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Abstract
Research at high pressures has revealed that the elemental metals, most of
which have simple crystal structures at ambient conditions such as face-centred
cubic, body-centred cubic, or hexagonal close-packed, transition to more complex
structures at high pressure. X-ray diffraction methods are well-suited to exploring
these complexities, providing detailed data on the structure of elements at high
pressure. In particular, this work focuses on studying the alkali metals K and
Rb with x-ray diffraction methods. These elements have been found to exhibit a
wealth of structural complexity such as the incommensurate host-guest structures
K-III and Rb-VI, or the orthorhombic Cmca phases of K-VI and Rb-VI.
To study these and other elements at high pressures, diamond anvil cells are
frequently used to compress the sample, as they allow for accurate structure
identification using x-ray diffraction and can reliably reach pressures of around
300 GPa. However, the study of elements at even higher pressures becomes
difficult using conventional diamond anvil cells which are prone to diamond failure
at these conditions. This has motivated the development of new DAC designs.
In particular, toroidal diamond anvil cells are a promising modification wherein
the diamond anvils are ‘sculpted’ to create a geometry able to achieve pressures
above 500 GPa.
This work initially investigates the behaviour of the light metals Mg and Al and
the alkali metals K and Rb, using conventional diamond anvil cell techniques.
The phase transitions of Mg and Al are discussed, with compression data up to
301 GPa and 236 GPa presented for Mg and Al, respectively. Equations of state
are fitted for each metal and the data are compared to other studies in the field.
In K and Rb, the static phase diagrams are extended up to 321 GPa and 264 GPa,
respectively. These studies observe significant changes in the compression curves
occurring between 0-100 GPa, where the various phase transitions of these metals
i

display a great variety of compressive behaviour. The predicted high-pressure
oC 16→hP4 phase transition is observed and presented for the first time in Rb.
However, no analogous transition is seen in K in spite of theoretical predictions.
The design, manufacture, and implementation of toroidal diamond anvil cells
are subsequently detailed, including the specifics of focused ion beam milling.
Experiments on the strongly scattering elements W and Ce are then presented.
In W, the body-centred cubic phase remains stable up to the highest pressure
of 381 GPa, as expected. However, unanticipated changes in the sample pressure
environment demonstrate the complexity of performing toroidal diamond anvil
cell experiments. In Ce, an apparent shift in the compression curve was observed
between 200-250 GPa, accompanied by decreasing c/a ratio in the body-centred
tetragonal phase above 250 GPa. The cause of the change in compressive
behaviour is unknown, but the c/a ratio decline is found to agree with theoretical
predictions.
Finally, results from toroidal diamond anvil cell investigations of Rb are presented
along with the challenges of studying light and highly reactive elements using
toroidal diamond anvil cells. A highest pressure of 272 GPa is recorded from
Raman spectroscopy measurements of the diamond.
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Lay Summary

Many elements behave very differently under pressure than do they under normal
conditions. Such pressures can arise in planetary interiors, explosions, or heavy
industrial machinery. These new behaviours are sometimes useful, leading to the
synthesis of novel materials, or provide a better understanding of how matter
behaves at extreme pressures. For these reasons, knowledge of how chemical
elements behave at high pressures is very valuable.
High pressures are usually created in a diamond anvil cell, where two opposing
diamonds with flat ends are placed on either side of the sample. When the
diamonds are pushed together, the pressure on the sample increases. Conducting
experiments that require physical probes inside a diamond anvil cell is difficult,
because of the small space available and the potential damage to the equipment
from the high pressures. Instead, conducting measurements using x-rays is ideal
because they can be shone onto the diamond anvil cell from an external source and
measured without needing to make any changes to the sample. X-rays interact
with materials by deflecting to particular angles when they pass through the
sample, based on the arrangement of atoms in the sample. This allows us to
extract information on the sample structure and properties.
Despite being the hardest material known, diamond is brittle and will eventually
break during high-pressure experiments. One way to increase the achievable
pressure is to reduce the surface area of the diamond tips, resulting in the
compressive force being focused down to a smaller area, which will then be at
an even higher pressure. This usually allows us to reach pressures of 300 GPa
or 3 million times normal atmospheric pressure, which is a little less than the
pressure at the centre of the Earth (360 GPa). To go even higher, research has
found that if we ‘sculpt’ the diamond tips and create a doughnut-shaped recess
on the diamond tip, a so-called toroid, we can reach pressures of 400-600 GPa.
iii

This thesis first explores the behaviour of magnesium, aluminium, potassium,
and rubidium using unsculpted diamond anvil cells. These elements’ response
to pressure is measured, and it was observed that under pressure the structural
arrangement of the atoms in the samples changes significantly. In rubidium, a
structure that had not previously been observed in this element was seen for the
first time, confirming earlier predictions.
The process of creating toroidal diamond anvils is then described, and these are
used to conduct experiments that reach up to 380 GPa on tungsten and 361 GPa
on cerium. Cerium proved particularly interesting because there was a change in
the structure above 200 GPa which had not been seen before.

iv

Declaration
I declare that this thesis was composed by myself, that the work contained herein
is my own except where explicitly stated otherwise in the text, and that this work
has not been submitted for any other degree or professional qualification except
as specified.
Parts of this work have been published in [1].

(Christian Viktor Storm, August 2021 )

v

Acknowledgements
I would like to deeply and sincerely thank everyone who helped me make this
thesis possible. In particular, the following:
First and foremost, Prof. Malcolm McMahon for his enthusiasm and advice.
Our discussions always inspired and motivated me, providing reassuring guidance
when my vision of the project wavered.
Dr. Zsolt Jenei and Dr. Earl O’Bannon for sharing their expertise and for inviting
me to experiments at the APS. Without their support the toroidal diamond anvil
cell experiments would have been far less successful.
My colleagues and friends Sarah Finnegan, Dr. Michael Stevenson, James
McHardy, Dr. Ed Pace, Dr. Amy Coleman, and Dr. Matthew Duff, who attended
many of the experiments presented here and helped both with data acquisition
and analysis.
Dr. Simon MacLeod for his support and counsel both in terms of research and in
navigating the academic world.
My dear friends Avery, Nikhil, Andreas, Miranda, and David. Though I don’t see
you often, I always appreciate our chats and your company. I also thank the whole
Teem: Aalisha, Pete, James, Serena, Liam, Clark, Emma, and Akash, for their
friendship and for always being there for me. A special thank you to Katherine,
who means so very much to me and whose relentless support kept me sane during
the writing process.
Lastly, I cannot thank my family enough for their unwavering support and love.
I love you more than I can put into words, but I know that sometimes words are
not needed.
British Crown Owned Copyright 2021/AWE. Published with permission of the
Controller of Her Britannic Majesty’s Stationery Office.

vi

Contents
i

Abstract
Lay Summary

iii

Declaration

v

Acknowledgements

vi

Contents

vii

1

Introduction

1

1.1

High-Pressure Physics ..........................................................

1

1.2

Achieving High Pressure .......................................................

2

1.2.1

Diamond Anvil Cells ..................................................

3

Motivation and Structure of this Work.....................................

5

1.3
2

Theory and Methods

8

2.1

8

Crystals and Lattices ...........................................................
2.1.1

The Reciprocal Lattice................................................ 10

2.1.2

Lattice Planes and Miller Indices................................... 11

2.1.3

Space Groups and Pearson Notation .............................. 12

2.1.4

Aperiodic crystals ...................................................... 14

vii

2.2

2.3

2.4

2.5
3

X-Ray Diffraction................................................................ 14
2.2.1

Synchrotron Sources ................................................... 14

2.2.2

Diffraction Conditions................................................. 18

2.2.3

Bragg’s Law ............................................................. 20

2.2.4

Ewald Construction.................................................... 22

2.2.5

Structure Factor and Selective Scattering ........................ 22

2.2.6

Powder Diffraction ..................................................... 25

2.2.7

Crystal Structure Refinement ....................................... 26

Pressure Gauges and Equations of State................................... 28
2.3.1

Ruby Gauge ............................................................. 29

2.3.2

Diamond Gauge ........................................................ 29

2.3.3

Pressure Markers ....................................................... 30

2.3.4

Equations of State ..................................................... 32

2.3.5

Equations of State Used in This Work ............................ 45

Diamond Anvil Cells............................................................ 47
2.4.1

Diamond Anvil Configuration ....................................... 47

2.4.2

Gasket Preparation and Sample Chamber Drilling............. 50

2.4.3

Sample and Pressure Marker Loading............................. 52

Summary .......................................................................... 54
56

Metals at Ultra-High Pressures in Conventional DACs
3.1

Magnesium and Aluminium................................................... 57
3.1.1

Magnesium............................................................... 57

3.1.2

Aluminium............................................................... 61

viii

3.1.3
3.2

3.3
4

Potassium and Rubidium ...................................................... 66
3.2.1

Structures and Transitions ........................................... 67

3.2.2

Ambient Volume from Ultra-Low Pressure and Equations
of State ................................................................... 70

3.2.3

High-Pressure Investigations......................................... 72

3.2.4

High-Temperature Investigations ................................... 89

Summary .......................................................................... 93
95

Toroidal Diamond Anvil Cells
4.1

The Double-Stage DAC ........................................................ 95

4.2

Toroidal Diamond Anvil Cells ................................................ 96

4.3

Focused Ion Beam Milling ..................................................... 99

4.4

Milling in Practice............................................................... 101

4.5

4.6
5

Summary ................................................................. 65

4.4.1

Depth Calibration...................................................... 101

4.4.2

Milling Bitmaps ........................................................ 102

Implementation for Synchrotron Experiments ............................ 105
4.5.1

Pre-Indentation ......................................................... 105

4.5.2

Other Considerations.................................................. 106

Summary .......................................................................... 107
108

Toroidal DAC Investigations of Tungsten and Cerium
5.1

Tungsten........................................................................... 108
5.1.1

Diffraction Pattern Splitting......................................... 109

5.1.2

Relationship Between Membrane and Sample Pressure ...... 110

5.1.3

Compression Curve and Linearisation............................. 112
ix

5.1.4
5.2

5.3

Cerium ............................................................................. 117
5.2.1

Method ................................................................... 117

5.2.2

Diffraction Patterns ................................................... 119

5.2.3

Compression and Linearisation ..................................... 121

5.2.4

Confirming the Change in Compressive Behaviour............. 124

5.2.5

c/a Ratio ................................................................. 129

Summary .......................................................................... 132
5.3.1

6

Pressure Drops in tDACs............................................. 133
135

Toroidal DAC Investigations of Rubidium
6.1

Method............................................................................. 135

6.2

Results ............................................................................. 140

6.3
7

Summary ................................................................. 115

6.2.1

Contaminant Peaks .................................................... 141

6.2.2

Pattern Refinement .................................................... 143

6.2.3

Compression and Linearisation ..................................... 145

Summary .......................................................................... 147
148

Conclusions and Future Work
7.1

Summary .......................................................................... 148

7.2

Future Work ...................................................................... 149

A Published Material

151

B Code

160

Bibliography

166

x

Chapter 1
Introduction

1.1

High-Pressure Physics

Pressure (P ), defined as the ratio of a normal force to the area over which it is
exerted, is a fundamental thermodynamic quantity that shapes the behaviour of
all materials. On Earth, the weight of the atmosphere exerts an average pressure
of 101 325 N m−2 , or 101 325 Pa, at sea level. This pressure is of course frequently
exceeded in nature, for instance for objects submerged in a heavier-than-air liquid
or in a planet’s interior. Additionally, industrial processes frequently result in
loads far above the ambient pressure. For this reason, the study of elements and
compounds at pressure is an area of significant research, with pressures above
1 GPa, i.e. 104 times atmospheric pressure, generally falling into the category of
‘extreme conditions’.
Interest in high-pressure physics frequently falls into one of the following
categories:
• Furthering the understanding of planetary and stellar interiors where high
pressures arise naturally [2–5].
• Developing and discovering materials with useful properties such as the
extreme hardness of tungsten carbides (WC) [6–8], or inducing novel states
such as an insulating phase in sodium (Na) [9] or superconductivity in
oxygen (O) [10]. See McMahon & Nelmes [11] and references therein for a
review of phase transitions and notable features in Group I-XVI elements.
• Investigating the behaviour of elements and compounds which are of use
1

in industrial and military applications such as load-bearing components,
cladding, or nuclear weapons [12–17].
• Fundamental research which is not directly related to the above categories is
frequently conducted to develop our understanding of material physics and
how phases stabilise under high pressure or temperature, knowledge which
can then be applied to serve the interests of geophysicists and engineers.
This thesis explores the equations of state and phase transitions of aluminium
(Al), tungsten (W), cerium (Ce), magnesium (Mg), potassium (K), and rubidium
(Rb).

