at 56
GPa.

Structure
BCC
Rhombohedral

GOF Rp
1.67 2.65
2.19 3.40

wRp
4.94
6.49

R(obs)
12.28
12.60

wR(obs)
14.25
14.52

74

4.3
4.3.1

Compression at ESRF
Experimental Set-Up

At the ESRF two B-A cells were used to study the non-hydrostatic compression
of V. The first cell discussed contained V powder loaded in a W gasket with no
PTM and a Pt calibrant. Pressures were measured from compression of the Pt
using the compression curve and EOS as described in [90, 105]. The second cell
was the same cell discussed in Chapter 4.1, the V foil being held at pressure from
DESY for approximately one month.
This experiment was carried out at the ID15B beamline at the European
Synchrotron Radiation facility (ESRF) in October 2018. Powder x-ray di↵raction
up to 140 GPa were collected using a monochromatic x-ray source with a
wavelength of 0.4119 Åusing a MAR555 flatpanel detector at approximately 198
mm from the sample. The X-ray di↵raction patterns were integrated and analysed
using the same software and procedures previously discussed. Data were handled
similarly to the PETRA experiment with the lattice stress and strains studies
using the Multifit and Polydefix codes [71].
Vanadium powder was compressed in order to compare with the compressed foil
data already obtained and to directly compare with the experiments described
in [129]. As we had not definitely observed the bcc-rhombohedral transition
previously it was important in understanding how the transition either occurred
or did not occur to eliminate any e↵ects which could mask the transitions, such
as texture from the rolled foil. It was decided that V powder would be used
as this would reduce the e↵ects of texture arising due to the orientation of the
foil, which could create inconsistent intensity around Debye-Scherrer rings and
e↵ectively “hide” the transition.

4.3.2

Vanadium Powder Results

The behaviour of V with pressure as demonstrated in figure 4.7 was remarkably
similar to that of the foil under similar conditions at PETRA. Both splitting of the
(110) and the misfit to the (200) peak appear at 48 GPa. The splitting of the (110)
and (211) is indicative of the rhombohedral transition. Close inspection of the
(211) peak this time could not necessarily discern the nature of the rhombohedral
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phase, as the nature of the split doublet and singlet peaks could not be seen in the
profiles. Unfortunately the large magnitudes of the misfit made robust structural
refinement particularly difficult.

Figure 4.7

Selected di↵raction profiles of V powder compressed with no PTM
at the ESRF.

The misfits to the (200) peak was observed to be much greater in the powder than
for the previous foil campaign. In the powder noticeable broadening, similar to
the foil results from PETRA occurred at 45 GPa. However, the magnitude of
the ratio of the d-spacings of the inferred split peaks to the (111̄) peak can be
p
seen to deviate away from 2 much quicker with pressure than for the PETRA
campaign.
From the splitting, the ratio of the higher angle peak in the doublet to the
p
(111̄) peak stayed remarkably close to a value of 2. This seems to suggest
that in the rhombohedral phase instead of the two split peaks giving a ratio
p
equally above and below 2 the splitting manifests such that the peaks can
be thought of as the original (110) peak and a lower angle peak arising with
pressure. This change in the splitting observed was consistent with the data
from both the PETRA and ALBA campaigns. However, this was in contrast
to the predicted splitting behaviour reported before now [24, 30]. The misfit
itself appears at 48 GPa, close to the predicted bcc-rhombohedral transition
pressure. The irregularities in the observed lattice may be explained by strain in
either the bcc or rhombohedral distorting the lattice from its ideal hydrostatic
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Figure 4.8

d-spacing ratios showing deviation of the splitting of the bcc structure
from the predicted value. Also plotted are the values taken from the
literature [21, 22] which are demonstrated here to agree with the
misfitting shown in this study.

structure. Of note, the compression here also extends well into what should be
the R2 region of the phase diagram. However, the splitting of the (211) peak
can not be easily distinguished here so the presence of the second rhombohedral
transition can not be determined. As discussed with the PETRA data, when
the rhombohedral-to-rhombohedral transition occurred there was a minimisation
of the ratios of the d-spacings of the split (110) and (111̄) peaks. This is not
observed in this data. However, there are two regions where there appears to
be a dip in the ratio of the first doublet peak to the (111̄) peak. The first dip
being at 80 GPa and again at 116 GPa. Either of these dips could be indicative
of the rhombohedral-to-rhombohedral transition, assuming the recovery of the
bcc lattice during the transition as suggested by the PETRA campaign. Also
from the PETRA experiment the transition would be expected to be close to 95
GPa. The ratios of the d-spacings are consistent with those measured from the
literature [21, 22]. The evolution of the V di↵raction profile with pressure under
these conditions can be seen at selected pressures in figure 4.7.
Analysis of the di↵raction patterns with pressure demonstrated several interesting
results. Firstly from figures 4.9 and 4.10 the deviation of d-spacings around the
Debye-Scherrer rings azimuthally represented by 1-3cos2 ( ) for the (110) and
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(200) di↵raction profiles, are shown respectively. Where
is as described in
equation 3.13. The analysis made use of the Polydefix and Multifit programs, due
to the non-circular Debye-Scherrer rings the “split” peaks in the rhombohedral
region could not be measured. This meant that when modelling the strained
di↵raction profiles the Polydefix program assumed a single strained di↵raction
peak and not two split peaks. What is immediately evident is that quite di↵erent
behaviour for the (110) and (200) peaks was observed from these plots. The
(200) peak remains remarkably sharp, and least squares fitting of the plots shows
a straight line with negligible gradient. This implies that the deviation from the
hydrostat is minimal for these peaks profiles with pressure. Contrasting this, the
(110) shows a much stronger deviation with increasing pressure. The deviation
in d-spacing is not however linear, least squares fitting has been carried out and
reveals a slight distortion from these profiles, and was placed on the graph as a
guide for the eye. However, generally for this type of analysis when the deviation
of d-spacing is plotted with , a linear relationship is reported, as in equation
3.16. The higher pressure data are clearly deviating around the azimuth such that
a linear fit can not be obtained. In fact, the deviation for the same values at
each of the higher pressures can be seen to reveal a change in d-spacing around the
azimuth as high as 0.05 Å. This variation is not behaving as would be expected
from straining of the lattice, which gives credence, to the theory that the noncircular Debye-Scherrer rings are arising from texture in the powdered samples,
meaning the distortions to the lattice which appear to be the results of strain may
in fact be the result of the rhombohedral transition being “masked” behind the
e↵ects of the powder sample texture, due to the di↵ering di↵raction intensities
around the Debye-Scherrer rings. It is quite likely in fact what is seen here is
the rhombohedral phase, which is also experiencing straining of the lattice. The
distortions to the (100) and (101̄) making the individual rings particularly hard
to resolve due to the small magnitude of the splitting combined with non-circular
Debye-Scherrer rings.
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Figure 4.9

The d-spacing vs 1-3cos2 ( ) for the (110) di↵raction peak at selected
pressures. Lines are least squares fits to the data.

Despite some evidence that the distortions may be the result of a combination
of the rhombohedral transition and e↵ects from texture of the powder sample
strain analysis was still carried out to determine if this could better explain the
behaviour of V. Further analysis of the strain and stress behaviour of V is shown
in figures 4.11 and 4.12. The strain parameters (Q) with pressure showed that
for the (110) reflection the lattice strain increased linearly with pressure up to
60 GPa reaching a peak at 75 GPa before decreasing slightly then plateauing
with further compression. The (200) gave a much lower strain value and in fact
peaked around 40 GPa before reducing and reaching a minima at 80 GPa. The
di↵erential stresses (t) showed a di↵erent pattern. The (110) is negligible until
about 40 GPa beyond which the stress can be seen to increase. The stress of
the (200) conversely is much higher initially, peaking at 40 GPa before again
minimising to 80 GPa before increasing again with further compression.
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Figure 4.10

The d-spacing vs 1-3cos2 ( ) for the (200) di↵raction peak at
selected pressures.

From these calculations it appears most likely that the e↵ects seen in the powder
di↵raction pattern are best explained by a bcc-rhombohedral transition rather
than by strain in the crystal lattice. If strain is present it coincides with the
transition, which may explain the non linearity of the d-spacings around the
azimuth. The di↵erential lattice stresses show that for the (200) the stress is
much higher than the (110) this could be the driving mechanism behind the
misfit as the lattice is stressed along the (200) direction. Of note, was that the
peaks and troughs in the stress and strain parameters appeared concurrently with
where we have suggested the phase transitions are present in this experiment.
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Figure 4.11

Lattice strain parameters for the (110) and (200) peaks with
pressure for non-hydrostatically compressed V powder at the ESRF.

Figure 4.12

Di↵erential stress t from di↵erent lattice orientations with pressure
in non-hydrostatically compressed V powder at the ESRF.
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4.3.3

Vanadium Foil Results

The V foil previously compressed at the DESY synchrotron was held at a pressure
of 124 GPa and di↵raction collected at the ESRF. The V di↵raction showed that
the misfits were still present after being held at pressure for several weeks and
that the non-circular Debye-Scherrer rings also remained.
Table 4.2 D-spacing ratios for the V foil held at 124 GPa.

(101̄)/(111)
1.434(1)

(100)/(111)
1.414(1)

Average position/(111)
1.424(1)

The ratio of the d-spacings was consistent with the values determined at PETRA
on compression. This meant that the misfits of these d-spacing ratios to the ideal
p
value of 2 can be deduced not to be the result of any time dependent distortions
to the lattice, which would have relaxed back to the ideal lattice given the time
the sample was held at pressure. As the misfits were still present this created
some issues in refinement of the structure, seen demonstrated in figure 4.13

Figure 4.13

Rietveld refinement to the rhombohedral structure, for V foil held
at 124 GPa from the PETRA experiments.

Apparent from the Rietveld refinement of V here was that the misfit was very
much pronounced even with the good fit to the (110) and (211) peaks the (200)
is misfit significantly. From the shape of the (211) peak, if this indeed the
rhombohedral phase then V is in the R1 phase at 124 GPa with ↵ = 109.715(2)°.
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Table 4.3 Goodness of fit and fitting parameters for the rhombohedral Rietveld
refinement in figure 4.13.

GOF Rp
1.05 1.61

wRP
R
4.78 18.74

wR
7.77

The fitting parameters from the refinement are larger than is normally acceptable,
the di↵erent factors ranging from 1.61 to 18.74. The GOF is close to 1 and
this would normally indicate that the refinement has yielded a good fit to the
experimental data. However, as mentioned in chapter 3, inspection of the fit is
often the best procedure for determining the appropriateness of a given fit. From
inspection of the fit, the apparent misfit and loss of agreement to higher order
reflections suggests that there are other e↵ects rather than the transition which
result in the difficulties in reliably determining the structure of V. Distortion of
the Debye-Scerrer rings around the azimuth were much less pronounced, however,
they could still be observed even in this high pressure shot. A “cake plot” of
the di↵raction of this shot can be seen in figure 4.14, this plot obtained by
taking a raw di↵raction image and integrating it over 360°to create an image
which represents the circular Debye-Scherrer rings as straight lines. By close
examination of this ”cake” plot it could be argued that despite some distortions
to the Debye-Scherrer rings that splitting of the peaks has occurred. This is more
obvious of the (110) peak were from the inset in figure 4.14 two lines at the same
2⇥ value can be seen, although this is not the case the for the whole length of
the integrated line as some less distorted parts of the line show no splitting at all.
The (211) ring could also be argued to have split, however the ring was much less
intense than the (110) and is much harder to distinguish despite the magnitude
of the splitting being larger. In this case if it is assumed that the (110) peak
has split then the split (100) and (101̄) peaks appear to be strained and from the
insert in figure 4.14 they at some points appear to come together and may in fact
cross. The triplet splitting of the (211) peak is not immediately apparent though
from the refinement it is known that the triplet manifests as a “doublet” and
singlet. Where the splitting of this “doublet” peak is of the order of ⇡ 0.1°which
would often be too small to be resolved for the majority of experiments.
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Figure 4.14

”Cake plot” from the di↵raction of the V structure at 124 GPa
taken at the ESRF synchrotron , with inserts to demonstrate the
splitting of the (110) and (211) peaks.