1.2

Achieving High Pressure

High-pressure states can be achieved in multiple ways, and can generally be
classified as dynamic or static. Dynamic high-pressure states are temporally
transient and are achieved with dynamic compression techniques such as shock
or ramp compression.
Shock compression entails the propagation of a shock wave through the material,
and is characterised by a compressive disturbance that propagates faster than
the local speed of sound. See Ref. [18] and references therein for an overview of
shock compression techniques. Generally, shock waves are induced in the sample
either with a gun that launches a high-velocity projectile into the sample or
via energy deposition by a high-intensity laser pulse. Such experiments routinely
reach pressures above 1 TPa (see Refs. [19–22] for a few recent representative
studies). However, the entropy increase resulting from the shock wave causes a
significant temperature (T ) increase which is sometimes undesirable [23].
Ramp compression, also called quasi-isentropic compression, occurs over longer
timescales where the pressure wave is induced at a speed lower than the local
sound speed, such that it does not form a shock [24]. The advantage of this
technique is that, as the name implies, the process does not induce a large entropy
change so that lower temperatures can be maintained [25]. This is particularly
pertinent if the sample has a relatively low melting temperature which would be
exceeded by shock compression, but one wants to keep the sample in a solid phase
[26].
Static high-pressure states, on the other hand, are characterised by temporal
2

persistence, meaning that the applied pressure can be held constant over long
periods of time. This is typically done by applying a constant load onto a sample,
where the loading force is applied either with screws or an inflated gas membrane,
and is mediated by some anvil material. The main requirement for this anvil is
that it be harder than the sample, and a range of materials are used such as
sapphire [27, 28], zirconium dioxide [29] or the WC-cobalt alloy Carboloy [30].
For all experiments discussed and conducted in this work, the anvil material was
single-crystal diamond, as further described in Section 2.4.
There are advantages and disadvantages to both the static and the dynamic
approach; dynamic compression can achieve pressures that are significantly higher
than those reachable by static compression but inevitably results in temperatures
of 2000 K or higher. This makes the knowledge obtained from these results more
difficult to apply to room temperature conditions (∼300 K). Static high pressures,
on the other hand, can readily be generated at room temperature without heating
the sample, and allow for much finer control of the pressure and temperature. This
work will concern itself only with static compression techniques.
Having applied the pressure using dynamic or static compression techniques,
the main diagnostics for extracting structural information about the sample
are neutron or x-ray diffraction. Neutron diffraction relies on the scattering of
neutrons off the atomic nuclei of the sample and is frequently used when studying
very light elements such as hydrogen-rich compounds [31, 32]. X-ray diffraction
(XRD), on the other hand, results from the scattering of photons off the electron
density in the sample (more on this in Section 2.2). In this work, only XRD will
be considered.

1.2.1

Diamond Anvil Cells

Today, the diamond anvil cell (DAC) is the primary means of achieving static
pressures above 100 GPa and the main experimental equipment used in this
work. As shown in Figure 1.1, a DAC consists of two opposing diamond anvils
mounted on seats containing an aperture to allow an x-ray beam to penetrate
the apparatus. The sample under consideration is placed between the anvils,
usually along with a pressure marker and sometimes together with a pressuretransmitting medium (PTM, more on this in Chapter 2), before the entire sample
chamber is sealed by applying a force on the seats, thereby ‘closing’ the cell. A
gasket placed between the anvils provides radial support to the sample chamber
3

Figure 1.1

Cross-section of a DAC design showing the opposing diamond anvils,
the central gasket containing the sample radially, as well as the seats
where the load (black arrows) is ultimately applied by tightening the
screws. The incident and unscattered x-ray beams (solid red arrows)
are parallel to the load axis.

and prevents the sample from extruding between the anvils. When placed in front
of an x-ray beam the resulting diffraction pattern depends on the sample’s crystal
structure and atomic volume, allowing for analysis of the sample’s response to
pressure and revealing pressure-induced phase changes.
Given its relatively simple design and small size, the use of the DAC is now
routine at synchrotrons. The setup of a DAC has been iterated on multiple times,
achieving 100 GPa in 1976 [33], 200 GPa in 1984 [34] and 300 GPa in 1989 [35].
The utility of the DAC has perpetually prompted investigations into improving
its design and extending the achievable pressure range to explore P − V space.
Considering the straightforward definition of pressure as the ratio between a
normal force and its area of application, it is obvious that higher pressures
can be achieved either by increasing the applied force or decreasing the area of
action. Most readily, the inverse dependence between pressure and the culet area
has pushed high-pressure anvils towards utilising smaller culets. For ultra-high
pressure experiments, the anvils are typically bevelled i.e. an intermediate surface
at a shallow angle (typically 8.5°) to the culet is cut connecting the culet and

4

the pavilion (Figure 1.2). The relationship between culet diameter and maximum
achievable pressure is approximately given by [36]
Pmax [GP a] = 1727d[µm]−0.54
Bevelled anvils with 30 µm culets will be used in Chapter 3 to achieve pressures
above 300 GPa, somewhat higher than the guiding Pmax ≈ 275 GPa predicted by
this equation. To achieve even higher pressures, however, recent studies have
made use of modified DAC designs, so-called toroidal DACs (tDACs), which
can reach pressures in excess of 500 GPa. The motivation, design, manufacture,
and implementation of tDACs is included in Chapter 4. To distinguish from
non-toroidal DACs, bevelled DACs will be referred to as conventional DACs
throughout this thesis.

Figure 1.2

1.3

The various parts of a diamond, with the inset showing an enlarged
view of the culet and bevel.

Motivation and Structure of this Work

The overarching aim of this study is to examine the behaviour of elemental metals
at several hundred GPa using both conventional and toroidal DACs, in order to
investigate structural changes and phase transitions.
Chapter 2 begins with some basic crystallography including a mathematical
derivation of reciprocal space, lattice planes, and Miller indices, and the
classification of crystal structures in terms of symmetry groups. The theory
of XRD is then described, with a mention of how x-rays are generated at
modern synchrotron sources and how these beams are focused down to the
5

micron-scale dimensions required for the experiments discussed in subsequent
chapters. The relationship between lattice symmetry and constructive diffraction
is formalised and links are drawn from theory to experiment. Following this,
various pressure gauges used in DAC experiments are discussed with emphasis
on different equation of state formalisms. Concrete examples are given to justify
the use of equations of state derived in this work, and the reader is introduced
to linearisation analysis which will be used in later chapters. Lastly, the DAC
configurations used in this work are discussed together with notes on how sample
environments were prepared and how samples were loaded.
Chapter 3 details experiments performed with conventional DACs on Mg, Al, K
and Rb. First, experiments on Mg and Al are discussed; as relatively simple
elements these provide an introduction to how DAC experiments reaching
pressures above 200 GPa were approached and conducted. Equations of state
are fitted and the findings discussed with reference to other published results.
Experiments on K and Rb are then detailed, wherein pressures of 321(9) GPa and
264(8) GPa were reached in the respective elements. Phase transitions in these
elements are outlined, together with confirmation of the predicted hP4 phase in
Rb. It is determined that the compressive behaviour of both K and Rb varies
significantly between phases, and this is illustrated using linearisation analysis.
Chapter 4 goes into detail about how tDACs are manufactured and why they are
a promising approach in efforts to extend the accessible pressure range of static
experiments.
Chapter 5 presents tDAC experiments conducted on W and Ce. W is studied up
to 381 GPa and difficulties encountered when working with tDACs are described.
In particular, abnormal pressure drops were observed which significantly altered
the sample pressure environment. While this prevented an equation of state to
be fitted to these data, valuable lessons were learned which were applied in later
investigations. Data on Ce are then presented up to 361 GPa, and it is observed
that the compressive behaviour of Ce changes significantly in the range 200250 GPa where the element exhibits lower atomic volumes than expected. This
is found to coincide with a decrease in the c/a ratio of the tetragonal phase, and
the possible physical explanations for this are explored.
Chapter 6 outlines efforts to study Rb using tDACs. The challenges encountered
are discussed, and the means of attaining the highest pressure of 272(8) GPa are
described. Different tDAC designs are compared and discussed, and conclusions
6

are drawn regarding future experiments.
Chapter 7 lastly summarises the findings of this work and proposes future avenues
of research that should be explored to answer questions raised by the experiments
presented in previous chapters.

7

Chapter 2
Theory and Methods
This chapter will outline
•
•
•
•
•

the
the
the
the
the

mathematical description of crystalline samples
generation of x-rays in synchrotrons
use of XRD to probe crystal structures
use of various pressure gauges in high-pressure experiments
practical implementation of diamond anvil cells

The functions of a synchrotron are based on Ch. 1 of [37] and from Ch. 2 of [38].
The theory of crystallography and XRD is based on Ch. 2 of [39], Ch. 9, 12, 13
& 14 from [40], Ch. 1, 2, 3, 11 & 12 from [41], Ch. 2, 3 & 7 from [42], Ch. 2, 3, 4
& 6 of [43], and Ch. 4, 5, 6 & 7 of [44].

2.1

Crystals and Lattices

Crystallography is the study of the arrangement of atoms or molecules in crystals.
A periodic crystal is formed by the infinite tiling of identical groups of atoms or
molecules called the basis. The lattice, i.e. the positions of the tiled basis, can be
written as a set of vectors
R = n1 a1 + n2 a2 + n3 a3

(2.1)

where n1,2,3 are integers and a1,2,3 are the primitive translation vectors. One
may equivalently define the primitive translation vectors by requiring that the
8

Figure 2.1

Various unit cells for a two-dimensional lattice, including (a) a
centred unit cell containing two lattice points, (b) an example of
a primitive unit cell, and (c) the Wigner-Seitz cell which is also
primitive. Figure adapted from Ref. [40].

crystal look the same when viewed from a point r as when viewed from a point
r 0 , where
r 0 = r + n1 a1 + n2 a2 + n3 a3
for any integers n1,2,3
Closely related to the concept of the basis is that of the unit cell. A unit cell is a
volume in space that, when translated through all or some subset of the lattice
vectors R, fills all space completely without overlapping. The primitive unit cell
is the smallest such volume, being bounded by the primitive translation vectors
and containing only one lattice point. However, other unit cells may be chosen
which contain multiple lattice points, as in Figure 2.1. One particular kind of
primitive unit cell, the Wigner-Seitz cell, is constructed from all the points closer
to a given lattice point than to any other lattice point. In general, one need
not use the primitive translation vectors but can define other translation vectors
a1,2,3 bounding a chosen unit cell. Having made a choice, the positions of any
atom j within the unit cell can be given by
rj = xj a1 + yj a2 + zj a3

(2.2)

where 0 ≤ xj , yj , zj ≤ 1 and a1,2,3 are the translation vectors.

9

As noted, a key feature of the lattice’s periodicity is that it is invariant under any
translation T = n1 a1 + n2 a2 + n3 a3 where a1,2,3 are the translation vectors
and n1,2,3 are integers. For the purposes of XRD, the key invariance is that of
electron number density n(r), such that
n(r + T ) = n(r)

2.1.1

(2.3)

The Reciprocal Lattice

The reciprocal lattice is the result of requiring the periodicity condition of Eq.
(2.3) to hold for the Fourier series of n(r), which is given by
n(r) =

X

nG eiG·r

(2.4)

G

where G are a set of vectors which define the reciprocal lattice:
G =m1 b1 + m2 b2 + m3 b3
where b1,2,3 are the reciprocal translation vectors
and m1,2,3 are integers
The terms nG are the coefficients of the Fourier series which can be shown to be
given by
Z
(2.5)
nG = Vunit unit dr n(r)e−iG·r
cell

cell

where Vunit is the volume of the unit cell. These coefficients are intimately related
cell

to the amplitude of an x-ray scattered as a result of the electron density n(r),
and this will be discussed in Section 2.2.2. For now, combining (2.3) and (2.4)
yields
n(r + T ) = n(r)
X
G
X
G

nG eiG·(r+T ) =

nG

eiG·r eiG·T

=

X
G
X

nG eiG·r
nG eiG·r

G

This can most readily be satisfied by requiring eiG·T = 1, which will hold when
the exponent G · T is some integer multiple of 2π. To achieve this, the primitive
reciprocal translation vectors are commonly defined to obey the condition bi ·aj =
10

2δij with δij being the Kronecker delta. In effect, each bi is orthogonal to two of
a1,2,3 :
a2 × a3
a1 · (a2 × a3 )
a3 × a1
= 2π
a1 · (a2 × a3 )
a1 × a2
= 2π
a1 · (a2 × a3 )

b1 = 2π
b2
b3

2.1.2

(2.6)

Lattice Planes and Miller Indices

Consider the definition of the relationship between the reciprocal lattice vectors
G and the real-space lattice vectors R; any reciprocal lattice vector G satisfies
e(iG·R) = 1 or equivalently
G · R = 2πm for all R and integer m

(2.7)

Consider now a reciprocal lattice vector
G = hb1 + kb2 + lb3
where h, k, l are integers
and a fixed value of m. This vector is normal to a plane in real space a distance
2πm/|G| from the origin, made up of all vectors R that satisfy Eq. (2.7). This is
called a lattice plane, and is evidently parallel to any plane defined by
Ĝ · R =

2π
(m + n) for any integer n
|G|

(2.8)

where Ĝ denotes a unit vector parallel to G. This set of planes, when repeated
infinitely, will contain all the lattice points. The planes are evenly spaced with
intervals d = 2π/|G|, and each plane can be labelled by the indices (h, k, l), called
the Miller indices. In real space, the Miller indices can equivalently be derived
by drawing the lattice plane on the unit cell and checking where it intersects the
edges of the unit cell, see Figure 2.2.

11

Figure 2.2

2.1.3

Lattice planes (shaded grey) of a cubic unit cell in real-space labelled
by their Miller indices. In (a) the plane intersects the a1 translation
vector at a distance a1 from the origin, and nowhere on a2,3 ,
hence the label (100). In (b) by contrast, the plane intersects a1 at
|a1 |/2, resulting in the index (200). In (c) the plane intersects each
translation vector a1 , a2 , a3 at |a1 |, |a2 |, |a3 | respectively, yielding
index (111). Figure adapted from Ref. [39].

Space Groups and Pearson Notation

There is a great variety of crystal structures exhibited by the elements of the
periodic table. These structures are identified by an inherent symmetry, which
is characterised by the set of transformations and translations under which the
structure is invariant or maps onto itself. This set is called a space group and
contains all the information about the symmetry of the structure. In this thesis,
the space group will be given where relevant in Hermann-Mauguin notation, which
is a shorthand form for the various symmetries of the structure [45]. This notation
is constructed by giving the centring of the lattice as a letter:
•
•
•
•
•

Primitive (P)
Face-centred on one side (A, B, C)
Body centred (I)
All faces centred (F)
Rhombohedral (R)

Following this letter are various letters and numbers which represent the
symmetry operations under which the structure is invariant:
• m: reflection plane, or mirror plane
• a, b, c: glide plane with vector 21 a, 12 b,
• e: ‘double’ glide plane eg. glide planes

1c
2

respectively
with vectors 12 a and 12 b
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• n: ‘diagonal’ glide plane eg. glide plane with vector 12 a + 21 b
• N : N ∈ Z+ : N -fold rotation axis
• N̄ : N ∈ Z+ : N -fold rotoinversion, that is N -fold rotation and inversion.
Note that 2̄ is equivalent to m
• Np : N, p ∈ Z+ : N -fold screw axis, i.e. N -fold rotation accompanied by a
 
translation Np r where r is the lattice vector parallel to the axis
If a rotation axis N is perpendicular to a mirror plane m, they are denoted N/m.
As an example, the space group of a hexagonal close-packed crystal structure is
P 63 /mmc. The P denotes that it is primitive, and the 63 that it contains a 6-fold
screw axis with a translation of 3/6 = 1/2 the lattice parameter. Perpendicular
to this screw axis is a mirror plane m. There is then another mirror plane and
lastly a c-glide plane.
Frequently, a compact notation developed by W. B. Pearson will also be used to
identify phases and phase transitions. In this notation, the first letter specifies
the crystal family and the second the centring type as before, together defining
the symmetry. The number following the letters defines the number of atoms in
the unit cell. The crystal family is categorised as one of the following:
•
•
•
•
•
•

triclinic (a)
monoclinic (m)
orthorhombic (o)
tetragonal (t)
hexagonal (h)
cubic (c)

Throughout this thesis, common abbreviations for the most basic structures will
be used, shown in Table 2.1.
Structure
Face-Centred Cubic
Body-Centred Cubic
Hexagonal Close-Packed
Double Hexagonal Close-Packed

Abbreviation Space Group Pearson Symbol
fcc
bcc
hcp
dhcp

F m3̄m
Im3̄m
P 63 /mmc
P 63 /mmc

cF 4
cI 2
hP2
hP4

Table 2.1 Abbreviations of a few simple crystal structures which will be observed
frequently in this work.
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2.1.4

Aperiodic crystals

Thus far, only periodic crystals have been discussed, which are formed by the
periodic repetition of identical units in space. However, this does not hold for
aperiodic crystals, which retain long-range order but cannot be constructed by
linear repetition along some translation vectors. One particular class of aperiodic
crystals which will be encountered in this thesis are incommensurate host-guest
structures, in particular the tI 19* phase of K [46] and Rb [47]. In both elements,
this phase consists of a tetragonal ‘host’ structure containing 16 atoms in the unit
cell, and an additional ‘guest’ structure, which is body-centred tetragonal in K and
C-face-centred in Rb. The periodicity of the guest structure is incommensurate
with that of the host structure, resulting in ∼3.3 guest atoms on average in
every host unit cell. When referring to the host-guest phase of K and Rb, the
Pearson label tI 19* thus refers to the tetragonal host structure, where the 19 is
the approximate average number of atoms in the volume enclosed by the host
unit cell.

2.2

X-Ray Diffraction

Having discussed the formal description of crystalline structures and symmetries,
consider now how these features of a sample might be deduced. XRD is the
primary means of extracting structural data from crystalline materials and the
main diagnostic used in this thesis. This section will first discuss the means
of generating x-rays at synchrotron sources, with particular notes on how xray beams are focused. The theory of XRD will subsequently be described with
reference to the description of crystal lattices from the previous section.

2.2.1

Synchrotron Sources

When a charged particle is accelerated at relativistic speeds, it emits radiation
approximately parallel to its instantaneous direction of motion. The physical
causes of this emission are interesting in themselves but will not be further
discussed here. For the example of an electron travelling in an arced path, this
radiation is thus emitted tangentially to the path. Such trajectories are created
at synchrotron facilities, which are large particle accelerators used to accelerate
14

electrons to relativistic speeds. A full overview of a synchrotron facility is shown
in Figure 2.3. The electrons are first accelerated by a linear accelerator which
brings the electrons to an initial energy in the MeV range. They are then further
accelerated in a booster ring until the energy reaches a few GeV, and finally, they
are placed in the storage ring which maintains this energy. Along the storage
ring, there are bending magnets that slightly alter the particles’ trajectory to
maintain a closed path. Interspersed are insertion devices, most notably wigglers
and undulators, where sinusoidal motion is induced in the electrons, causing the
actual emission used for the diffraction experiments described in this thesis, see
Figure 2.4.

Figure 2.3

Overview of a synchrotron showing the linear accelerator and
boosting ring where the electrons are initially accelerated, and the
storage ring where they are kept at a constant speed. Bending
magnets are used around the synchrotron to maintain the closed
trajectory, and insertion devices generate x-rays that are channelled
into beamlines for experimental use. This illustration is not to scale;
there will typically be many more insertion devices feeding into tens
of beamlines at a synchrotron, which typically has a circumference
of a kilometre.
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Wigglers and undulators share many common features, consisting of a series
of dipole magnets that induce a deflecting force on the incoming electrons.
The alternating direction of the magnetic field causes the electrons to oscillate
about the axis of the wiggler or undulator, causing x-ray emission. Wigglers and
undulators differ primarily in that the amplitude of the oscillation is smaller in
an undulator. In particular, this results in the photons emitted from an undulator
interfering to form a more coherent x-ray source, emitting at a few well-defined
wavelengths. A wiggler, on the other hand, emits in a more continuous spectrum.
The wavelength resulting from the insertion device is given by
λu
K2
λ= 2 1+
2γ
2

!

r

2

where λu is the periodicity, and γ is the Lorentz factor given by γ = 1/ 1 − vc2
where v is the electron velocity and c is the speed of light in a vacuum.
The factor of γ in the denominator accounts for the length contraction of the
undulator period in the frame of the electron, and the 2γ is an additional factor
accounting for the Doppler shift of the wavelength in the laboratory frame. K
is a characteristic parameter of the insertion device and is proportional to the
maximum angle the electrons’ path makes with the axis of the insertion device,
see Figure 2.4. If this angle is small, it can be given by
K=

λu eB0
= 0.934λu [cm]B0 [T ]
me c2π

where me and e are the electron mass and charge, respectively, c is the speed of
light, and B0 is the magnetic field strength of the insertion device. An undulator
will have K < 1 whereas a wiggler will have K > 1.