84

4.4

Conclusion

Previous research has reported the bcc and rhombohedral structures of V to 155
GPa [21, 23, 129]. However, the data presented in this chapter shows that the
structures of V are not as easily determined as previously thought. V has been
compressed under non-hydrostatic conditions to 140 GPa. The broadening of
the (110) and (211) peaks characteristic of the bcc-rhombohedral transition has
occurred. However, the evidence was found to not be exhaustive, pronounced
misfits made ideal refinements of the V structures impossible, although these
misfits, may be explained by stress e↵ects in the lattice with compression. The
initial bcc to rhombohedral transition is reported here at 45-46 GPa from peak
broadening in the di↵raction pattern. The second high pressure transition to the
distorted rhombohedral structure is observed here by the shape of the (211) split
peaks at 85 GPa, much lower than previously reported transitions. Interestingly,
it was also found that the apparent order of the rhombohedral transitions was
reversed as evidenced by the behaviour of splitting from the bcc (211) peak.
Where a Pt calibrant was used it is important to note that slight distortions to
the D-S rings of the Pt were observed alongside the distortions in the V. These
distortions however were much less pronounced than in the V implying that the
distortions seen in V were not solely the result of deviatoric stresses present in
the sample.
Analysis of the lattice strength and strains has highlighted the need for more
research on the behaviour of V with pressure and that the e↵ects of the transition
and lattice strains are not independent of each other. The splitting seen in
the transition can be either made more apparent or “hidden” by the results of
straining in the sample leading to non-circular Debye-Scherrer rings.
The possibility that the misfits and stresses are being masked or caused by texture
in the rolled V foil and V powder has also been investigated. It is noted that the
behaviour of V foil and powder were remarkably similar, with similar splitting
behaviour and stress behaviour observed for all the non-hydrostatic compression
campaigns. Further, the onset of the rhombohedral distortions and the misfits
to the (200) di↵raction peak became apparent at 45 GPa and 46 GPa in the foil
and powder respectively. The misfit to the bcc and rhombohedral structures,
evidenced by the misfitting of the (200) peak, were also seen to occur at similar
pressures for both the powder and foil samples.
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The compressibility of the di↵erent V samples for this series of non-hydrostatic
experiments can be seen in figure 4.15. The compressibility of both V foil and
powder under the same compression conditions was determined to be nearly
identical up to 80 GPa with the foil being only slightly more compressible.
After 80 GPa the di↵erent samples compressibility curves deviate from each-other
noticeably deviation in the compressibility was seen to increase more noticeably.
The slight di↵erence in compressibility, between powder and foil samples, may
be the e↵ects of the non-hydrostatic loading conditions being slightly di↵erent,
with the foil being compressed in mineral oil and the powder with no PTM. The
compression curves were fitted for with a third order Birch-Murnaghan EOS and
for the foil compressed in mineral oil the bulk modulus and it’s first derivative
were found to be K0 = 157(5) GPa, K 0 = 3.93(12). The powder was similarly
fitted with parameters K0 = 138(5) GPa, K 0 = 4.59(11). These values can be
seen to deviate from each other suggesting that the compressibility and behaviour
of V with pressure can be dependent on the type of sample used, here powder
vs foil. The values of the bulk modulus are also lower than previous literature
values, with values of K0 = 182 GPa and K 0 = 3.7 [25] and K0 = 165, 188 GPa
and K 0 = 2.5, 4.04 [21].The curves and parameters generally agree but do show
some deviation in the compressibility between foil and powder samples loaded
with and without PTM.
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Figure 4.15

Compressibility of V foil under non-hydrostatic conditions for
selected experiments, generally it found that regardless of the
presence of a PTM there was little noticeable di↵erence in the
compressibility. Up to 80 GPa there was no noticeable deviation
in the compression between powder and foil samples, with a small
deviation of the compressibility above this pressure. The errors in
the compressibility were determined but too small to be plotted.
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Chapter 5
Hydrostatic Compression of
Vanadium
This chapter deals with the results of the static compression experiment carried
out at the ESRF in October 2018. Di↵raction data of V powder were collected
under hydrostatic compression conditions at room temperature. the hydrostatic
compression was achieved with the use of a He PTM. Discussion of the hydrostatic
techniques implemented and the choice of the PTM can be found in Chapter 3.

5.1
5.1.1

Compression at the ESRF 2018
Experimental Set-Up

Using the membrane-type diamond anvil cells at the ID15B beamline, V powder
in a W gasket was gas loaded in a He PTM to ensure hydrostatic compression.
This was loaded along with a small amount of Pt powder to be used as a pressure
calibrant using the EOS from [90]. It is important to note that the di↵raction of
the Pt and V were not collected from the same positions, there is a possibility of
a slight pressure gradient within the cell. For a He PTM pressure non hydrostatic
stresses of up to 0.5 GPa have been measured at pressures up to 150 GPa [100].
Diamond anvil cell studies on Nd and Rb have also measured pressure gradients
with in the cell of ± 4 GPa [130, 131] The set up of the DAC on the beamline
can be seen in figure 5.1
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Figure 5.1

ESRF Membrane DAC in it’s holder with the membrane on the
ID15B beamline for collection of x-ray di↵raction of hydrostatically
compressed V.
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This experiment was carried out at the ID15B beamline at the European
Synchrotron Radiation facility (ESRF) in October 2018. Powder x-ray di↵raction
was collected using a monochromatic x-ray source with a wavelength of 0.4119
Angstrom using a MAR555 flatpanel detector at approximately 198 mm from the
sample, compressed up to 155 GPa.The X-ray di↵raction Patterns were integrated
in Fit2D [126] and Dioptas [127] to produce 1-D di↵raction profiles, with Le-Bail
and Rietveld refinements of these profiles carried out in the JANA2006 Software
[128]. Further to this with the use of the Multifit and Polydefix codes [71] the
lattice strain and stresses were determined and the d-spacing behaviour of each
di↵raction ring was investigated as a function of azimuthal angle . Further
analysis of d-spacings and plotting of the data was carried out using the Igor Pro
(Wavemetrics INc.) software package .

5.1.2

Results

It was hoped that carrying out hydrostatic compression on V would result in
the elimination of lattice strain and stress e↵ects which have so far made the
fitting of the di↵raction patterns to the structures of V difficult. However, under
hydrostatic conditions V powder showed a remarkable misfit to the bcc lattice
at pressures as low as 20 GPa. This was seen by the ratio of the d-spacings of
p
the (100)/(200) peaks deviating away from 2 in figure 5.2 were the deviation
is seen at much lower pressures compared with the non-hydrostatic compression.
As seen in figure 5.2 evidence of splitting of the (110) di↵raction peak was
observed at 20 GPa. This is much lower than any previously reported transition
and in fact the transition would be expected to be at a higher pressure when
compared to the non-hydrostatic compression [23]. In fact broadening of the
(110) and (211) peaks was first seen at 13 GPa, although at this pressure any
splitting is too minimal to be inferred from the raw di↵raction. The misfits
from the ideal lattice happened much lower than previously seen, deviating away
from the ideal value at 13 GPa before noticeable splitting occurs by 20 GPa.
These e↵ects being present under hydrostatic compression and appearing more
pronounced at lower pressures suggest that the uniaxial strain from the DAC is
not the driving mechanism for these misfits.
The evolution of the di↵raction profiles with pressure can be seen in figure 5.3.
Broadening of the (110) peak begin as low as 13 GPa with definitive splitting
observed at 20 GPa, in both the profiles and raw di↵raction. Close study of the
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Figure 5.2

Ratio of the (110) to (200) peaks with pressure, and where splitting
has occurred the ratio of the split peaks to the unspilt (111̄) peak.
Split peaks are discussed in terms of the doublet peak, as the exact
indexing of the doublet would require knowledge of the nature of the
rhombohedral phase i.e, if V is in the R1 or R2 phase. The fist peak
of the doublet is the lower angle peak and second the higher angle
split peak.

(211) peak again was difficult to discern the nature of the rhombohedral phase,
with the rhombohedral phases here determined by the fitting parameters with Le
Bail fitting.
Although robust refinement with the Rietveld method was not possible due to
the misfitting of the (200) and (111̄) di↵raction peaks, Le Bail refinement was
still carried out on the data. From figure 5.4 the bcc-rhombohedral transition is
placed at 45 GPa. At 90 GPa the splitting of the (100) and (101̄) peaks can be
seen to be minimised. This being similar to the results seen for non-hydrostatic
compression at the PETRA campaign. This may may suggest this is a point close
to the rhombohedral-rhombohedral transition, with the brief recovery of the bcc
lattice around 90 GPa. As seen in all other experiments the splitting of the (211)
peak at lower pressures is in fact consistent with the higher pressure rhombohedral
phase, R2 (↵ < 109.47°) The higher pressure shots revealed splitting consistent
with the R1 phase (↵ > 109.47°).
The raw di↵raction can be seen in figure 5.5 this data being from the highest
pressure shot recorded. Close inspection of the (110) and (211) di↵raction peaks
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Figure 5.3

Selected di↵raction plots for V on compression under hydrostatic
conditions.

shows some evidence that splitting has occurred. However, close inspection of
the (110) and (211) Debye-Scherrer rings shows non-circular distortions which
were likely the result of strain in the lattice existing simultaneously with the
rhombohedral phase.
Similar to the work on non-hydrostatically compressed powder the lattice
strain and di↵erential stresses were determined using the Multifit and Polydefix
programs. The results of these investigations can be seen in figures 5.6-5.9. Under
hydrostatic conditions the di↵erential stress and lattice strain parameters were
seen to behave similar to those under non-hydrostatic conditions. The (110)
peak was seen to have minimal di↵erential stress with pressure. The strain
of the (110) peak was seen to increase and peak at a maximum value at 50
GPa, before decreasing to a minimum value at 120 GPa, interestingly, these
being the pressures of the often reported bcc-rhombohedral transition and the
theoretically predicted rhombohedral-rhombohedral transition. The (200) peak
again was shown to exhibit a remarkably small lattice strain and the di↵erential
stress can be seen to increase linearly with pressure to about 90 GPa before
plateauing above 100 GPa. Interestingly, at 100 GPa there appears to be a
loss of stress in the (200) direction, again this is close to the reported high
pressure rhombohedral-rhombohedral transition. Plots of d-spacing against 13cos2 ( ) showed similar behaviour to that of the non-hydrostatic compression.
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Figure 5.4

Fitting Parameters from Le Bail fits to the hydrostatically
compressed V. The doublet peaks are not indexed as robust
refinement was not possible and the higher pressure rhombohedral
transition is believed to have occurred, with the indices of the split
peak being mirrored above 90 GPa.