Controlling Beam Dimensions
Once the x-rays have been generated by the insertion device, they are focused
down to a spot, which will be incident on the sample. The problem of how to
concentrate the beam’s intensity into a small area is highly relevant to the studies
presented in Chapters 3, 5, and 6, since the samples studied had diameters
of 5-10 µm. Thus, if these were probed with x-ray beams with equal or larger
diameters, the diffraction signal of the sample might be overshadowed by that
of the containment gasket. Two means of focusing x-rays are commonly used
16

Figure 2.4

In an insertion device such as a wiggler or undulator, alternating
magnetic fields cause the electrons (shown as white circles) to
oscillate sinusoidally. The characteristic periodicity of the insertion
device λu and the amplitude A of the electrons’ oscillation determine
the spread of generated wavelengths. At relativistic speeds, the x-rays
themselves radiate parallel to the trajectory of the electrons, shown
as dashed arrows. The opening angle is approximately equal to K/γ,
typically on the order of a few µrad2 .

on synchrotron beamlines: Kirkpatrick-Baez Mirrors and Compound Refractive
Lenses.
Kirkpatrick–Baez (KB) Mirrors are a set of slightly concave mirrors [48] on
which the x-ray is incident at a very small angle to the surface, so-called grazing
incidence. The mirrors are typically coated in an ultra-thin layer of a highly
reflective material such as SiC or Pt, and the grazing incidence is kept small
to further limit intensity absorption by the mirrors. They are used in pairs, as
shown in Figure 2.5, to focus the incident beam into first a horizontal plane and
then a vertical plane, resulting in a very small beam. At the P02.2 beamline of
the Petra-III synchrotron in Hamburg, Germany, KB mirrors achieve a focus of
2 µm × 2 µm [49], whereas at the 16-ID-B at the APS in IL, USA, KB mirrors
focus the beam down to ∼1 µm × 2 µm [50].
Compound Refractive Lenses (CLRs) consist of a sequence of lenses, each of
which successively focuses the incident x-ray beam into a progressively smaller
spot [51]. Since this involves the x-ray passing through the lens material, there is
Figure 2.5 KB Mirrors (shown in
grey) deflect the incoming x-rays (black
arrows) first in the horizontal and then
in the vertical plane, creating a very small
focus. Typically, KB mirrors can achieve
a beam spot with diameter 2 µm or larger.
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(a)

(b)

Figure 2.6

The intensity distributions in the vertical (a) and horizontal (b)
direction of the 0.85 µm × 0.85 µm x-ray beam on beamline P02.2
at Petra-III. While the FWHM of the fitted Lorentzian (red) is
0.85 µm, there is significant intensity across a range of 5 µm. Figure
reproduced from Ref. [52].

an inherent loss of intensity due to absorption. However, the achievable focus is
typically much smaller than with KB mirrors, which is why CLRs are frequently
used despite this drawback. The need to consider absorption means that these
lenses are made from relatively low-Z materials, such as Al, Be or B.
In the case of the P02.2 beamline at the Petra-III synchrotron in Hamburg,
Germany, where the majority of the experiments in this work were carried out,
KB mirrors and CLRs can be used in combination to achieve a beam spot
with full-width half-maximum (FWHM) intensity of 0.85 µm × 0.85 µm in the
horizontal and vertical direction, see Figure 2.6. The convention of referring to
beam dimensions using the FWHM will be adhered to throughout this thesis, but
it is important to note that the intensity distribution extends beyond this width.

2.2.2

Diffraction Conditions

Diffraction Condition
XRD relies on the discrete and selective scattering of an x-ray beam incident on a
crystalline sample, where the scattering depends on the structure of the sample.
To determine the relationship between the sample structure and the diffraction
of the x-ray beam, consider an incoming x-ray beam with wave vector kin which
is scattered to an outgoing wave vector kout . Here, a wave vector denoted by
18

2π
k has an angular frequency k =
where λ is the wavelength. The scattering
λ
amplitude is proportional to the electron number density n(r). If the incoming
wave is scattered at two points separated by a vector r, then this will introduce
a phase factor difference of ei(kin −kout )·r . The total amplitude of the scattered
wave in the direction kout is then proportional to the integral of the electron
density over the crystal multiplied by the phase factor difference.
This integral is the scattering amplitude
F =

Z

dr n(r)e−i∆k·r

(2.9)

where the change in wave vector ∆k = kout − kin . Now, substituting the Fourier
series expression for n(r) from (2.4) into the scattering amplitude gives
F =

XZ

dr nG eiG·r e−i∆k·r

G

=

XZ

dr nG ei(G−∆k)·r

G

From this expression, it is clear that when
G = ∆k

(2.10)

the exponential term vanishes and the scattering amplitude is F = V nG where
R
V = dr. It can be shown that F is negligible away from G = ∆k. This yields
the relationship between a crystal’s reciprocal lattice and the permissible wave
vector changes for a diffracting x-ray beam.

Structure Factor
Having established the condition for diffraction, consider again the coefficients
nG of the Fourier series from (2.5). When the diffraction condition (2.10) holds,
nG is the structure factor, commonly denoted as SG and given by
Z

SG = unit dr n(r)e−iG·r

(2.11)

cell

This can be developed further by assuming that the electron density n(r) at an
arbitrary point in space r can be described as the superposition of the electron
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density contributions from individual atoms j at positions rj , such that
n(r) =

X

nj (r − rj )

j

Note that this only holds if the electron number density associated with each
atom is the same, and if the electrons are localised to their respective atoms, the
so-called independent atom model (IAM). This need not be a given, since various
interatomic bonds entail a redistribution of the electron density away from the
atoms themselves [53]. This is particularly impactful for hydrogen atoms, whose
distance from a bonding partner has been found to be underestimated by 0.12 Å
in the IAM [54]. Nonetheless, the IAM approximation is generally made for XRD
studies and will be adhered to here.
The structure factor can then be written as integrals over the atoms of the unit
cell
SG =
=

XZ
j
X

dr nj (r − rj )e−iG·r

e−iG·rj

Z

dρ nj (ρ)e−iG·ρ

(2.12)
(2.13)

j

where ρ = r − rj . From this, we define the atomic form factor
fj =

Z

dρ nj (ρ)e−iG·ρ

(2.14)

integrated over all space, yielding the structure factor
SG =

X

fj e−iG·rj

(2.15)

j

2.2.3

Bragg’s Law

From the diagram in Fig. 2.7a, the path difference between two scattered waves
is 2d sin θ, which for constructive interference must be equal to an integer number
of wavelengths λ. This is Bragg’s Law [55]:
2d sin θ = nλ for integer n

(2.16)

where d is the spacing of the lattice planes.
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Consider now an equivalent arrangement in Fig. 2.7b, where the incoming wave
vector kin diffracts off a lattice plane which is normal to the reciprocal lattice
2π
2π
vector G. In (2.8), it was shown that d =
=
where G is the magnitude of
|G|
G
vector G. From (2.10), the diffraction condition is kin + G = kout . The square
of the diffraction condition is then
(kin + G)2 = |kout |2
|k|2 + 2kin · G + |G|2 = |k|2
2kin · G + |G|2 = 0
where we have used to assumption of elastic scattering to write |kin |2 = |kout |2 =
k 2 . This can equivalently be written as
2kin · G = |G|2
2π
because if G is a reciprocal lattice vector, so is −G. Now, substituting G =
d
2π
2
, the relation 2kin · G = |G| can be written as
and recalling that k =
λ
2kG sin θ = G2


2π
2π
2
sin θ =
λ
d
2d sin θ = λ
π
− θ is the angle between kin and G, thus recovering the first-order
where
2
Bragg diffraction law of Eq. (2.16) directly from the diffraction condition Eq.
(2.10). The full Bragg diffraction condition can be recovered by noting that if G
is a reciprocal lattice vector, then nG is also a valid reciprocal lattice vector for
any integer n, allowing the substitution |G| → n|G| such that
2d sin θ = nλ for integer n
as expected. We can thus see that if we require the diffraction condition to be
met, we automatically obtain the Bragg condition as well.
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(a)

(b)

Figure 2.7

2.2.4

Bragg’s law can be seen as the result of a 2d sin θ phase difference
resulting from the lattice spacing, causing the initially coherent light
to become out-of-phase as shown in (a). This phase difference will
result in constructive or destructive interference depending on the
phase difference. The same result can be obtained by simply requiring
the condition kout − kin = G and d = 2π/|G|, shown in (b).

Ewald Construction

The Ewald Construction is a simple way to visualise the diffraction condition;
consider a lattice in reciprocal space with an incident wave vector kin , which
scatters at some point G to kout . We know that the condition for constructive
interference is kout − kin = G and from the elastic condition we also know
that |kin | = |kout |. We thus construct a sphere of radius |kin | = 2π/λ centred
anywhere in the lattice, such that kin terminates on a lattice site G in reciprocal
space. Possible scattered vectors kout are found wherever the sphere intersects a
reciprocal lattice site, as shown in Figure 2.8.

2.2.5

Structure Factor and Selective Scattering

We now have a set of permissible momentum changes G = ∆k which result in
scattering at particular angles given by Bragg’s Law, and can consider the effect
of the structure factor. We accept that the intensity Ihkl of the scattering from
the (h, k, l) lattice plane of a unit cell containing j atoms obeys
Ihkl ∝ |SG |2
where SG =

X

fj e−iG·rj

j

22

Figure 2.8

The Ewald sphere offers a simple construction to visualise the
diffraction condition kout − kin = G.

Here, fj is the atomic form factor, which depends only on the character of the
atom and is thus equal for all atoms in a single-element material, such that
fj = f , where f is the Fourier transform of an atom’s electron density. Crucially,
it is a function of the scattering angle θ, such that f (2θ) is at a maximum at
f (2θ = 0) = Z, where Z is the atomic number, and decreases with increasing 2θ.
This is an important result, because it means that the intensity of the scattered
x-rays will depend approximately on the square of the sample’s atomic number.
For this reason, the terms ‘low-Z’ and ‘high-Z’ are sometimes used as shorthand
to refer to weakly and strongly scattering materials.
The vector rj is defined by Eq. (2.2), i.e. the vector from a lattice point R to a
given atom j within the unit cell:
rj =xj a1 + yj a2 + zj a3
with 0 ≤ xj , yj , zj ≤ 1
where a1,2,3 are the translation vectors.
Applying this to a sample structure, consider a bcc crystal structure whose cubic
unit cell contains two identical atoms at x1 = y1 = z1 = 0 and x2 = y2 = z2 =
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1/2. Writing out the structure factor using the definition of a reciprocal lattice
vector G = hb1 + kb2 + lb3 with integers h, k, l where b1,2,3 are the translation
vectors in reciprocal space gives
SG = f



e−i2π(h0+k0+l0)

= f 1 + e−iπ(h+k+l)
h

1
1
1
+ e−i2π(h 2 +k 2 +l 2 )



i

The structure factor is thus manifestly zero whenever e−iπ(h+k+l) = −1 which
results in the conditions
S = 0 when h + k + l is an odd integer
S = 2f when h + k + l is an even integer
Thus, constructive interference is expected for diffraction from the (110) scattering plane, and destructive interference from the (100) plane. In essence,
the structure factor selectively permits or nullifies a subset of the permissible
momentum changes resulting from the lattice symmetry. This nullified subset of
peaks are called ‘systematic absences’.
For another example, take a face-centred lattice; for each atom j at position
(xj , yj , zj ) there are corresponding atoms j 0 , j 00 & j 000 at (xj , yj + 1/2, zj + 1/2),
(xj + 1/2, yj , zj + 1/2) & (xj + 1/2, yj + 1/2, zj ) respectively. The structure factor
then becomes
SG =

X

f [e2πi(hxj +kyj +lzj )

j

+ e2πi(hxj +k[yj +1/2]+l[zj +1/2])
+ e2πi(h[xj +1/2]+kyj +l[zj +1/2])
+ e2πi(h[xj +1/2]+k[yj +1/2]+lzj ) ]
which can be factorised to obtain
SG =

X

f e2πi(hxj +kyj +lzj ) 1 + eπi(k+l) + eπi(h+k) + eπi(h+l)
h

i

j

The bracketed term is zero unless h, k, l are all even or are all odd, resulting
in reflections such as (110), (321), etc. being nullified in any structure with a
face-centred lattice. Similar systematic absences result from screw axes and glide
planes. A complete table relating systematic absences to structural symmetries
is provided in the International Tables for Crystallography Vol. A [45].
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2.2.6

Powder Diffraction

The description of diffraction thus far has considered diffraction from a single
crystal sample, i.e. a sample whose structure is entirely composed of one
lattice and corresponding reciprocal lattice. Such single-crystal samples are not
uncommon, but frequently samples will be polycrystalline such that they consist
of a large number of grains. Such samples are referred to as powders, and while
the lattice structure of each individual grains is identical, their orientation is,
ideally, randomly distributed. If there is a sufficiently high number of grains,
with a sufficiently random orientation distribution, diffraction results in so-called
Debye-Sherrer rings, which are azimuthally uniform diffraction peaks, rather than
defined diffraction spots as one would observe for a single crystal. This is shown
in Figure 2.9.

Figure 2.9

Debye-Sherrer rings are recorded on a detector (grey). The ideal
random distribution of crystal grains around the azimuthal angle ϕ
results in the diffracted x-ray beams kout forming a ring pattern
(dashed). Note that the transmitted beam, which is vastly more
intense than the diffracted beams, is generally blocked from hitting
the detector by a so-called ‘beam stop’.
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Figure 2.10 Debye-Sherrer rings from
a sample of Rb and a Re gasket. The Re
rings are smooth and indicate a good powder average. The Rb rings, on the other
hand, show significant ‘spottiness’. The
dashed rectangle indicates the ‘shadow’
of the arm holding the beam stop (solid
circle).

In practice, samples generally lie somewhere between the ideals of single-crystal
and ideal powder. This manifests in the Debye-Sherrer rings being ‘spotty’ as
shown in Figure 2.10, indicating that the x-ray beam diffracts off too few grains
for a smooth powder average to appear on the detector. Alternatively, the grains
may be aligned to some degree, so-called preferred orientation, which results in
the intensity varying smoothly along the rings and peaking at some values of ϕ.
When presented in this work, diffraction patterns will generally be presented in
integrated form, i.e. integrated over ϕ to create an intensity function I(2θ).
Another deviation from the ideal case may arise if the incident x-ray beam and the
sample load axis are not collinear. In this case, then the Debye-Sherrer ‘rings’ will
become oval [56]. Such behaviour is most readily visualised on a so-called ‘cake’
plot, where the intensity is presented as a function of 2θ and the azimuthal angle
δ. Ideal rings appear as straight vertical lines, whereas ovals appear as oscillating
lines. The degree of oscillation can then give a qualitative indication of whether
the x-ray beam and the load axis are collinear.

2.2.7

Crystal Structure Refinement

In addition to the properties of the sample, a diffraction pattern is defined
by the specifics of the experimental setup, such as the x-ray beam wavelength
and sample-detector distance. These instrumental parameters are determined
by calibration, i.e. obtaining a diffraction pattern from a reference sample such
as CeO2 or LaB6 with a known structure and lattice parameters [57, 58]. The
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integration model’s wavelength and sample-detector distance are then varied until
the calculated lattice parameters agree with the reference.
As for the sample properties, an educated guess can frequently be made regarding
the unit cell symmetry of an element by referring to the element’s intra-group
neighbours; elements within the same group of the periodic table will generally
share common phases, with heavier elements transitioning to these phases at lower
pressures than lighter elements. This will be discussed extensively for the alkali
metals in Chapter 3. Alternatively, theoretical structure searches can frequently
predict the phase transition sequence under pressure by comparing the relative
enthalpies per atom. A lower enthalpy per atom means that the phase will be
energetically favourable.
Once, or if, the sample structure is known an educated guess for the lattice
parameters can be made, as the relationship between lattice parameters and the
positions of the diffraction peaks is well-defined. Additionally, software such as
DIOPTAS [59] allows for the real-time superposition of the diffraction pattern
and peak intensities predicted from the structure. Such visualisation and some
trial-and-error can enable a quick guess for the lattice parameters if the structure
is sufficiently simple.
Having established approximate lattice parameters, these are then refined using
Le Bail or Rietveld refinement. Le Bail refinement takes into account only the
instrumental parameters, the unit cell symmetry, and its lattice parameters,
ignoring atomic coordinates and the atomic number. While this allows for reliable
refinement of the unit cell dimensions, it does not extract the atomic coordinates
from the intensity of the diffraction peaks. Rietveld refinement on the other
hand does take into account the atomic coordinates and thereby provides more
information about the sample structure. However, it requires higher-quality
diffraction data and is, therefore, harder to apply, particularly at multi-megabar
pressures. In this work, diffraction patterns are generally Le Bail refined unless
otherwise stated. The refinement itself was performed in the Jana2006 software
[60].
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2.3

Pressure Gauges and Equations of State

The investigation of elements at pressures above ambient necessitates reliable
diagnostics of the pressure exerted on the sample. Since this is critical for
any high-pressure experiment, significant efforts have been expended by the
community to determine reliable pressure gauges from which the sample pressure
can be inferred. Nonetheless, pressure determination at pressures exceeding
200 GPa is non-trivial, primarily due to the relative dearth of investigations
reaching these pressures.
Considering a static pressure environment such as that present in a DAC, there
are two common methods to determine the pressure:
• The inclusion of a pressure marker with a known equation of state, from
whose volume measurements the pressure on the pressure marker can be
calculated using the marker’s equation of state. If the pressure marker is
in close contact with the sample, the sample pressure can thus be inferred
from the pressure on the pressure marker.
• The measurement of a pressure-induced shift in the Raman spectrum from
the diamond anvil itself or from the fluorescence of an in-situ ruby sample
placed in contact with the sample.
Understanding the origin of these pressure gauges will be particularly important
when discussing the results presented in Chapters 3, 5, and 6, where the choice
of pressure gauge will significantly impact the pressure measurement.
Before discussing these different methods, it is useful to revisit the origins of these
pressure scales. Almost all pressure calibration measures originate from dynamic
compression data. While these data are very valuable for establishing an equation
of state, the nature of dynamic compression induces a temperature change in the
sample. Since static compression experiments are frequently performed at room
temperature, a pressure-volume relation derived from dynamic data requires the
data to be corrected for temperature effects (or reduced) using the RankineHugoniot equations, resulting in reduced shockwave (RSW) data [61].
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2.3.1

Ruby Gauge

An important advance in establishing a pressure gauge for static high-pressure
experiments was the measurement of the pressure-induced shift in the ruby
fluorescence line. This was initially calibrated against the calculated load applied
on the sample [62], and later against known freezing points and solid-solid
transition pressures of ice (L → V I & V I → V II), carbon tetrachloride (L → I),
n-heptane (L → I), and bromoethane (L → I) [63]. Further works measured the
spectral shift against pressure obtained from the equation of state of NaCl [64],
itself calculated from an interatomic potential [65]. However, it was determined
these calibrations were difficult to extrapolate to pressure above 10 GPa, and thus
Mao & Bell measured the ruby fluorescence shift against RSW data for Cu, Mo,
Pd, and Ag [66], and subsequently augmented this with studies performed on ruby
using Ar as a PTM to achieve quasi-hydrostatic conditions up to 80 GPa [34] (see
Section 2.3.4 for details of PTMs and hydrostaticity). This pressure scale has been
widely used to determine the pressure in static experiments [67, 68], and although
it does not remain uncontested [69–71] it forms the basis for many equations of
state. In practice, a small piece of ruby is loaded into the DAC sample chamber
alongside the sample to infer the sample pressure from the ruby’s fluorescence
spectrum which is measured in situ during the experiment.
Unfortunately, the use of the ruby fluorescence pressure scale often becomes
prohibitive at pressures above 100 GPa due to the ruby fluorescence signal
weakening significantly, while the diamond fluorescence signal begins to interfere
[72]. The spectrum also changes with the addition of new bands and thus peaks,
which makes measurement of the initial peak’s shift more difficult [73]. While
methods to mitigate these effects exist [74, 75], it is sometimes simpler to use an
alternative pressure gauge.

2.3.2

Diamond Gauge

One such alternative is the diamond Raman spectrum, which similar to the ruby
fluorescence spectrum is affected by pressure and can be probed to yield a strong
spectral line at 1334 cm−1 [67] at ambient conditions. This peak will shift with
pressure, and this shift has been measured against the ruby gauge [76, 67, 77] and
against a Pt equation of state [78–80] to a maximum pressure of 410 GPa with
an uncertainty of ±3%.
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In practice, the high-pressure spectral signal of diamond appears not as a single
peak but as a ‘smeared’ pattern, see Fig. 2.11a. This is due to the spectrum
emanating from the bulk of the diamond as well as the culet, where the bulk will
support a pressure gradient ranging from ambient pressure on the diamond table
to the highest pressure on the culet. Thus, the pressure calibration is technically
performed with respect to the high-frequency edge of the highest-pressure spectral
line, which can be extracted by differentiating the spectrum and fitting the highfrequency minimum with some peak-fitting function, see Figure 2.11b. For this
reason, this method is sometimes referred to as the diamond edge measurement.
Thus, the diamond gauge provides a reliable way to estimate the highest pressure
exerted on the diamond without having to load a dedicated pressure marker into
the sample chamber, making this approach beneficial when studying samples
prone to reacting with other pressure markers.
However, while the pressure on the sample will of course be equal to the pressure
on the culet [81], one cannot guarantee that the highest pressure on the diamond
corresponds to the pressure of the sample from which XRD data is collected;
perhaps the highest pressure is in fact exerted at the edge of the culet rather than
the centre, or the sample might be situated off-centre while the highest pressure
is in the centre of the culet. This adds an inherent uncertainty when using this
method, but it is nonetheless very useful and will be used when examining alkali
metals in Chapters 3 and 6.