The d-spacing of the (200) peak was observed to be remarkably consistent with
the azimuthal angle and least squares fitting revealed a linear fit with negligible
gradient, as was expected for hydrostatic compression. The (110) showed similar
fitting behaviour, not deviating from the hydrostat but again the splitting was
large and did not show any linear pattern, unusual, if it was indeed strain causing
the non-circular Debye-Scherrer rings. This suggesting that rather than this peak
being a single (100) peak, the rhombohedral phase had been obtained and what
is seen here is the (100) and (1̄01) with some strain. Again the di↵raction could
not e↵ectively di↵erentiate between the two split peaks with them being too close
together for the analysis to di↵erentiate them.
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Figure 5.5

Raw di↵raction in the form of a “cake” plot at 154 GPa. The (110),
(200) and (211) peaks have been labelled and the (110) di↵raction
ring is blown up in the insert.
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Figure 5.6

Evolution of the di↵erential stress (t) of the associated lattice
reflections with pressure.

Figure 5.7

Evolution of the lattice strains (Q) of associated lattice reflections
with pressure.
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Figure 5.8

Plot of d spacings against 1-3cos2 ( ) for (110) reflections at selected
pressures.

Figure 5.9

Plot of d spacings against 1-3cos2 ( ) for (200) reflections at selected
pressures.
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The compressibility of V was determined and can be seen in figure 5.10. As would
be expected V was found to be less compressible under hydrostatic compression,
likely due to more uniform compression in all directions, instead of a large uniaxial
compression experienced under non-hydrostatic conditions. These compression
curves were used to determine the “extremes” for the V compression curve and
when plotted with the other PTM experiments all other compression was seen
to be sufficiently less hydrostatic than in He. The He compression campaign was
decided to considered the only experiment were “true” hydrostatic compression
occurred. The hydrostatic data was fitted with a third order Birch-Murnaghan
EOS with K0 = 138(17) GPa and its first derivative K 0 = 4.5(3). These are
in agreement with the values determined for the non-hydrostatic compression in
Chapter 4 but are again lower than the reported literature values.

Figure 5.10

5.1.3

Compression curve of V powder at the ESRF, for hydrostatically
compressed V (He PTM) and non-hydrostatically compressed V
(No PTM).

Conclusions

The misfits in the data meant that Rietveld refinement of the structures was
not possible. Splitting of the (110) and (211) di↵raction peaks is believed to
be observed as low as low as 20 GPa with evidence for this splitting being
more convincing at higher pressures. This transition pressure for the first
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rhombohedral phases is much lower than what was previously observed under
non-hydrostatic compression, and what has been reported in the literature for
both the hydrostatic and non-hydrostatic compression experiments [22, 23]. The
rhombohedral-rhombohedral transition is believed to have occurred at 104 GPa.
This is close to the position of the rhombohedral-rhombohedral transition seen for
non-hydrostatic conditions, but again is much lower than the predicted transition
pressure of 120 GPa [25].
The lack of any shift in pressure for the rhombohedral-rhombohedral transition
under di↵ering compression conditions suggest that any e↵ect non-hydrostaticity
has on the high pressure phases of V is only present in the initial bccrhombohedral transition. The rhombohedral phases being much less sensitive
to di↵ering pressure loading conditions than the bcc phase. Consistent with the
non-hydrostatic compression experiments discussed in Chapter 4, the order of the
high pressure rhombohedral phases were found to be reversed from what has been
reported previously. The predicted higher pressure phase, ↵ < 109.47°, being
found at lower pressures than expected, and only with pressure transitioning to
the “lower” pressure phase, ↵ > 109.47°.
Misfits in the structure were found to be very pronounced under hydrostatic
conditions. In fact they were observed to be more pronounced than V compressed
with no PTM at all. The misfit in the lattice was also seen to onset simultaneously
with the transition to the rhombohedral phase. These misfits made robust
refinement impossible. Further non-circular Debye-Scherrer rings were observed
here suggesting the presence of both strain and stress in the lattice. It had
been hoped that the stress e↵ects would be suppressed by the experiments
hydrostaticity. As robust refinement of the structure remained elusive it was
decided that single crystal compression of V was required to definitively resolve
the high pressure phases of V.
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Chapter 6
Compression of Single Crystal
Vanadium
6.1

Single Crystal Vanadium

As discussed in chapters 4 and 5, the powder di↵raction data were inconclusive
in determining the phase behaviour of V at high pressure. These results showed
that the previously reported phase change from the ambient bcc crystal structure
to the higher pressure rhombohedral phase could not be conclusively replicated,
and in fact the order of rhombohedral phases appears to be reversed from their
predicted phase behaviour [25]. This doubt in the nature of the V structure at
high pressure being due to peak broadening in the powder pattern resulting from
the integration of non circular Debye-Scherrer rings and, not from the splitting of
peaks as previously reported. Further, issues arose due to a here-fore unremarked
upon misfit in the (111̄) peak to the (100) and (101̄) peaks. Analysis of the
splitting of the (110) bcc peak to the (100) and (101̄) rhombohedral peaks does
not occur as would be expected with each split peak splitting equally about a
midpoint, instead the splitting arising as a lower angle peak “splitting” from the
main peak which remains at the same position as the (110) bcc peak.
To better understand the phase behaviour of V with pressure single crystal
compression was carried out. Individual single crystal spots could be identified
and their behaviour tracked with pressure. If splitting of spots occurred it
should be easier to detect as textured e↵ects from the powder or foil would be
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either completely absent or considerably reduced. To this end, a single crystal
compression experiment was designed and carried out with the details, results and
e↵ect on the V phase diagram from this experiment discussed in the following
chapter.
Compression of V single crystal was carried out at the Diamond and Petra
synchrotrons. The compression from Diamond was to 40 GPa and is not discussed
further in this thesis. This chapter reports compression of single crystal V at the
PETRA synchrotron to 118 GPa.

6.2
6.2.1

Compression at Petra
Experimental Set-Up

A sample of 10 µm Single Crystal [001] Vanadium grown on a 200 nm [001]
molybdenum (Mo) crystal was loaded into a B-A Plate DAC, in a W gasket with
a mineral oil PTM. A small ruby sphere was loaded into the cell to act as a
pressure calibrant using fluorescence as described in [93]. Further to the ruby
sphere loaded into the cell the Mo which the V single crystal was grown on was
also used as an internal calibrant. It was decided that this pressure was more
reliable, due to the Mo being located on the V and the loss in intensity of the
ruby fluorescence at high pressure. The Mo calibrant was calibrated against the
EOS as described by [90].
This experiment was carried out at the P02.2 beamline at the PETRA III
Synchrotron in June 2019. Single Crystal x-ray di↵raction was collected using
a monochromatic x-ray source with a wavelength of 0.4850 Angstrom using a
fast 2D Perkin Elmer (XRD1621) detector between a ✓ of ± 25°at approximately
398 mm from the sample, compressed up to 120 GPa. The Single crystal xray patterns were analysed using the crysalis pro software [132] to obtain the
orientation matrix of the sample and index the individual single crystal spots.
d-spacings of the individual spots were then determined and spreadsheets were
set up to refine the lattice parameters of the V single crystal data using a leastsquares fitting method. Additional data was collected to 72 GPa also at PETRA
which is not discussed in detail in this thesis as it agreed remarkably well with
the higher pressure experiment.
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6.2.2

Results

Single crystal V was compressed to 118 GPa in an attempt to decouple e↵ects such
as strain and texture of the powder sample from the phase behaviour of V at high
pressure. The single crystal spots allowed exact indexing of di↵raction profiles
and measurement of lattice behaviour through the bcc-rhombohedral transition.
The di↵raction peaks were indexed in crysalis pro software with an example of
the di↵raction seen in figure 6.1.

Figure 6.1

Single crystal di↵raction at 3 GPa. Di↵raction was carried out in a
wide angle scan at ±25°with V di↵raction spots indexed and diamond
reflections noted. The lower angle spots beside the V di↵raction
spots are the Mo di↵raction spots which acted as an internal pressure
calibrant.

The misfits previously discussed were much less pronounced than in the powder
di↵raction, figure 6.2. The lack of any misfit to the bcc and rhombohedral
structure in the single crystal data suggests the misfits may arise from the e↵ects
of texture of the powder samples. These e↵ects would be absent from the single
crystals, or when at higher pressures and the crystal will have broken down into
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several crystalites the e↵ects would still be much less pronounced.

Figure 6.2

Average ratios of the (110)/(200) single crystal di↵raction spots with
pressure.

The single crystal di↵raction spots were not observed to “split” with increasing
pressure. With pressure the single crystal di↵raction spots would be smeared
azimuthally, evidence of the single crystal “breaking down” as it is compressed.
However the individual d-spacing of each spot could still be measured, figure
6.3. This allowed the d spacing of associated Friedel pairs to be collected i.e.
for the (110) reflections the (11̄0) and (1̄10) reflection pair and the (110) and
¯ reflection pair. In the bcc phase both pairs would have the same d spacing
(110)
however in the rhombohedral phase di↵erent pairs would have di↵ering d-spacings.
If a Friedel pair was observed to have di↵erent d-spacings for each spot then the
e↵ects such as the lattice stress and strain would have to be considered for the
mechanism of the distortion of the bcc lattice.
With the indexing of each di↵raction spot it was possible to refine the lattice
parameters in the bcc and rhombohedral settings. When refining in the
rhombohedral setting an angle ↵ of 109.47°was considered to return the bcc
lattice. When ↵ deviates from 109.47°it was considered to be in the rhombohedral
phase, R1 for ↵ > 109.47°and R2 for ↵ < 109.47°. It was observed that while the
lattice deviated from the bcc the behaviour of the Friedel pairs was consistent
with the rhombohedral transition and, e↵ects such as stress did not have to be
considered to explain the distortions of the lattice. From the indexing presented
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Figure 6.3

Single crystal di↵raction at 118 GPa. Di↵raction was carried out
in a wide angle scan at ±25°. Note the smearing of the di↵raction
spots azimuthally, however they remain well defined in 2✓.
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previously the angle refinement of the V lattice can be seen in figure 6.4. This
shows that at 40 GPa V undergoes a transition to the R2 phase, and remains
in that phase until 100 GPa, above which the R1 phase was reported. Similar
to what has been seen in the powder di↵raction data, instead of a discontinuous
transition between the R2 and R1 phases as would be expected the angle ↵
goes through a minimum in the range of 56-75 GPa before increasing back to
109.47°and increasing with further pressure and plateauing at 110 GPa. This
suggests that for a small pressure range the bcc phase is recovered. While not
observed in this study the recovery of the bcc phase would occur between 100-105
GPa. Of note, in figure 6.4 there are several data points at 68 GPa, one of which
is at ↵ = 109.33(1)°and the two other points being close to ↵ = 109.47°. These
data points were taken before and after a break when the single crystal was held
at pressure for half an hour. Interestingly after the break the bcc phase appears
to have been recovered, suggesting a possible time dependence or metastability
of the deviation from the bcc lattice.

Figure 6.4

Graph showing refinement of the angle ↵ with pressure for single
crystal V, with alpha angle from [27] in agreement with the results
from the single crystal refinement.

When the refinement was carried in order to check that the indexing was correct
it was possible that the indexing of all the peaks could be rotated by 90°. So
for instance the (110) Friedel pairs would swap positions i.e, what were the (11̄0)
¯
and (1̄10) reflections in the initial indexing would become the (110) and (110)
reflections, and vice versa. With this di↵erent indexing it was noted that the
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nature of the angle ↵ would be reversed, i.e. would become larger then smaller
as is normally predicted. However, for all pressures a better fit was found using
the initial indexing so this was deemed to be the correct indexing.
The refinement of the single crystal lattice allowed the compression curve of
V under these condition to be determined. seen in figure 6.5. A third order
Birch-Murnaghan EOS was fitted with the data and the bulk modulus K0 and
its pressure derivative K 0 , were determined to be 147(9) GPa and 3.95(17)
respectively. These results being close to those determined for non-hydrostatic
powder compression but as with the experiments in chapters 4 and 5 being lower
than the reported literature values.