2.3.3

Pressure Markers

Consider the inclusion of an additional metal in the sample chamber from whose
volume measurements the pressure of the sample can be inferred. We desire this
pressure marker to have the following properties:
• it should be chemically inert to prevent reactions with the sample
• its structure should be simple (bcc, fcc etc.) in order to facilitate the
calculation of its volume from the XRD pattern and to minimise interference
with the sample’s diffraction pattern; in designing the experiment, it is
important to consider the expected diffraction pattern of the sample, and
choose a pressure marker which interferes as little as possible
• it should not undergo any phase transitions in the pressure range studied
since phase transitions can cause discontinuous volume changes or changes
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(a) The Raman spectrum (black) collected from the tip of
a diamond culet and the same spectrum smoothed with a
50 pt Savitzky-Golay filter [82] in order to enable continuous
differentiation (red). (b) The differentiated pattern spectrum
(black) with the high-frequency edge of the Raman band fitted by
a Gaussian (red). The edge location of 1775 cm−1 corresponds to a
pressure of 264(8) GPa [79, 80]. These data were collected from a
30 µm diameter culet during an investigation of Rb, see Chapter 3.

in compressive behaviour, necessitating separate equations of state for each
phase
• it should be sufficiently compressible that a noteworthy volume change in
the sample causes a measurable volume change in the pressure marker
These conditions limit the number of elements available for use as pressure
markers, but nonetheless leave enough options to warrant a considered choice
when designing an experiment; common pressure markers include Au, Cu, Ta,
Pt, W, and Al. Many equations of state have been determined experimentally
for these elements (see Refs. [83, 70] for equations of state of all of the above
elements) but before employing them it is important to examine the origin and
assumptions of the foundations of these equations.
Fundamentally, equations of state are relations between thermodynamic variables,
usually the volume of the unit cell V , the temperature T , and the pressure P .
Generally, the temperature T remains constant since experiments were conducted
at ambient temperatures, making almost all equations of state discussed here
functions of the form P (V ), i.e. isothermal. High-temperature experiments are
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common and further complicate the formulation of an equation of state, and these
will be briefly described in Section 3.2.4. All pressures in this work and in the
literature generally are defined relative to ambient atmospheric pressure, meaning
that a quoted pressure of P = 0 GPa is technically a pressure of 1.01 × 10−4 GPa.
Lastly, it is useful to transform the pressure-volume relation from the general
thermodynamic form P (V ) into a function P (x) where x is a compression ratio
given by x = (V /V0 )1/3 with V0 being the volume under ambient pressure and
V being the volume at pressure P . This enables straightforward comparisons
between different formalisms. In this work, volumes given will refer to the volume
per atom or atomic volume unless otherwise specified.

2.3.4

Equations of State

What then is the functional form of the equation P (x)? This very much depends
on the theory used to derive the equation of state, but a few will be considered
here. To begin, most equations of state are relatively simple functions with only
a few parameters, which can be adjusted to fit experimental data. These are [84]:
• the equilibrium volume under ambient conditions V0
dP
• the bulk modulus at zero pressure K0 = −V dV
• the first derivative of the bulk modulus

K00

=

P =0
dK
dP P =0
2

• the second derivative of the bulk modulus K000 = ddPK2
P =0
Physically, it is clear from the definitions above that the bulk modulus is a
measure of incompressibility, but note that this is formally only valid for isotropic
i.e. hydrostatic pressure [84]; indeed all equations of state assume that the pressure
exerted on the sample is hydrostatic or at least quasi-hydrostatic.

Hydrostaticity and Stress States in a DAC
To evaluate the assumption of hydrostaticity, consider first the stress state of the
sample; in the ideal hydrostatic case, the sample is subject to only normal stresses
σP and zero shear stress, as described by the stress tensor




σ
0
0
 P


 0 σP
0


0
0 σP
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In the case of the load being applied normally but not equally in the axial and
radial directions, the sample stress tensor is




σ
0 0
 1


 0 σ1 0 


0 0 σ3
where σ3 is the axial load and σ1 is the radial load. From the assumption that
this uniaxial case is valid for a sample in a DAC, Singh and Uchida et al. [85–89]
derived a model to quantify the effect of a differential stress t = σ3 − σ1 on the
observed d-spacings of the measured XRD peaks, and this model serves as the
basis for evaluating the hydrostaticity of the sample stress state in a DAC.
The initial assumption of zero shear stress is in no way guaranteed. Indeed, as
the sample volume decreases the material will flow, and the extent of the flow
will differ for material in contact with the diamond culets or the gasket, and
material in the bulk of the sample. This difference in flow will inevitably induce
some shear stress in the sample. The model by Singh and Uchida et al. therefore
presupposes that diffraction is observed only from a small volume at the centre
of the sample, not in contact with the diamond anvils, and thereby less likely to
experience shear stress. This assumption may of course be contested.
An upper bound on t is given by the maximum shear supported by material,
because the material will be unable to support a differential stress greater than
tmax = σy = 2τ where σy is the material’s yield strength and τ is the material’s
shear strength [90]. Thus, the magnitude of non-hydrostatic effects on the XRD
peaks depends strongly on the sample properties, with elements with a lower
yield strength being unable to support significant differential stress and therefore
being less susceptible to non-hydrostatic distortions.
Assuming a zero-shear stress state, the model by Singh and Uchida et al.
enables one to correct the observed d-spacings for non-hydrostatic effects, yielding
corrected d-spacings from which the equivalent hydrostatic lattice parameters can
be determined. Key to this model is that different lattice planes and associated
d-spacings will respond to varying extents to non-hydrostatic load; in the ideal
case, the d-spacings of each XRD peak should yield the same lattice parameter(s)
but under non-hydrostatic load, the lattice parameter(s) calculated from different
peaks may differ. The main obstacle to implementing this theory is that it requires
knowledge of the material’s compliance matrix Sij at the pressure σP . These
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values can be calculated from first principles, though this requires an assumption
of the pressure σP which the material is under prior to calculating the values Sij
which one wishes to use to correct the d-spacings from which to calculate the
atomic volume and thus the pressure. Despite this slightly circular logic, this is
the route which appears most promising to determine a material’s compliance
matrix.
In some cases, the values Sij can be measured at low pressure and extrapolated,
but in the case where the equation of state of the material is not known, this
extrapolation may not be reliable. Ideally, the pressure-dependent compliance
matrix should be established with ultrasonic experiments [91], but this was
beyond the scope of this thesis and no such studies have been published for
the elements considered here at relevant pressures.
In DAC experiments, the primary means of preventing or mitigating the
differential stress in the first place is to encase the sample in a PTM with a low
enough yield strength such that negligible differential stress arises in the sample
chamber. PTMs are usually fluids (at ambient conditions), which are taken to
have a zero yield strength, though solids with low yield strength have also been
proposed and used, such as NaCl (σy = 0.08 GPa) [92].
Since equations of state presuppose hydrostatic pressure, it follows that equations
of state obtained under hydrostatic or quasi-hydrostatic conditions ought to be
more reliable than those which have not. It is for this reason that this work will
frequently cite Dewaele et al. [70] who published the concurrent volumes of Cu,
W, Al, Au, Pt, and Ta as well as ruby fluorescence measurements from samples
encased in a He PTM up to 100 GPa. From these data, most equations of state
used in this work were derived (see Section 2.3.5).
However, the inclusion of a PTM is often very challenging when conducting
experiments above 200 GPa; the sample chamber in such experiments is generally
on the order of 10 µm in diameter, making the inclusion of a PTM in addition
to the even smaller sample and pressure marker very challenging. Furthermore,
the efficacy of liquid PTMs decreases at high pressures where common PTMs
such as Ar, He, and Ne solidify [93, 94]. For these reasons, the majority of DAC
experiments above 100 GPa are conducted without a PTM, with some relying
instead on the model by Singh and Uchida et al. to correct the measured dspacings for non-hydrostatic effects. Doing so has shown that the differential stress
can remain moderately small even up to very high pressures, with t < 6 GPa being
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observed in Mo up to 410 GPa without a PTM [95].
The data presented in this thesis are analysed with the assumption that the
sample stress state was sufficiently hydrostatic to approximate the pressure as
isotropic and equal to σP , without the use of a PTM. Where relevant, the
potential non-hydrostaticity of the sample, including the presence of shear effects,
will be commented on. However, modelling and correcting for the effects of nonhydrostaticity was outside the scope of this work.

Equation of State Forms
Having addressed the general features of equations of state and the assumption of
quasi-hydrostaticity, consider the various functional forms of common equations
of state, with an overview shown in Table 2.2.
First, there is the category of equations of state derived from finite stress-strain
relations, the most prominent of which are the Murnaghan [96] and BirchMurnaghan (BM) [97–99] formalisms. The Murnaghan form is the simpler of
the two, assuming a linear pressure-dependence of the bulk modulus K(P ) =
K0 + P K00 .
From this assumption of linearity, Murnaghan derived
PM (x) =


K0  −3K00
x
−
1
K00

Birch subsequently derived another equation of state, representing the strain
energy as a series in terms of the Eulerian strain component f = (x−2 − 1)/2,
such that
PBM (f ) = 3f K0 (1 + 2f )5/2 (1 + af )
where a = 32 (K00 − 4). Substituting for f allows the equation to be written as a
function of x for easier comparison with other forms:
PBM (x) =




3K0 −7 
3
x
1 − x2 1 + (K00 − 4) x−2 − 1
2
4




While both the Murnaghan and BM equations of state have been used widely
in the field of high-pressure physics (see Refs. [100–104] for a few representative
studies), neither will be used in this work.
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Next are equations of state derived from effective interatomic potentials. These
are very common in the high-pressure field since they have a firm microscopic
theoretical basis and are applicable in cases where the pressure causes a significant
volume change. The genesis of these equations of state is the work by Mie
and Grüneisen who devised the Mie-Grüneisen approximation: the description
of the total pressure as a linear superposition of a static lattice pressure and a
phonon pressure [105, 106]. This is a powerful approximation because the phonon
pressure remains largely constant during an isothermal experiment, allowing it to
be ignored when designing an equation of state. Mie and Grüneisen initially used
this theory together with a Leonnard-Jones potential to create the Mie-Grüneisen
equation of state [105, 106], hence labelled MG3 where the number 3 signifies that
there are three variable parameters to define when implementing the equation: n,
m, and the equilibrium volume V0 .
PM G3 (x) =

3
K0 x−m (1 − xn )
n

(2.17)

While generally not used in modern high-pressure physics, the basic building
blocks of an effective interatomic potential and the Mie-Grüneisen approximation
form the basis of many subsequent equations of state formalisms.
One such formalism is the Vinet equation of state (also called Rose-Vinet or
simply Universal) by Vinet et al. [107] based on a potential developed by Rose et
al. [108], which has seen widespread use in high-pressure research [109, 70, 110].
Its basic form is given by
PV inet (x) = 3K0 x−2 (1 − x) ec(1−x)

(2.18)

where c = 32 K0 − 1 . The similarity between this and the MG3 form is evident,
with the Vinet form substituting n = 1, m = 2, and adding an exponential factor
which functionally serves to make PV inet (xn ) > PM G3 (xn ) ceteris paribus.


0



However, this equation of state was found lacking at very small compression ratios
and was modified by Vinet et al. [111] to introduce a series term in the exponent,
such that


PM V L (x) = 3K0 x−2 (1 − x) exp 

L
X



ck (1 − x)k−1 

(2.19)

k=2

where the terms ck are derived from the higher order bulk modulus derivatives.
Following the terminology of Ref. [112], this equation of state will be referred to
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as a Modified Vinet equation of order L (MVL).
Lastly, consider the Adapted Polynomial of Order L (APL) equation of state
developed by Holzapfel [112]. It is similar to the MVL form but with two
important distinctions:
• the term x−2 is replaced with x−5
• the series expansion is moved out of the exponent
This yields the equation


L
X

PAP L (x) = 3K0 x−5 (1 − x) ec0 (1−x) 1 + x


k−1 

ck (1 − x)

(2.20)

k=2

To justify these changes, consider the extreme case of compression where the
behaviour of any material tends towards that of a Fermi gas. The equation of
state in the Thomas-Fermi model is well-established for a neutral Fermi gas [113]:
PF G (x) =



3π 2

2
3

~2
5me



N
V

5
3

(2.21)

where me is the electron mass, x is the linear compression ratio, and N is number
of electrons per volume V which in the case of the atomic volume is equal to the
atomic number Z. For reasons which will become clear soon, it is useful to rewrite
this as
!5
Z 3 −5
x
(2.22)
PF G (x) = aF G
V0
2/3

1/3
~
. Note the direct
where aF G = 3π 2
5me and as always x = (V /V0 )
−5
−5/3
proportionality of P ∝ x
∝ V
which leads directly to the simple linear
dependence of the Fermi-Gas bulk modulus


2

KF G = −V

dP
5
= P
dV
3

and to the constant value for the bulk modulus derivative
KF0 G =

dKF G
5
=
dP
3

Consider now again the APL form Eq. (2.20); if we require Eq. (2.22) to hold in
the Fermi-Gas limit where x → 0 then
lim PAP L (x) = 3K0 x−5 ec0

x→0
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must be equivalent to Eq. (2.22). Equating these two expressions yields
Z
3K0 ec0 = aF G
V0

!5/3

For simplicity, define PF G0 = aF G (Z/V0 )5/3 i.e. the pressure at which a FermiGas would have volume V0 , and solve for c0 giving
PF G0
c0 = ln
3K0

!

3K0
= − ln
PF G0

!

(2.23)

With this definition, it is guaranteed that the APL form will recover the FermiGas pressure as required when x → 0, yielding the correct compressive behaviour
and bulk modulus derivative in the limit of strong compression. Note that no
element studied in this thesis comes close to the Fermi-Gas limit. However, many
elements appear to tend towards the Fermi-Gas limit even at pressures below
100 GPa (Figures 2.13, 2.14, and 2.15) so it is reassuring that the APL equation
of state extrapolates to this limit.
As for removing the series term from the exponent, this is done to enable closedform integration of the pressure to calculate the total energy of the sample by the
relation dE = P dV [112, 113]. This integration is possible for the basic BM and
Vinet forms, but not for the MVL forms for orders above L >= 3 due to the series
in the exponent [112]. Most importantly, neither of these changes compromise the
ability of the APL form to fit experimental data.
To summarise, Eq. (2.20) states that


PAP L (x) = 3K0 x−5 (1 − x) ec0 (1−x) 1 + x

L
X



ck (1 − x)k−1 

k=2

where the fitting parameters ck for integer k are related to the bulk modulus and
its derivatives as follows:
3K0
c0 = − ln
PF G0
3
c2 = (K00 − 3) − c0
i
h2
c3 = 9(K0 K000 + (K00 )2 ) − 61 − 18c2 − 24c0 − 6c0 c2 − 3c20 /6
!

(2.24)

By convention, there is no c1 parameter in any of these forms, but this is a mere
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Formalism

Equation

MG3

PM G3 (x) = n3 K0 x−m (1 − xn )

Murnaghan
BM

0

−3K0 − 1
0
PM (x) = K
K00 x




PBM (x) = 32 K0 x−7 (1 − x2 ) 1 + 34 (K00 − 4) x−2 − 1
h



Vinet

PV inet (x) = 3K0 x−2 (1 − x) ec(1−x)

MVL

PM V L (x) = 3K0 x−2 (1 − x) e

APL

PAP L (x) = 3K0 x−5 (1 − x) ec0 (1−x) 1 + x

i

PL

k−1
k=2 ck (1−x)

h

i
PL
k−1
c
(1
−
x)
k=2 k

Table 2.2 The functional forms of a few equations of state used in high-pressure
science. Of these, the Vinet and BM forms are most common, but in
this work the APL formalism will primarily be used.

matter of mathematical choice. Note that in the AP1 form, only two parameters
(V0 , K0 ) are fitted, but the K00 parameter can be calculated [112] from these two
using the relation:
K00

P
2
=3 + ln F G0
3
3K0
"

#

5/3

(2.25)

where PF G0 = aF G (Z/V0 )

Linearisation and Extrapolation
To visualise how well an equation of state fits a data set, it is instructive to plot it
on a linearised plot i.e. a plot where an equation of state will appear linear such
that the data’s deviations from this linear behaviour become clear. See Table 2.3
for the linearised equations of state under consideration here.
For the purposes of the analyses presented in Chapters 3-6, data will frequently
be linearised with respect to the AP1 form:
PAP 1 (x) = 3K0 x−5 (1 − x) ec0 (1−x)

PAP 1 x5
ln
PF G0 (1 − x)

!

= −c0 x

(2.26)

F G0
where we have used the definition c0 = ln P3K
. Define ηAP L = −c0 x such that
0
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the linearised ηAP L − x plot is given by
P x5
ηAP L (x) = ln
PF G0 (1 − x)

!

(2.27)

where x = (V /V0 )1/3 , P is the pressure, and PF G0 is the Fermi-Gas pressure as
in Eq. (2.21). Sometimes a further transformation will be performed such that
ηAP L (P, x) → ηAP L (P, σ) where σ = σ0 x and σ0 is the Thomas-Fermi radius
(3ZV0 /4π)1/3 . This is particularly useful when comparing the linearised data
of different elements1 . Examining Eq. (2.26), it is clear that this will generally


0
result in a linear plot with a slope given by −c0 = ln P3K
, i.e. the slope of a
F G0
linearisation plot depends on the bulk modulus.

Classifying Compressive Behaviour
With the aid of this linearisation, the APL formalism provides a method to classify
the compressive behaviour of elements. For full details of this method see Ref.
[112], but in brief an ‘ideal’ or ‘simple’ material is well-described by an AP1
equation of state which appears linear on a ηAP L − x plot with
3K0
lim ηAP L (x) = ln
x→1
PF G0

!

and lim ηAP L (x) = 0
x→0

A further distinction can be made between ‘regular’ and ‘irregular’ data, such
that linearised compression data can be classified as follows [114]:
• Ideal materials, e.g. Al, exhibit linear behaviour and are well described by
an AP1 equation of state with a slope equal to an ideal value calculated
solely from the ambient volume and the atomic number.
• Simple materials, e.g. Cu, also exhibit linear behaviour and are well
described by an AP1 equation of state, but the slope of the line is nonideal.
• Regular materials exhibit slightly non-linear behaviour, indicative of higherorder APL (L >= 2) equations but with small values of c2 .
• Irregular materials, e.g. Sm, exhibit strongly non-linear behaviour and
require higher-order APL (L >= 2) equations of state with large values
of c2 and higher order terms.
3
Note that σ0 defines the radius of a sphere whose volume ZV0 = 4π
3 σ0 is the atomic volume
multiplied by the atomic number, i.e. an atomic volume scaled up by the number of electrons.
1
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Formalism Linearised Equation
General

η(x) = η0 + η1 f1 (x) + η2 f2 (x) + · · ·

MG3

nP xm
ln
3(1 − xn )

!

Vinet

P x2
ln
3(1 − x)

!

MVL

P x2
ln
3(1 − x)

!

APL

P x5
ln
3(1 − x)

!

= ln K0
= ln K0 + c(1 − x)
= ln K0 + c2 (1 − x) + c3 (1 − x)2 + · · ·
h

= ln K0 + c0 (1 − x) + ln 1 + x

i
PL
k−1
c
(1
−
x)
k=2 k

Table 2.3 All equations of state formalisms discussed here can be linearised.
When data are plotted in this manner, discrepancies between the data
and the equation of state model are highlighted.

The exact distinction between regular and irregular, that is small and large values
of c2 , can be made by comparison to the ‘ideal’ behaviour which is given by [114]
c0,ideal = σ0 βT F
where σ0 = (3ZV0 /4π)1/3 as before
2 3 2/3 −1
and βT F =
a0 − σ0−1
3 2π
where a0 is the Bohr radius a0 = 0.529 177 Å




This ideal value c0,ideal similarly implies an ideal bulk modulus from Eq. (2.23):
K0,ideal = PF G0 e−c0 /3

(2.28)

Thus, each element has an ideal bulk modulus defined solely by its ambient volume
V0 , atomic number Z, and the Bohr radius. A small c2 , corresponding to regular
behaviour, is then defined by the condition
R = |c2 − (c0 − c0,ideal )|
with regular elements obeying

(2.29)

R < 0.5
where c0 and c2 are the best-fitting parameters. Larger values of R correspond
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to irregular behaviour.

Analysing Linearisation Plots
Having established the mathematical framework for linearisation plots, consider
now what information can be extracted from them. Note first that pressure
increases non-linearly from right to left on an ηAP L − x plot, such that the data
are best ‘read’ from right to left. To aid in this, the upper horizontal axis will
generally show the approximate pressure when linearisation plots are presented
in this work. In the case of simple or ideal elements, the linearisation plot is fairly
straightforward since it is simply a straight line tending towards the origin. The
slope of course is interesting as it is given by the element’s ambient volume and
bulk modulus which define the entire equation of state.
It is in the case of irregular materials that linearisation analysis is particularly
valuable because changes in the gradient reveal changes in the compressive
behaviour. Consider Figure 2.12 which shows a simplified irregular compression
curve of Rb and associated linearisation plot2 . Two AP1 fits are shown, one at
low pressure (LP) and one at high pressure (HP). The LP equation of state
accurately models the compression curve in the domain x > 0.9 or equivalently
P < 5 GPa, but beyond this the ‘experimental’ data diverge from the LP fit,
with lower experimental volumes than the equation of state predicts. From this
one can see that on a linearisation plot, a ‘downward’ turn represents a softening
of the material, i.e. volume decreasing more rapidly than expected. Conversely,
an ‘upward’ turn reflects a hardening which once again changes the trajectory
such that volume begins to decrease less rapidly, aligning with the HP fit. Most
elements do not display this many anomalies in the compression curve, but it is
not uncommon to see smaller changes in gradient that reflect less drastic softening
or hardening.