Figure 6.5

6.3

Graph showing compressibility of single crystal V to 118 GPa. Also
plotted is the third order Birch-Murnaghan EOS fit to the data.

Conclusion

The results of the single crystal experiment show that the bcc-rhombohedral
transition definitively occurs. Further, it has presented robust evidence for
the first time of the rhombohedral-rhombohedral transition which has been
elusive in past studies. Importantly this confirmation of the high-pressure
rhombohedral phase in V means that the rhombohedral transition could be viewed
independently of lattice strain in the powder di↵raction studies.
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For the V phase diagram this study also places the room temperature bccrhombohedral transition at 40 GPa and the rhombohedral-rhombohedral transition at 100 GPa. The initial transition is consistent with both the literature and
results of other non-hydrostatic work in this thesis. The higher pressure transition
while consistent with what has been observed in this thesis, is much lower
than even the lowest estimates for the rhombohedral-rhombohedral transition,120
GPa [25]. The deviation of the angle ↵ from 109.47°is also much lower than
theoretically predicted transition angles, which are discussed in chapter 2.
However the angle ↵ was found to be consistent with results from [27] and
the parameters determined by LeBail refinement of the V powder di↵raction
experiments in chapters 4 and 5.
Perhaps most importantly this study has proven that the order of the rhombohedral phases on the V phase diagram are reversed. Rather than the predicted
transitions at high pressure to rhombohedral phases R1 (↵ > 109.47°) followed by
R2 (↵ < 109.47°). Instead the R2 phase was found to be the preferred structure
from 40-100 GPa with the R1 phase not being observed until 105 GPa. The data
also suggests the recovery of the bcc lattice between the R2 and R1 regions of the
phase diagram, for a small pressure window between 100-105 GPa. The nature of
the rhombohedral-rhombohedral transition has often been reported as first order
at 0K, with a discontinuous transition between the two phases [25, 30]. However,
the resurgence of the bcc phase for a small pressure range as the rhombohedralrhombohedral transition occurs has been suggested by the powder data reported
in chapters 4 and 5. An upper limit has been placed on the R2 phase and a lower
limit on the R1 phase, with the exact pressure range of the bcc phase within the
100-105 GPa range not being observed.
The compressibility of single crystal V has not been noted to deviate significantly
from the behaviour of powdered V under similar conditions. The values of the
bulk modulus and its first derivative for the single crystal have been determined to
be consistent with those determined for V powder compressed under similar nonhydrostatic conditions. There is some deviation in the bulk modulus determined
by the single crystal and for the non-hydrostatic foil compression experiment and
the hydrostatic compression experiment. These deviations likely arose due to
either the di↵erent pressure loading conditions as is the case for the hydrostatic
experiment or e↵ects from compressing a rolled foil as opposed to a V powder
or single crystal. The similarity in the behaviours observed both in the single
crystal and powder samples has allowed further conclusions to be drawn for the
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powder samples. The phases reported in previous chapters can be considered
to be correct with the V powder undergoing a bcc-to-rhombohedral transition
at 45-46 GPa and a rhombohedral-rhombohedral transition in the region of 100
GPa. The consistency in the phase behaviour in both powders and single crystal
samples means that the reported misfits in the powder can be considered as
likely arising due to e↵ects from the powder samples. Most likely, sample texture
which can cause deviations in intensity around a Debye-Scherrer ring. The texture
coupled with the measured stress could “mask” the existence of the high pressure
transitions and result in the misfits discussed previously.
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Chapter 7
Static Compression of Vanadium at
High Temperature
This chapter reports the results of a static compression experiment carried out
at the Diamond Light Source in October 2017. Powder di↵raction of V foil
was collected at room temperature and 480 K in a KCL pressure transmitting
medium (PTM). The room temperature results from this study are presented
in this chapter, and not in the previous non-hydrostatic compression chapter to
allow for a more convenient comparison between the room temperature and high
temperature isotherms collected at the DLS. The goal of this experiment was to
study the temperature dependence of the strain e↵ects discussed previously and
enable a comparison between the static behaviour discussed in previous chapters
and the results of dynamic compression experiments reported in Chapter 8.

7.1
7.1.1

Compression at Diamond Light Source
Experimental Set-Up

Two Lawrence Livermore National Lab (LLNL) type diamond anvil cells were
used, containing 10-12 µm thick V foil, packed into a rhenium gasket with with
a KCL PTM which also acted as as the pressure calibrant, using the EOS from
[133]. In order to achieve the high pressure temperature states required, a resistive
heating set up was used as discussed in [94]. In this set up a Pt-Rh alloy wire
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was mounted around the diamond and gasket, to supply heat directly through
to the sample. Temperature was monitored by two K-type thermocouples. The
set up of the heating apparatus was encased in a vacuum to avoid oxidation and
heat loss. The heating apparatus at the beamline can be seen in figure 7.1.

Figure 7.1

Pictures showing a) the heating set up for the high temperature
experiment and b) a DAC with a membrane for pressure control
on the beam line.

The experiments were carried out at the I15 beamline at the Diamond Light
Source in October 2017. Powder x-ray di↵raction by monochromatic x-rays
source were collected at a wavelength of 0.4246 Angstrom using a MAR365 image
plate detector approximately 276 mm from the sample up to 90 GPa. The x-ray
di↵raction patterns were integrated in Fit2D [126] and Dioptas [127] to produce
1-D di↵raction profiles, and Le Bail and Rietveld refinements of these profiles
carried out in the JANA2006 Software [128]. Further to this with the use of the
Multifit and Polydefix codes [71] the lattice strain and stresses were determined
and the d-spacing behaviour of each di↵raction ring was investigated as a function
of the azimuthal angle, . Further behaviour including the analysis of d-spacings
was carried out using the Igor Pro (Wavemetrics INc.) software package.
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7.1.2

Room temperature compression in KCl

The V sample was compressed up to 80 GPa under ambient temperature and
76 GPa at 480 K. Additional data was collected at 880K between 48-68 GPa.
Deviation from the bcc structure was observed as evidenced by broadening of the
(110) and (211) peaks with pressure, demonstrated in figure 7.2.

Figure 7.2

Evolution of the V di↵raction profiles with pressure, the (110), (200)
and (211) V peaks are marked with other peaks present being the
KCL calibrant peaks in the B1 and B2 phases. With increasing
pressure the (110) and (211) peaks can be seen to noticeably broaden,
while the (200) peak remains remarkably sharp.

For this compression experiment noticeable broadening of the (110) and (211)
peaks occurred above 11 GPa. While this broadening may suggest the presence
of the rhombohedral phase inspection of the di↵raction images did not yield
definitive split Debye-Scherrer Rings. Close inspection of the di↵raction pattern
revealed that the Debye-Scherrer rings were not in fact perfect circles, this is
most evidenced when the the data is viewed under the “cake” function cake
function found in many di↵raction processing softwares there appears to be
distinct wobbles in the di↵raction rings Figure 7.3.
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Figure 7.3

Cake plot of the raw di↵raction obtained at 51 GPa, with labelled
vanadium (110), (200) and (211) di↵raction rings and KCL rings,
note wobbles in the (110) and (211) while the (200) remains sharp.
Notably the KCL rings were also seen to deviate azimuthally around
the ring similarly to the V rings. The inset shows the (110) peak,
with lines for a guide to the eye of where the split rhombohedral
peaks would be assuming that the transition has been masked by the
straining of the sample.
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While it is possible these “wobbles” could arise due to an improper calibration of
the equipment or by experimental errors in the set up, it can be inferred that due
to the straightness of the (200) di↵raction ring that this was an unlikely cause
of these e↵ects. Instead it being more likely that strain in the V sample resulted
in non circular Debye-Scherrer rings similarly to those observed in reference [80].
While splitting could not be definitively seen the results of the previous single
crystal, and powder experiments in this thesis have shown that above 40 GPa the
V foil under similar conditions should be in the rhombohedral phase.
Making the assumption that the rhombohedral phase transition has occurred dspacings of the split (110) peak were measured, using the “cake” plots as described
in figure 7.3. From these d-spacings the ratios to the d-spacings of the (200) peak
determined, figure 7.4. The behaviour observed from figure 7.4 is remarkably
similar to how the rhombohedral phase is expected to behave with the peaks
deviating evenly away from a midpoint, the theoretical value of the (110)/(200)
p
ratio ( 2). This could be considered to be indicative of the bcc-to-rhombohedral
transition. During the compression the membrane controlled pressure experienced
a drop in pressure. After this pressure drop no peak broadening was observed,
the pressure dropped to 47 GPa and the cell was subsequently compressed to 80
GPa.

Figure 7.4

Ratio of the d-spacings of the (110)/(200) cubic peaks, and the
measured d-spacings of the rhombohedral (100) and (101̄) peaks to
the (111̄) peak with pressure for room temperature compression at
Diamond in a KCl PTM.

112

With evidence of the rhombohedral transition and a lack of misfits Rietveld
refinement was carried out to confirm the structure of V. It was in fact found
that the rhombohedral structure could be fitted to the data with a Rietveld
refinement, figure 7.5. However, as the rhombohedral structure can be thought
of as a slight distortion of the bcc lattice it was found that the bcc structure could
also be fitted by Rietveld analysis, figure 7.5. From inspection of the patterns
the refinement to both structures appears to be very similar. The R values for
both fits can be observed in 7.1, at 51 GPa when the (110) and (211) peaks were
at peak broadness.

Figure 7.5

Rietveld refinements to the bcc (bottom) and rhombohedral (top)
structures of V at 51 GPa. From inspection the fits appear to
be nearly identically wether a bcc or rhombohedral structure is
considered.

Table 7.1 R values for fits to the bcc and Rhombohedral structures of V at 51
Gpa.

Structure
BCC
Rhombohedral

GOF Rp
0.43 1.18
0.66 1.28

wRp
1.85
2.89

R(obs)
4.65
12.94

wR(obs)
3.07
6.24
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The fitting criteria for both the bcc and rhombohedral structures were low, an
argument could be made that either structure is the “true” structure as the
numbers are generally close and while the R values for the bcc structure were
lower the data may in fact be “overfit”. The rhombohedral structure was found
to have an ↵=109.22(1)°. This value is a smaller deviation from ↵ = 109.47 than
in literature for the rhombohedral phase [30]. However, this is consistent with the
↵ angles determined by the single crystal campaign and also supports the initial
rhombohedral transition being to the R2 phase, ↵ <109.47°.
In order to measure the “wobble” of the di↵raction rings the Multifit and
Polydefix programs were used as discussed in chapter 3. The variation in
d-spacing of the Debye-Scherrer rings with azimuthal angle
can be seen
demonstrated in figure 7.6. The (110) and (211) rings vary around the azimuth
is particularly noticeable at higher pressures, while the (200) remains sharp with
very little variation in d-spacing with . In the interest of clarity the deviation
around the ring for the (110) has been plotted in figure 7.7, from this plot the
deviation is noted to increase with pressure, also from this maxima and minima
can be observed around the ring. This measurement of the deviation of the
Debye-Scherrer rings around the azimuth shows the maximum peak broadening
at 51 GPa. It could be inferred that these distortions arose due to the strain of
the sample rather than the bcc-to-rhombohedral transition. However it is equally
likely that the phase transition to the rhombohedral structure has occurred and
is being masked by the variation in intensity around Debye-Scherrer rings which
may make two rings which are close together in the di↵raction pattern “blur”
into a single “wobbly” ring. The determination of lattice stress and strains was
carried out for the room temperature data but will be discussed in the following
section to compare with those determined on the high temperature isotherm.
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Figure 7.6

The d-spacing of the (110), (200) and (211) peaks with azimuthal
angle at selected pressures. With increasing pressure the (110) and
(211) peaks varied around the azimuth distorting from the perfectly
circular Debye-Scherer rings. Conversely the (200) peak remained
much sharper with pressure.

Figure 7.7

The d-spacing of the (110) peak with azimuthal angle at selected
pressures. With the variation around the azimuth increasing with
pressure, and maximum and minima of d-spacing occurring at the
same azimuthal angles for each pressure.
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7.2

High Temperature Compression in KCl

Compression of V was carried out for an isotherm from ambient pressure at 480
K to 76 GPa. Further data was collected at 880 K were the V was decompressed
to 50 GPa then recompressed to 68 GPa. The higher temperature data showed
no distortions from the bcc lattice, similar to how the room temperature data
showed a lack of distortion after decompression. Due to this this section will
focus mainly on the 480 K isotherm and comparison to room temperature data.
The 880 K data is mentioned briefly but was determined to be in the bcc phase
and likely being decompressed and recompressed changed the behaviour along
the isotherm compared to an isotherm obtained from ambient pressure.
At high temperature misfits to the structure, as evidenced by the ratio of the
d-spacings of the (110) and (200) cubic peaks and the (100), (101̄) and (111̄)
rhombohedral peaks were noticeably absent. Then as demonstrated in figure 7.8.
This allowed for better structural refinements to be carried out on the di↵raction
data.

Figure 7.8

Ratio of the d-spacings of the (110)/(200) cubic peaks, and the
measured d-spacings of the rhombohedral (100) and (10-1̄) peaks to
the (111̄) peak with pressure for V foil compressed at 480 K.

The onset of the non-circular Debye-Scherrer rings is noted to occur at slightly
higher pressures under high temperature compression when compared to room
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temperature studies. With the non-circular Debye-Scherrer rings allowing two
distinct regions of the ring to be measured which may be the rhombohedral
transition at 18 GPa compared with 11 GPa for the room temperature data.
The work presented in [23] also suggested an approximately 7 GPa gap in the
transition pressure between room temperature and 425 K, although these quoted
transition pressures were 20 GPa higher than observed here at 30 and 37 GPa
respectively. It is important to note that this “splitting” was not definitively
observed as two split peaks. Instead this is a measurement of the extremes of
the “wobble” of the lines which allows for two distinct regions to be recorded
as in figure 7.3. However, for the“splitting” observed it is important to note
that when measuring the extremes of these wobbles that the ratios of the dspacings act remarkably like how we would expect the rhombohedral phase to
p
act. The splitting in fact occurring either side of the expected ratio of 2.
The consistency of this assumed splitting with the expected behaviour of the
rhombohedral peaks suggests that it is not an unreasonable assumption that the
rhombohedral transition has occurred and is being masked either by strain or
texture e↵ects.
Using the Multifit program the d-spacings of each ring around the azimuth were
measured at selected pressures, figure 7.9. The deviation of the d-spacing around
the ring at room temperature isotherm showed an increase in deviation around
the ring for the (110) ring peaking at 51 GPa before it decreases on further
compression, figure 7.9. This could be consistent with the rhombohedral phase
which was shown from the single crystal to have an ↵ which deviates away from
the bcc structure before coming back to the bcc structure before transitioning to
the the second rhombohedral phase. Unfortunately during the room temperature
compression experiment the pressure was lost at 62 GPa dropping to 47 GPa.
After the pressure drop the distortion was much less pronounced and in fact goes
through a minimum at 62 GPa before beginning to increase again to 80 GPa. This
may mean that the distortions observed on compression may in fact be the result
of a metastable rhombohedral distortion, rather than the “true” phase transition.
As the same phase would be expected to be found even after decompression and
recompression if it was the energetically favourable state for V at this pressure and
temperature. The higher temperature data showed that for 480 K the deviations
arise at a similar pressure to the room temperature data however they experience a
lower peak at lower pressure, 39 GPa compared to 51 GPa. This seems to suggest
that the magnitude of the sample strain is suppressed by high temperatures along
with the transition being pushed to higher pressures. The final isotherm at 880
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K was taken above 40 GPa and shows decreasing deviation with pressure at these
pressures, likely a result of having been pre-compressed and then decompressed
before the isotherm was collected.
The results presented in this section suggest that the high-pressure rhombohedral
phase occurs at higher pressure for higher temperatures. A Rietveld fit at 39 GPa
and 480K can be seen in figure 7.10, this being the data which showed the largest
deviation in d-spacing with . As can be seen at these pre 100 GPa pressures
the preferred structure of V under compression is in fact the R2 (↵ < 109.47°),
with ↵ = 109.359(6)°. The rhombohedral phase has been recovered at high
temperature shifted to higher pressure in comparison to the room temperature
study. This confirms the observations of the gradient of the bcc-rhombohedral
transition phase line from [23].
The stress and strain were studied at both room temperature and on the 480
K isotherm. Results for these parameters can be seen in figures 7.11 and 7.12.
The lattice strain for the (200) di↵raction peak was negligible. Interestingly the
strain for the (110) peak was seen to increase with pressure before peaking at
51 GPa and decreasing with further compression. However similarly to the (110)
peak at 480 K, strain was noticeably suppressed, with minimal strain and a slight
increase occurring for the highest pressure shots. This suggests that the e↵ects
of lattice strain in compressed V are suppressed by high temperatures. The
di↵erential stress also behave similar to previous studies. The (110) stress was
consistently low and close to 0. The stress of the (200) peak showed an increase
at room temperature peaking at 56 GPa, at 480 K the stress remains lower to
high pressure before increasing after 48 GPa. The strains at room temperature
post pressure drop were determined, but found to remain small and are therefore
not plotted in the interest of making the figures easier to read.
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Figure 7.9

Standard deviations of the d-spacings around the azimuth for the
(110) di↵raction ring at selected temperatures with pressure. Lines
between the markers have been plotted with lines as a guide for the
eye.

Figure 7.10

Rietveld refinement of the rhombohedral structure at 39 GPa and
480 K witha = 2.456(2)Å and ↵ = 109.359(6)°.
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Figure 7.11

Lattice strain parameter (Q) for selected pressures on the room
temperature and 480 K isotherm. Markers have been plotted with
lines as a guide for the eye.

Figure 7.12

Di↵erential stress (t) for selected pressures on the room temperature
and 480 K isotherm. Markers have been plotted with lines as a
guide for the eye.
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7.2.1

Conclusions

In KCl the transitions of the V foil behaved remarkably similar to V powder
compressed hydrostatically in He. With the rhombohedral transition beginning
at 11 GPa under room temperature conditions. With increasing temperature
distortions to the lattice were noticeably suppressed, the rhombohedral transition
was shifted to a higher pressure of 18 GPa, and were the di↵erential stress and
lattice strains were determined they were noticeably reduced when compared to
the room temperature values.
Compression isotherms for the room temperature and high temperature experiments can be seen plotted in figure 7.13. Also plotted were the nonhydrostatic and hydrostatic compression curves. Interestingly despite showing
a lower transition pressure similar to the He experiment, the compressibility was
most similar to the other non-hydrsotaic compression campaigns. This seems to
suggest that deviations in the lattice are not necessarily enhanced by the presence
of a particularly hydrostatic PTM. However, the presence of an appropriate PTM
such as He or KCl can cause the rhombohedral phase to significantly shift to lower
pressure.

Figure 7.13

Compression curves for the isotherms at room temperature and
480 K. Also plotted are are compression curves from the other
experiments for V compressed under both hydrostatic and nonhydrostatic conditions.

121

Chapter 8
Dynamic Compression of Vanadium
Dynamic compression as introduced in chapter 3 is an important technique in
the investigation of high pressure phenomena. It allows the probing of high
pressure and temperature states simultaneously and when coupled with ultrafast
x-ray di↵raction from an XFEL source allowing the structures of material’s at
these states to be investigated. Furthermore, an understanding of a material’s
behaviour under compression involving large uniaxial strains and temperature
gradients can aid in the understanding of the underlying mechanisms driving
these behaviours at high pressure both in cases were behaviour remains similar
when compared to that under static techniques and in those cases were it di↵ers.
Vanadium has been studied previously under dynamic compression, with on
Hugoniot data reported as early as 1968 [39], and further studies focusing on
the behaviour of elastic constants and strength behaviour of V in the following
decades [57, 134]. With the focus on the material properties of V under dynamic
conditions, there has been a lack of investigation into the phase behaviour of V
under these conditions. Some evidence of a phase transition has been observed
from discontinuities in the elastic moduli, and studies using di↵raction from an
x-ray backlighter have reported high pressure di↵raction patterns of V. However,
of note is that the published di↵raction were not able to resolve the splitting
of the rhombohedral high pressure phase of V [134]. While the evidence of a
transition occurs at pressures analogous to the observed bcc-to-rhombohedral
transition under static conditions there has been no direct measurement of the V
phase behaviour under dynamic conditions. It is in this chapter were results of
shock compression experiments on V are reported, which have utilised the LCLS
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XFEL as an x-ray source for ultrafast x-ray di↵raction. In the following chapter I
will present results on the resolved structure of V under shock-wave compression
for the first time.

8.1
8.1.1

Experimental Methods
The Matter at Extreme Chamber (MEC)

The shock wave experiments discussed in this chapter were all carried out at the
Matter at Extreme Conditions (MEC) end station at the LCLS. This end-station
at the LCLS free electron laser makes use of the energetic x-rays from the linear
accelerator to carry out diagnostics of high pressure environments under dynamic
conditions. At the MEC laser compression experiments are carried out inside a
sealed vacuum chamber, preventing interactions between the laser pulse and air
during ablation of the sample. The experimental set up in the vacuum chamber
can be seen in figure 8.1. The drive laser (green) and the XFEL (red) will be
incident on the target.The target was placed in the centre of the chamber on a
motorised alignment stage. In an experiment di↵raction from the XFEL will be
collected on the Cornell-SLAC pixel array detectors (CSPADs). The di↵raction
was collected in transmission geometry and as discussed previously will contain
both compressed and ambient peaks, from material in front of and behind the
shock front.
Experiments carried out at the MEC tend to use standard configurations. This
decreases the time needed to set up experiments and allows the facility to run
more efficiently. Because of this it was important to simulate the di↵raction
patterns obtained from various shock experiments, to decide the x-ray energies
and CSPADs configuration. For the V compression experiments in 2017 x-ray
energies of 9.5 and 11 KeV were used and in 2018 an x-ray energy of 11.2 KeV
was used. The positions of the CSPADs was selected such that detectors would
determine a 2✓ range of 20-100°. with an example of the di↵raction obtained seen
in figure 8.2.
When the di↵raction signal was collected on these detectors, they needed to
be combined such that contributions from all the detectors are included in the
di↵raction pattern. Calibration of these detectors is therefore of the upmost
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Figure 8.1

Experiment set up at the MEC and typical sample configuration
(inset) Targets are placed on the motorised stage at the centre of
the vacuum chamber. The optical drive laser (green) and the XFEL
(red) are focused onto the target. Di↵raction is collected on the
CSPADs in transmission geometry. Image taken from [6]

importance and they are generally characterised from calibrants such as CeO2 ,
and LaB6 [135]. An example of the di↵raction collected can be seen in figure
8.2, the di↵raction appears similar to the “cake” plots from the synchrotron
data. From this figure it is apparent that there are large gaps in coverage for
the shockwave experiments, this is why the selection of an appropriate electron
energy and standard configuration are so important.

8.1.2

Drive Laser

The Nd:Glass, long pulse optical drive laser at the MEC can deliver up to two
beams to the sample (AB, EF) which can deliver pulses ranging from 1-25 J and
2-200 ns [136]. The drive pulses in this experiment were 20 ns in length and the
energy could be varied to reach di↵erent pressures. When energy was delivered by
a single beam successive shots could be taken every 3.5 minutes, when multiple
beams were used at once to drive higher energy pulses, to drive the sample to
higher pressure, the time between high energy shots increased to 7 minutes. A
variation of di↵erent drive configurations were used to obtain shock compression
as low as 10 GPa and up to 180 GPa.
The drive pulse shape chosen is a quasi-flat-topped pulse, with an initial rise
(100ps) followed by a much more gradual increase, (the 20% ramp over the
duration of the pulse) as in figure 8.3. These pulses result in constant ablation
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Figure 8.2

Raw di↵raction showing compression of V and the detector coverage
in the 2018 experimental campaign. the CSPADs signal has been
transformed such that the Debye-Scherrer rings are straight lines,
as in the “cake” plots from the static chapters in this thesis.
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Figure 8.3

Typical quasi-flatt-topped drive pulse from the MEC Nd:Glass drive
laser.

pressure in the target, from the plastic ablator, leading to constant pressures
in the sample [117]. When using the drive laser, phase plates are used to give
homogenous intensity distribution of the incident laser pulse. This means the
target will be driven homogeneously in space and the shock wave will be planar.
This reduces any reducing spatial pressure gradients in the sample, making the
analysis of the sample much simpler. The kapton ablator reduces the energy
deposited directly to the V foil, acting as a heat shield and also helps in smoothing
out small-scale variations in the drive.

8.1.3

Target Design

In the target design a combination of 12µm and 25µm V foil was used. This foil
is the same V as used in the foil experiments under static compression, meaning
these results in particular can be directly compared. The V foil was attached
to 50µm of black kapton using a 1-2µm epoxy glue layer. The high shot rate
at the LCLS meant that targets needed to be produced uniformly and in large
quantities. The glue layers needed to be as thin as possible in order to reduce
the amount of extra time the shock would be propagating through the sample.
Glue layers in targets also needed to be consistently thick such that the extra
time spent propagating through the glue layer would be uniform across all the
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targets and easier to account for. Particularly for the 12µm V foil, the timings
would need to be accurate to within 1-2 ns to collect di↵raction before the shock
breaks out of the rear surface.
As discussed in Chapter 3, figure 3.23, the x-ray absorption for the 12.5 µm foil
would be about 70-80% and for the 25 µm foil about 85-95% at the x-ray energies
selected. A trade o↵ exists when selecting the target thickness. Thicker targets
will be in the shocked state for a longer time as the shockwave takes longer to
propagate through the sample, additionally a thicker target means that there is
more sample to di↵ract and the di↵raction will be of higher quality. However, the
trade o↵ comes that a target which is too thick will absorb too much of the x-ray
beam and di↵raction will not be collected. To resolve the high pressure phases
of V it was found that sufficient di↵raction could be collected from both targets.
Even with the higher absorption, the brightness of the XFEL pulse meant that
sufficient x-ray di↵raction profiles could be collected from the 25 µm foil samples.
It was also found that due to the tighter timings associated with the thinner foil
better di↵raction was often collected from the 25 µm target despite the increased
absorption.
Several targets incorporated a LiF or quartz rear window, the windows were flash
coated with 100nm Al layer for the required reflectivity of the VISAR diagnostic,
and the windows were attached using a thin layer of glue. The windows lessened
the pressure drop on release from the V samples. Melting is often associated with
a loss of reflectivity meaning VISAR diagnostic often fail at these conditions. The
flash coating allows the diagnostic to remain useful and allows melt pressures to
be determined.

8.1.4

Pressure Determination

The pressure of V undergoing shock compression was determined using the
VISAR system, as described in Chapter 3. To determine pressures an appropriate
Hugoniot needed to be constructed. The shock behaviour of V has been reported
extensively previously allowing construction of the P-V Hugoniot from [38, 39, 41],
figure 8.4. the EOS constructed in figure 8.4 allows the following relation to be
made:
US = 1.23 + 5.05UP
(8.1)
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Figure 8.4

Calculated P-V Hugoniot for Vanadium with experimental Hugoniot
data plotted from [38, 39, 41].

From this relation of US UP the Rankine-Hugoniot equations could be used to
determine pressure and volumes can be determined by:
v=

US UP
Us ⇢0

(8.2)

VISAR
Using the EOS relationship, the VISAR pressure could be determined. Interferometry information was collected using streak cameras which worked for either
50 ns or 20 ns windows. The majority of this data was collected using a 50 ns
streak. The collected VISAR data consisted of of a fringe pattern and when the
shock wave propagated through the sample a jump in this fringe pattern was seen
as discussed in chapter 3. the motion of the fringes could be used to determine
UP of the sample with the assumption made in equation 3.31 the shock velocity
could then be determined. This means that the Rankine-Hugoniot equations can
be used as described in equations 1.1-1.3, to determine the pressure.
Not all the targets had a rear surface which was adjacent to vacuum. For the
targets which incorporated a LiF window, determination of the pressures required
the use of impedance matching techniques. A geometric consideration of Hugoniot
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curves at the interface was used to determine the pressure in the sample when a
window was used. From figure 8.5 when a shockwave travels through the sample,
compressing V to a point on the principal Hugoniot (a) it will eventually reach
the interface of V and the window. The window used had lower impedance than
V so when the shockwave reaches this boundary V is released to a lower state by
the propagation of a release wave. The pressure generated by the release wave
could be treated as being on a reflected Hugoniot curve (b). When a shock in
compressed V with initial conditions Pa , Ua is released to a window the window
material is driven to a high pressure state on the window Hugoniot (c). For
the materials to remain physically joined together, the pressure in the window
must be the same as the pressure in the V, the point where this is possible is
where the window Hugoniot and reflected V Hugoniot intercept (c). The VISAR
pressure measured in these type of shots was the pressure at point (c). Point (b)
can be found using the the V Hugoniot at the same pressure as the LiF pressure.
Geometrically point (a) is half the distance between points (b) and (c), once point
(a) is determined the pressure on the principal Hugoniot can be determined.

Figure 8.5

Example of the Hugoniot curves of V and the widow material, with
the reflected V Hugoniot also plotted.

Errors in the pressure were determined by propagating uncertainties in the peak
free surface velocity. One useful additional diagnostic of the VISAR system is
129

that it can be used to determine the planarity of the shock front figure 8.6 shows
two VISAR images one were there is a very planar front (a) and one that has a
very non-planar shock front (b). The x-ray beam is incident on a region at the
centre of the VISAR window, as demonstrated in figure 8.6 and this means that
by selecting the fringe jump in this region pressures can be determined in the
sample where the di↵raction was also collected.

Figure 8.6

Example of (a) a planar shock breakout and (b) a non-planar shock
breakout, with the regions where the x-rays are collected from. Note
that the fringe shifts after the breakout will be due to reverberating
shockwaves which were not studied in this work.

Pressure by x-ray di↵raction
For the determination of the pressure from VISAR an accurate EOS is required.
While the shock Hugoniot of V has been studied extensively it is always helpful
to scrutinise the values obtained. Using the the volumes determined by the
di↵raction, and the UP determined from VISAR, pressures can be established
without the need of an EOS. Volume information was extracted using the JANA
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2006 [128] fitting software and the shock speed could then be determined using:
US =

1

UP
V /(V0 )

(8.3)

Using the Rankine-Hugoniot equations the pressure can be determined. Table
8.1 shows the di↵erences between the VISAR and di↵raction pressures from the
study in 2018.
Table 8.1 Pressure determined by VISAR only, PV ISAR , and the combined
VISAR and x-ray di↵raction calculation, PDif f raction the di↵erences
in the pressure between these two measurements are presented as P.

Shot
188
179
173
174
215
216
217

PV ISAR
9.7(5)
25.72(14)
31.87(22)
39.3(15)
91.2(7)
110.8(8)
122.4(14)

PDif f raction
7.76(28)
24(3)
33.81(28)
44(5)
87(2)
107(3)
121(6)

P
1.94
2.72
1.94
4.9
4.2
3.8
1.4

This method is very sensitive to changes in the rear surface velocity and requires
high quality VISAR data to be used successfully. This was a useful check of the
pressures but the pressures quoted in this thesis used the VISAR method, unless
a window was used in which case the pressure was determined by impedance
matching.

8.1.5

Construction of a P-T Hugoniot

The P-T Hugoniot of V has only been published to 70 GPa [134]. In order to
estimate the on Hugoniot temperatures and place our refined data on a P-T phase
diagram a P-T hugoniot needed to be constructed. The ambient temperature
gruneisen parameter is given by
0

=

↵KT V
CV

(8.4)

Where KT is the isothermal bulk modulus, CV is the specific heat constant volume
and ↵ is the thermal expansion coefficient. the value obtained of was in good
agreement with the published value [137].
is extrapolated to higher pressure

131

assuming Cv is in the Dulong-Petit limit such that
=

0

V
V0

(8.5)

From this dT at a pressure P can be determined using:
dT =

T

V

dV +

1
[(V0 V )dP + (P
2CV

P0 )dV ]

(8.6)

Where P0 is the pressure in the un-shocked state and P is the shock pressure. This
gives the temperatures for the Hugoniot in P-T space [138]. Unfortunately this
is the only method of temperature determination used for the shock compression
experiments. This value of the temperature is an approximation which does not
account or solid phase transitions, although the very small volume changes in the
V phase transitions mean that the approximation should be valid. However, this
approximation will not account for melt studies. Error bars are omitted from
the temperature from this method as they are only a loose approximation of the
P-T Hugoniot. The plotted Hugoniot can be seen in figure 8.7 alongside the
published Hugoniot [134] and they can be seen to be in agreement.

Figure 8.7

P-T Hugoniot of V to above 300 GPa, also plotted are the measured
pressures and temperatures of on Hugoniot states to 74 GPa from
[134].
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8.2
8.2.1

LCLS Campaigns
Campaign in 2017 and 2018

The dynamic results in this thesis were collected over two campaigns at the MEC
end station at the LCLS. The configurations and set up of these campaigns have
already been discussed. The majority of structural evidence for the solid phases
of V came from the 2018 study.
In 2017 compression of V was carried up to 180 GPa. Although there were
some issues with the drive pulse which resulting in strange results these will be
discussed in the coming sections. Issues with the drive pulse meant that there
were non-planar shock breakouts which, meaning the di↵raction may not have
been collected at the same pressure measured by the VISAR. Further problems
with electromagnetic pulses generated by strong laser interaction and a lack of
shielding meant that di↵raction was occasionally lost and the VISAR was also
lost. This meant that measurement of the pressure was difficult or impossible
for several shots. Some best guesses of the pressure were made using a V EOS
and the di↵raction without VISAR analysis, though these could only be seen
as“ballpark” figures used only when absolutely no other diagnostic information
was available. This experiment did see the highest pressures reached in V for this
experiment and the highest pressure shot will be discussed in future sections.
In 2018 compression of V was carried out between 9 GP and 122 GPa. This is well
within the range of most of the static work and has allowed comparison between
the di↵erent techniques to be made, the di↵raction from 2018 was found to be
of higher quality and the drive pulse had improved since 2017. This meant more
linear shock breakouts were obtained and allowing better diagnostics analysis to
be run. Improvement made from 2017 meant that for the structural refinements
results from 2018 will be used.

8.2.2

Bcc-to-Rhombohedral Transition

The compression of V under dynamic conditions can be seen in figure 8.8.
Broadening of the of the (110) and (211) peak was evident from the di↵raction
profiles, however similarly to the case under static condition it was found that
both the bcc and rhombohedral structures could be refined from the di↵raction
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profiles with similar fitting criteria.

Figure 8.8

Di↵raction profiles of V on compression at selected pressures from
LCLS 2018.

There was little evidence of the predicted bcc-to-rhombohedral transition in
dynamically compressed V. V was compressed up to 113 GPa and while some
evidence of peak broadening in the (110) and (211) bcc peaks were observed,
Rietveld and Le Bail refinements of the structures to the bcc and rhombohedral
phases were carried out. The fitting criteria for both structures were found to be
very similar .
The only candidate for the rhombohedral structure being at 39 GPa demonstrated
in figure 8.9 the misfit previously discussed was not found to present in this
shot making a Rietveld refinement possible to the rhombohedral lattice with
parameters a=2.472(6) Åand ↵=109.277(2)°. The raw di↵raction presented in
figure 8.10.
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Figure 8.9

Di↵raction data from shot 174 from the 2018 experimental campaign
with refinement of the rhombohedral structure in the compressed
lattice and the bcc structure on the ambient lattice. While clear
splitting of the di↵raction peaks was not observed broadening of the
(110) and (211) peaks is indicative of the phase transition.

Figure 8.10

“Cake” plot of the raw di↵raction of shot 174 from 2018, the best
candidate for the rhombohedral structure at 39 GPa.
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This behaviour was consistent with predicted behaviour outlined in this thesis
with the transition suppressed at higher temperatures. As as seen in figure 8.11
the bcc phase is the preferred structure at 32 GPa and and by 90 GPa the bcc
phase has returned, and remains until well above 100 GPa. This was consistent
with the work from [27, 35, 57].

Figure 8.11

Fits to the bcc structure at 32 GPa, 91 and 122 GPa, some minor
misfits were still present in this data. However they were much
more pronounced in the rhombohedral structure when fitting was
attempted, with Le Bail fitting failing when a structural refinement
to the rhombohedral lattice was attempted.

When fitting the structures of V under dynamic compression it was noted that
the previously discussed misfits, first described in chapter 2 and discussed in the
analysis of the static compression experiments, to the structures were occasionally
absent completely and while still present at lower pressures were greatly reduced
in the higher pressure shots, Figure 8.12.
Misfits to the reported structures did appear in the lower pressure data although
not consistently, with some shots at similar pressures showing no misfits and
others showing large misfits to the structure. The lack of the misfit at high
pressure can most likely be explained by the stress along the (200) plane
being suppressed by the higher temperatures involved in high pressure shock
experiments. This does however mean that the region where the rhombohedral
structure has been confined along the Hugoniot by this experiment, between
approximately 32-90 GPa, is where the most pronounced misfits are found.
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Figure 8.12

Ratio of the d-spacings of the(110) to (200) peaks with pressure.
The largest misfits were determined to be at lower pressures, also
of note is the data point at 39 GPa from the 2018 campaign which
showed no misfit between the (11) and (200) reflections and is
the most viable candidate for the rhombohedral structure on the
Hugoniot.

Fortunately, for the shot at 39 GPa where the rhombohedral phase is detected
the misfit was absent meaning a high quality refinement could be obtained. The
phase diagram under shock conditions can be seen in figure 8.13. The onset
of the rhombohedral phase has been determined to be at 39 GPa under shock
compression. However contrasting static studies by 90 GPa a re-entrant transition
to the bcc lattice has occurred. The rhombohedral phase seems to be suppressed
along the Hugoniot, most likely by the e↵ects of high temperatures resulting from
the shock compression.
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Figure 8.13

8.2.3

Phases plotted in P-T space for the shock compression experiment
in 2018, the rhombohedral phase has been restricted to a range
between 32-90 GPa on the Hugoniot.

Shock Melting

The melt curve of V is well characterised with static work by [27] and shock
melting was determined by [26]. Shock melting was not expected to occur in
V along the principal Hugoniot until 225 GPa. The focus of this work was on
the solid phase of shocked V. However, the highest pressure shot in this study
saw evidence of the onset of melting at 180 GPa and 5350 K, figure 8.14. The
temperature here being determined by the calculated P-T Hugoniot of V.
The first liquid peak can be seen to be emerging in the di↵raction profile by the
presence of a broad peak under the compressed (110) peak between 30-40°. This
shot incorporated a LiF window, pressures were therefore determined using the
impedance matching technique discussed earlier in this chapter.
The lower pressure of melting on the Hugoniot contrasts with previous studies
by 45 GPa. Further results from DAC studies show the Hugoniot crossing the
calculated melt at 220 GPa and 5000 K.[27]. The temperatures of shock melting
observed here and under static compression seem to agree 5350 and 5000 K
respectively. While the pressures reported here are noticeably lower than for
previous shock melting.

138

Figure 8.14

Di↵raction shot showing the onset of the liquid phase in shock
compressed V, seen as a broad peak appearing between 30-40°under
the compressed (110) peak.

It is important to note that the temperatures calculated here were determined
theoretically and as only one shot showed melting this provides only a new lower
limit for the onset of melting on Hugoniot. In future a more detailed campaign
on shock melting would be useful, utilising temperature measurement such as
EXAFS or SOP to determine temperatures directly [139, 140]. This would also
help improve the reliability of the shape of the P-T Hugoniot to higher pressures
and temperatures.
To help reconcile the discrepancy in shock melting pressures a more detailed
melting study would be needed. As previously indicated the melting was only
observed in one shot of this campaign. As this campaign mainly focused on the
observation of the bcc-rhombohedral transition there is a gap in pressures from
approximately 130-180 GPa. In future collection of more data points above 100
GPa and up to shock melting, using either EXAFS or SOP measurements would
help to constrain shock melting and allow for a better comparison with static
experiments.
The observation of liquid phases on dynamic timescales is well studied with work
on the shock melting of Bi and Sb being reported[18, 141]. As both liquid and solid
di↵raction peaks are present this suggests that the Hugoniot coincides with the
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melt curve over this region . Unfortunately most of the data collected focused on
the solid states with this being the highest pressure shot between both campaigns,
so further information on melting is not known.

8.2.4

Negative Pressures

It was noted that for some of the shots from the 2017 campaign a novel phenomena
occurred, the presence of a negative pressure. This negative pressure can be seen
demonstrated in figure 8.15.

Figure 8.15

Di↵raction profile of compressed V showing negative pressure peak,
with the (110) peak in the insert demonstrating the noticeable lower
angle peak o↵ the ambient peak.

The compression of this shot was to a peak VISAR pressure of 43 GPa, however
the timing of the shot was on release so the actual compressed lattice will reduce
in pressure as it releases back to ambient conditions, as after the shock has broken
out of the rear surface of the sample a release wave will propagate back through
the sample. It was noted for these shots three distinct regions could be observed
in the di↵raction, labelled in figure 8.15 as release, ambient, negative. It was
found that these negative pressures arose due to imperfect shaping of the drive
pulse. As previously mentioned the pulse of the drive laser was to be shaped as
a square wave with a 20% ramp 8.3, however, on inspection of the actual pulse
profiles it was found that the pulse shapes were shaped as in figure 8.16.
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Figure 8.16

Drive pulse for shot showing negative pressure, note that after the
initial increase instead of ramping up, there exists a region along
the pulse where the intensity dips.

Simulation using the HYADES hydrodynamic code, of such a pulse revealed an
interesting result explaining the negative pressures observed. The initial shock
wave from the front of the pulse drove the sample to a high pressure state, when
the dip in the drive pulse reached the sample this resulted in a region behind
the initial shock which is driven to a lower pressure. After the initial shock
reaches the rear surface the pressure is released back to 0 by a release wave
propagating back through the sample. However, when this release wave reached
the propagating lower pressure shock this resulted in the sample being driven to
a negative pressure, or blown apart. It is important to note that these e↵ects
only occurred in the thicker samples. In the thicker foil the time for the waves to
propagate through the sample was sufficiently large and the negative pressures
only occurred when the sample was on release from the initial shocked state. This
lead to the three distinct phases seen, a compressed region which had not had
the release wave reach it, an ambient region on release and the expanded region
resulting from the interaction of the release wave and the lower propagating shock.
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8.3

Conclusion

The phase behaviour of V along the Hugoniot can be seen demonstrated in
figure 8.13. With the phases of of V marked, the rhombohedral structure appears
to only exist for a short range of pressures along the Hugoniot the volume
compression of V under dynamic compression along the Hugoniot can be seen
demonstrated in figure 8.17 with the points lying in agreement with the previously
calculated Hugoniot. The rhombohedral phase has been confined to a pressure

Figure 8.17

Compression curve V from the 2017 and 2018 experimental
campaigns plotted alongside the P-V Hugoniot.

range of 32-90 GPa, on compression. This work has presented evidence for
the presence of the bcc-rhombohedral phase transition occurring under dynamic
conditions and has constrained the phase on the dynamic phase diagram. Partial
shock melting was determined at a pressure of 180 GPa and a shock temperature
of 5350 K determined by the P-T Hugoniot of V, this temperature coincides
fairly well with recent reports of the melt line, if at a slightly lower pressure than
expected. With the presence of both solid and liquid phases suggesting that this
is the point coincides with the Hugoniot on the melt line.
The results of this shock compression campaign have show that the stability
region fo the rhombohedral phases is suppressed along the Hugoniot, with the
bcc phase becoming favourable from 90 GPa up to the highest pressures at 180
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GPa. this contrasts to the rhombohedral phase being evident statically above 100
GPa in the previous experiments. One possible explanation for the suppression
of the rhombohedral phase would be the high temperatures inherent in shock
compression. Literature values of the Hugoniot and upper temperature limit of
the rhombohedral phase suggest that the rhombohedral phase will be suppressed
by temperature e↵ects at 100 GPa on Hugoniot. This coincides well with the
suppression of the rhombohedral distortions observed under high temperature
static compression in chapter 7.
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Chapter 9
Conclusions and Future Work
9.0.1

Conclusions

In this thesis both the static and dynamic structural behaviour has been explored
of the transition metal vanadium. Numerous studies at the Diamond, ALBA,
ESRF and PETRA synchrotrons were used to characterise both the room
temperature and high temperature behaviour of V. Powder di↵raction revealed
that the reported phase transitions were often masked by the e↵ects of strain
and stress in the sample resulting in non-circular Debye-Scherrer rings. Further,
to this a here-before unmentioned misfit to the bcc and rhombohedral lattice
was noted and found to be consistent with the literature [21–23]. This misfit,
demonstrated in this thesis by the deviation of the value of the ratio of the dspacings of the (110) and (200) di↵raction peaks, meant that the behaviour of V
at high-pressure required more examination. The e↵ects of hydrostaticity were
studied with compression in a diamond anvil cell using no pressure transmitting
medium (PTM) carried out alongside a wide range of pressure transmitting
media, notably, He, KCl, mineral oil and silicon oil. Contrasting previous
studies the phase change in V was determined to be aided by the presence of
a hydrostatic pressure transmitting medium not suppressed by it as previously
thought [23]. With broadening of the di↵raction peaks indicative of the presence
of the rhombohedral structure occurring as low as 20 GPa in a He PTM. The
compressibility of V under these di↵erent conditions was noted and the bulk
modulus found under di↵ering conditions and found to be in agreement when
the di↵erent compressibility conditions were considered. Remarkably the most
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hydrostatic compression demonstrated the largest misfits to the ideal lattice of V
at high pressure, even with study of the lattice di↵erential stress and strains the
misfits to the ideal lattices meant rigorous structural refinement was impossible.
The structure of V remained elusive until single crystal di↵raction was carried out.
The single crystal di↵raction revealed not only the bcc-rhombohedral transition
at 40 GPa but also a heretofore unobserved transition to a new rhombohedral
lattice at 100 GPa. Shockingly the rhombohedral phases of high pressure V were
determined to be reversed in order from the predicted phases. The reported
transition pressures can be seen summarised in table 9.1. The range of the
di↵erent transition pressures is rather large, hydrostaticity was seen to greatly
a↵ect the transition pressure and the transition could also be hidden by the e↵ects
of lattice strains. The “true” transition pressure is believed to be that found from
the single crystal compression.
Table 9.1 Transition pressures under static compression V reported in this
Thesis
V Sample
Powder
Powder
Foil
Foil
Single Crystal

PTM
Transition ↵ < 109.47 (GPa)
none
45
He
20
mineral oil
46
KCl
11, 18 (425 K)
mineral oil
40

Transition ↵ > 109.47 (GPa)
90
104
95
100

In order to compare static compression to the dynamic compression high
temperature compression of V was carried out in KCl. It was noted that the
pressures at which the phase transitions occurred in the KCl were more similar
to those found with a He pressure transmitting medium with the rhombohedral
phase becoming favourable as low as 11 GPa. The transition again was masked
by the presence of non-circular Debye-Scherrer rings and strain analysis was
carried out. These e↵ects persisted in the high temperature experiment were V
transitioned to a rhombohedral phase at 18 GPa. The magnitudes of the lattice
strain and stresses and the magnitude of the rhombohedral distortion to the bcc
lattice were notably suppressed at high temperature. This being consistent with
previous studies [23].
The dynamic structures of V were reported in this thesis for the first time. The
high temperatures associated with shock compression meant that the on Hugoniot
phase sees the rhombohedral phase restricted to a much narrower pressure range.
With the only suitable candidate for the rhombohedral phase being at 39 GPa
and 557 K. While the rhombohedral phase was suppressed on Hugoniot, the
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behaviour of the rhombohedral distortion was consistent between the dynamic
and static compression experiments. With the rhombohedral distortion found in
the dynamic experiments at 39 GPa being the same distortion found in the static
experiments at this pressure. Additionally evidence of shock melting of V was
found on Hugoniot at 180 GPa and 5350 K. This value serves as a new lower
limit on the onset of shock melting for shock melting of V previously reported to
onset at 225 GPa [26].
The behaviour of the V lattice is slightly di↵erent under both dynamic and static
compression with the stability of the rhombohedral phase being significantly
suppressed in on Hugoniot states. It is evident that the rhombohedral structures
of V should be thought of as reversed in order with the higher pressure phase in
fact being the initial phase and this phase being detected both under static and
shock compression.

9.0.2

Future Work

This work is a thorough exploration of the high-pressure behaviour of V under
dynamic and static conditions. However, some gaps in the knowledge of V still
exist. Mainly the underlying cause of the misfit to the (200) di↵raction peak has
not been satisfactorily reported. While large di↵erential stresses were detected
for the (200) direction the set up of these experiments was not ideal for stress and
strain determination. In fact in future compression in a radial diamond anvil cell
designed for di↵raction in a perpendicular rather than parallel geometry would
allow for a more robust study of the strain and stress behaviour of V with pressure.
Further to this the significant decrease in the rhombohedral transition pressure
in a He and KCl PTM has not been completely explained. While it can be
determined that these PTM’s are hydrostatic enough that compression in them
favours the rhombohedral distortion of the lattice. Further study of V under
di↵ering loading conditions would be helpful in understanding this phenomena.
One interesting behaviour of V was that when compressed in KCl the distortions
to the lattice were found to be completely absent when V was compressed,
decompressed and then recompressed. Di↵raction collected at the same pressures
for a sample which was on compression and was being recompressed showed
remarkably di↵erent behaviour. This implies that the pressure loading history of
V can a↵ect its behaviour during an experiment. In future a possible experiment
were V is compressed, released and recompressed would be interesting to see if the
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distortions to the lattice will be consistently suppressed. Or, in fact the behaviour
of V could be studied on decompression to see if the rhombohedral lattice will
relax back to bcc on decompression at the same pressure were the transition occurs
on compression. If the rhombohedral distortion is still detected on recompression
the nature, wether it is in the R1 or R2 phase, would be interesting to see if the
same rhombohedral lattice is obtained on decompression as on compression. Such
an experiment would be limited by the ability to take a diamond anvil cell down
in pressure without the diamonds breaking, however decompression in a DAC has
been seen to be viable for several samples generally limited to a maximum initial
compression to 100 GPa.
Furthermore, dynamically it would be helpful to compress V between 40-90 GPa,
determining an upper limit for the rhombohedral phase on the Hugoniot. The
exploration of o↵- Hugoniot states of V under dynamic conditions would also be of
interest. The rhombohedral transition is demonstrably suppressed by the e↵ects
of high temperatures. Ramp compression experiments being more isothermal in
their compression are therefore ideal for the study of V structures under dynamic
high pressure. This may allow a wider range of the rhombohedral lattice to be
uncovered, as well as allowing the higher pressure rhombohedral-rhombohedral
transition to be measured under dynamic conditions. Also of interest would be
higher pressure compression on the hugoniot to determine shock melting in V.
The melt behaviour of V is noted to be di↵erent under di↵erent compression
conditions. However there is still a lack of shock melting data points and
determining the shock melting pressures and temperatures would help explain
the di↵ering behaviour seen under dynamic and static compression. The recent
commissioning of the European XFEL would be ideal for such a ramp compression
experiment to study the o↵-hugoniot stats of V. This facility will allow drive
pulse tailoring facilities such that tailored ramp pulses could be designed for
the compression to high pressure lower temperature states. The drive beam
also provides up to 100J of energy compared to the 25J from the LCLS. This
means that higher pressure states could be explored and when combined with
ramp compression could allow the rhombohedral-rhombohedral transition to be
determined under dynamic conditions and the re-entrant bcc transition to be
determined for the first time.

147

Appendix A
Note Added In Proof
Since the initial submission of this thesis an article reporting the phase behaviour
of vanadium (V) to 200 GPa [142]. This article reported the phase behaviour of
V on compression in a DAC. At several pressure points 58, 188, 119 and 189
GPa the V sample was annealed with a laser heating set up, gradually heating
the sample to 2200 K, and then slowly decreasing the sample temperature back
to room temperature. Di↵raction of the annealed sample showed the loss of any
distortions to the (110) and (211) D-S rings, suggesting the transitions observed
in this thesis and in the work reported in [22, 23], were metastable resulting from
non-hydrostatic pressure.
Using this technique it was reported that the bcc-rhombohedral transition with
alpha >109.47°was in fact a metastable transition and the rhombohedral phase
with 109.47 < 109.47°has been confirmed starting at 200 GPa and found to be
stable up to 300 GPa with ↵ of 108.30(7)°at this pressure.
The larger deviation of the rhombohedral alpha from 109.47°suggests that this
may be the true transition. It has been remarked upon previously in this thesis
that the deviations reported in the literature and in this thesis were much smaller
than the predicted values. This would lend credence to the measured deviation
being the result of a metastable transition with the smaller deviations being closer
to the metastable values as predicted by [30]. Further, from the measurement
of stress and strain carried out in this thesis, large strains were determined from
the distortions of the (110) and (211) di↵raction rings, which were reduced by
heating.
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Any misfits in [142] were not reported. From the published fits in the
supplemental material there are consistently higher residuals on the (200) bcc
V peak, suggesting that the misfits discussed in this thesis are also present in
this study. Of particular interest, would be if these misfits are a↵ected by the
annealing process, being observed in these fits after heating but, could these
misfits perhaps be reduced when compared with the pre-heated sample? While
the misfits in this study do not appear large enough to a↵ect the ability to carry
out a Rietveld refinement their presence suggests that there are still issues which
need to be explained when discussing the phases of high pressure V.
The mechanism of the distortion being due to non-hydrostatic pressure does seem
to contradict some of the conclusions of this study. When comparing compression
with no PTM or less hydrostatic PTMs to the quasi-hydrostatic compression in
a He PTM, it was observed that distortions to the bcc lattice appeared earlier
and became increasingly large with pressure.
It has also been remarked upon in this Thesis at several points that a metastable
transition may be possible. In Chapter 6 the single crystal V held at pressure
was noted to return to an undisturbed bcc lattice after half an hour. Similarly,
in Chapter 7 when compressing V and due to a loss in membrane pressure it
was noted that when the sample was recompressed no distortions were observed.
While metastability is a likely candidate for the phase changes observed in V, from
the data in this thesis the presence of the misfit to the (200) peak, distortions
in the Debye-Scherrer rings, and the fact that these misfits and distortions are
present in some data and not others suggests that there are more e↵ects to
consider in understanding the high pressure phases of V.
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and Alexander Landa.
Theoretical confirmation of a high-pressure
rhombohedral phase in vanadium metal. Physical Review B, 75(18):180101,
May 2007.
[25] A K Verma and P Modak. Structural phase transitions in vanadium under
high pressure. EPL (Europhysics Letters), 81(3):37003, February 2008.
[26] Chengda Dai, Xiaogang Jin, Xianming Zhou, Jianjun Liu, and Jinbiao
Hu. Sound velocity variations and melting of vanadium under shock
compression. Journal of Physics D: Applied Physics, 34(20):3064, October
2001.
[27] D Errandonea, S G MacLeod, L Burakovsky, D Santamaria-Perez, J E
Proctor, H Cynn, and M Mezouar. Melting curve and phase diagram of
vanadium under high-pressure and high-temperature conditions. Physical
Review B, 100(9):094111, September 2019.
[28] Daniele Antonangeli, Daniel L Farber, Alexei Bosak, Chantel M Aracne,
David G Ruddle, and Michael Krisch. Phonon triggered rhombohedral
lattice distortion in vanadium at high pressure. Scientific Reports, 6, 2016.
[29] Jae-Hyun Park Klepeis, Hyunchae Cynn, William J Evans, Robert E Rudd,
Lin H Yang, Hans Peter Liermann, and Wenge Yang. Diamond anvil
cell measurement of high-pressure yield strength of vanadium using in situ
thickness determination. Physical Review B, 81(13):134107, April 2010.
[30] Yi X Wang, Q Wu, Xiang R Chen, and Hua Y Geng. Stability of
rhombohedral phases in vanadium at high-pressure and high-temperature:
first-principles investigations. Scientific Reports, 6, 2016.
152

[31] Byeongchan Lee, Robert E Rudd, John E Klepeis, and Richard Becker.
Elastic constants and volume changes associated with two high-pressure
rhombohedral phase transformations in vanadium. Physical Review B,
77(13):134105, April 2008.
[32] N Suzuki and M Otani. The role of the phonon anomaly in the
superconductivity of vanadium and selenium under high pressures. Journal
of Physics Condensed Matter, 19, 2007.
[33] D L Smith, B A Loomis, and D R Diercks. Vanadium-base alloys for fusion
reactor applications — a review. Journal of Nuclear Materials, 135(2):125–
139, 1985.
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