Sample Elements and Equations of state
Consider a few examples real of the different APL behaviours and equation of
state fits, beginning with aluminium (Al). Compression data from Ref. [70] are
shown in Figure 2.13 together with fitted Vinet, AP1, and BM equations of
state. The fits are largely in good agreement and fit the data reasonably well,
2

This will be discussed in greater detail in Chapter 3.
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An irregular compression curve may not be obvious from the
compression data in P-V space (a), but the linearised data (b)
highlight the complexity. The softening (i) results in a divergence
between the LP equation of state (solid line) and the data, which
is seen much more clearly on the linearisation plot. This particular
curve also displays a hardening turn (ii) where the element resumes
a linear behaviour with the HP AP1 fit (dashed line) tending
towards the origin.

though there is a discontinuity at x = 0.92 which will be further discussed in
Section 3.1. Since the data are well-described by an AP1, Al can be classified as
either ‘simple’ or ‘ideal’. To distinguish the two, compare the fitted bulk modulus
K0 = 74.046 GPa to the ‘ideal’ bulk modulus K0 = 80.73 GPa. As these are in
reasonable agreement, Al may be classified as an ‘ideal’ material.
For an example of a ‘simple’ but non-ideal material, consider copper (Cu)
in Figure 2.14. Here, static compression data from Ref. [70] and dynamic
compression data from Ref. [115] are shown. The variation in the different
equation of state forms is more apparent here at higher pressures, with the AP1
form falling between the Vinet and BM forms and providing a good fit to both the
static and dynamic compression data. In this case, the fitted K0 = 132.9(8) GPa
is significantly lower than the ‘ideal’ bulk modulus K0 = 335.27 GPa, differing by
a factor of 2.5. However, the data are still well-described by an AP1 equation of
3
state with V0 fixed at the experimental value 11.81 Å /atom from Ref. [70], thus
making this a ‘simple’ material.
Lastly, consider an ‘irregular’ material such as samarium (Sm). Sm undergoes five
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(a) Compression curve of Al and (b) linearised view of the same
data. Compression data reproduced from Refs. [70].

phase transitions in the range 0-222 GPa, associated with changes in the electronic
structure [52]. Its compression curve from static compression data, various fitted
equations of state, and corresponding linearisations are shown in Figure 2.15.
Attempts were made to fit second-order Vinet, BM, and AP2 equations of state
but these do not capture the complexities of the compressive behaviour. Instead,
higher-order MV3, BM3, and AP3 fits are shown, each of which fits the data to
approximately the same degree with the following parameters:
• MV3: K0 = 42.7(6) GPa, K00 = 0.5(3), β = −6.2(14), γ = 53(2)
• BM3: K0 = 38(2) GPa, K00 = 2.20(15), K000 = −0.0735(11)
• AP3: K0 = 42(3) GPa, K00 = 1.5(2), K000 = −0.052(2)
3

The ambient volume was kept fixed at V0 = 33.174 Å /atom for all fits. The
linearised compression data and fits are shown in Figure 2.15b; the initial
phases up to 100 GPa are highly non-linear, showing a gradual upward turn,
i.e. hardening, across the entire pressure range. Though not obvious here, the
changes in the gradient reflect the underlying phase changes which are discussed
in depth in Ref. [52]. Considering the AP3 fit, the many phase transitions of
Sm provide a good example of ‘irregular’ behaviour. Specifically, the fitted c2
parameter is −6.1265 which from Eq. (2.29) yields R = 2.19, evidently well
outside the regularity range.
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Figure 2.14

(a) Compression curve of Cu and (b) linearised view of the same
data. Compression data reproduced from Refs. [70, 115].

Note lastly that beyond the pressure range of the experimental data, the fitted
equations of state for Al, Cu, and Sm rapidly diverge from each other. This speaks
to the uncertainty which arises when extrapolating equations of state far outside
the fitting range. The APL formalism is designed to mitigate this by requiring
the x → 0 limit to approximate a Fermi-Gas, and arguing that this is the final
state of any element at ultimate compression [112].

2.3.5

Equations of State Used in This Work

Having discussed various pressure gauges and equation of state formalisms, all
that remains is fitting these models to data to permit their use in experiments.
Many fits have been performed in literature, perhaps the most extensive survey
being Ref. [116] which contains BM fits to every element in the periodic table.
However, for the purposes of consistency this work will only use a few equations of
state which are primarily based on the work of Dewaele et al. [70] and Sokolova
et al. [117]. As previously alluded to, Ref. [70] contains simultaneous volume
measurements of triplets of pressure markers encased in a He PTM, along with
ruby fluorescence measurements. These data thus provide a solid foundation for
equation of state fitting. For Cu, data points from dynamic experiments [115]
were available and have been included in the fitted data to allow the equation of
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Figure 2.15

(a) Compression curve of Sm and (b) linearised view of the same
data. Compression data are reproduced from Ref. [52].

state to be applied at higher pressures without extrapolating beyond the fitting
range.
In this work, we have chosen to use the APL form because it allows for
data linearisation which highlights changes in the compressive behaviour and
is designed to extrapolate above the fitted range more reliably than the Vinet or
BM forms. Furthermore, it does not differ significantly from the Vinet equation
of state in the fitting range and there is therefore no drawback in choosing the
APL form over the more common Vinet form. These fits are shown in Table 2.4.
Additionally, the equations of state of Sokolova et al. [117] are used in Section
3.2.4, as these are APL equations of state with an additional thermal modification,
i.e. they account for the effect of temperature on the volume and pressure.
Element

Form

Cu
Ta
W
Re
Pt

AP1
AP2
AP2
AP2
AP2

3

K00

Data Source

132.9(8)
191.8(6) 3.69(3)
298.9(9) 4.16(3)
358.8(8) 4.22(3)
265.8(9) 5.37(5)

[70, 115]
[70]
[70]
[109]
[70]

V0 (Å /atom) K0 (GPa)
11.81
18.035
15.852
14.733
15.105

Table 2.4 The fitted equations of state for the pressure markers used in this
work. The ambient volumes were fixed to the experimentally measured
values and thus no uncertainty is given.
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2.4

Diamond Anvil Cells

The majority of experiments presented in this work were performed with BoehlerAlmax plate diamond anvil cells (abbreviated BA plate-DACs) manufactured by
Almax easyLab Inc and equipped with conical diamond anvils as developed by
Boehler and de Hantsetters [118]. Where different diamond anvil cells were used
such as in Sections 3.2.4 & 5.1, this will be clearly stated.

2.4.1

Diamond Anvil Configuration

BA plate-DACs are characterised by a conical symmetry of the bezel as opposed
to the standard brilliant-cut diamonds (Figure 2.16) allowing it to sit flush in the
conical recess of the tungsten carbide seat. This stabilises the diamond radially
and allows for a greater aperture which is valuable for x-ray powder diffraction
experiments and critical for single-crystal investigations.
There are a number of advantages to this design. First, the diamond’s conical
base results in good radial support from the seat whereas the standard diamond is
only radially supported by the affixing medium (glue, Stycast, etc.). While lateral
forces in high-pressure experiments are generally small, the additional support is
a prudent precaution for multi-megabar setups. Second, the diamond anvils are
smaller which reduces costs when the diamonds fail. Finally, as a consequence of
the smaller anvils, the distance from the culet to the table is reduced which allows
for a greater diffraction aperture. In the case of BA plate-DACs, this allows for
a maximum possible aperture of 85°. In practice, the angular range of observable
diffraction peaks is limited by the size of the detector and the sample-detector
distance to about 2θ < 30°.
Lastly, when the diamonds do fail, they are rarely catastrophically damaged to
the extent that diamond shards are launched inside the experimental chamber,
as may occur with standard diamonds. Instead, the conical support frequently
leaves the bulk of the diamond intact, with complete failure only propagating as
far as the diamond girdle and the table only displaying one or two cracks. While
the diamonds are by no means recoverable, this does prevent diamond projectiles
from harming users and damaging equipment.
A full diagram of the BA plate-DAC is shown in Figure 2.17. Prominent in Figure
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Figure 2.16

Comparison between a standard (left) and conical (right) diamond
anvil, along with labels for the different diamond sections.

2.17b in yellow is the gearbox which is used to tighten the three tightening screws
simultaneously. Tightening these bends the plates towards each other which in
turn pushes the diamonds together. This bending mechanism is quite different
from piston-cylinder DAC designs.
The first obvious drawback is that the force required to close the cell and increase
the sample pressure is greater since work has to be done not only against the
pressure on the diamond culets but also against the elastic resistance of the
plates. Thus, compressing samples at pressures above 200 GPa requires significant
effort3 . This frequently results in the gears on the gearbox being damaged, but
no damage to the DAC itself has been observed. One advantage of this bending
mechanism is that the plates’ resistance to deformation prevents the cell from
accidentally closing and damaging the diamonds during preparations.
The experienced reader may inquire as to the use of gas membranes together
with this cell since piston-cylinder cells are frequently used in conjunction with a
membrane placed on one side of the cell and subsequently inflated to produce the
compressive force. While adaptors exist which allow for the use of gas membranes
together with BA plate-DACs, we have had limited success with them because
the membrane pressure required to exert a sufficiently large force to reach sample
pressures above 200 GPa frequently exceeds 100 bar, which is above the maximum
pressure available on many systems. As such, it is the author’s recommendation
to primarily use the gearbox mechanism. While not allowing for the same level of
precision as a membrane-controlled cell, a practised user will generally be able to
For this reason, researchers are encouraged to pack an allocated tube of elbow grease when
attending synchrotron experiments.
3
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(a) BA plate-DAC exploded view

Figure 2.17

(b) BA plate-DAC closed with gearbox

Boehler-Almax (BA) plate-DAC shown in exploded view (left) and
closed view (right). The closed view additionally shows the gearbox
used to tighten the three tightening screws simultaneously. These
3D models were published by the manufacturer [119] and are
reproduced here with their permission.

increase or decrease the sample pressure by ∼10 GPa at pressures above 200 GPa
using the gearbox.
As for other advantages of the assembly, the 3-point contact system of the BA
plate-DACs allows for very consistent and precise alignment; this is particularly
pertinent when using culets smaller than 30 µm where even a 5 µm ‘wobble’ or
misalignment will reduce the maximum achievable pressure. The 3-point contact
between the upper and lower plates is guided by the tilt alignment screws
which can be adjusted independently with a precision on the order of ∼5 µm,
corresponding to an adjustment in the angle between the culets of ∼0.1°, to ensure
that the diamond culets are parallel. In order to determine the angle between
diamond culets, they can generally be brought close together and illuminated to
cause interference fringes to become visible. The angle can then be calculated
from the number of visible fringes and the diameter of the culet. However, for
culets with diameters below 50 µm the separation between adjacent fringes for a
moderately well-aligned DAC is larger than the culet diameter itself. Additionally,
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the very fragile nature of these small culets means the risk of accidentally
fracturing the diamonds when bringing them close enough together to observe
fringes generally outweighs the need for culets to be perfectly parallel. In such
cases, it is imperative to ensure that the diamond’s conical base is flush with the
seat’s recess and that the DAC plates are exactly parallel.
The diamonds themselves are fastened into the seats using a two-component
epoxy adhesive such as Araldite or Stycast; both of these were used in various
experiments and the use of one over the other did not affect the performance
of the cell. The seats themselves differ in their fastening mechanism, with the
top seat being pressed into a recess in the plate rendering it immobile and the
bottom seat being fixed and adjusted using three radial grub screws. The former
necessitates a very close fit between the seat and the plate, and this fit is the
most significant point of failure present in the cell; old or worn-out seats and cells
can become unusable for multi-megabar experiments, although this degradation
has only been observed in one of our many cells.
Thus far this section has described the use of BA plate-DACs in general terms,
presuming the use of standard conical diamond anvils with flat or bevelled
culets. Chapters 5 & 6 will detail experiments conducted with tDACs which
necessitate additional considerations described in Chapter 4 along with notes on
the manufacture and implementation of toroidal diamond anvils.

2.4.2

Gasket Preparation and Sample Chamber Drilling

As shown in Figure 1.1, the sample is contained in the sample chamber by the
gasket, which itself is a piece of metal indented to conform to the shape of the
diamond anvils. Once the opposing diamond anvils are aligned, the unindented
gasket (typically a 4 mm × 4 mm × 0.2 mm piece of W or Re) is placed between
the diamonds together with a piece of ruby. The ruby then serves as the pressure
marker as the cell is closed and the diamonds are pushed together in order to
indent the gasket to the desired thickness. This thickness cannot be immediately
observed in-situ, and thus the indentation is performed until the pressure on the
culet is in the 20-30 GPa range. A cylindrical cavity is subsequently drilled into
the gasket to serve as the sample chamber. The technique for drilling the sample
chamber varies, but two approaches are most common and were used in this work:
Electric Discharge Milling (EDM) and Laser Ablation.
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EDM, also known as spark eroding, is the erosion of a conductive material by a
controlled and highly localised electric discharge [120]. In practice, this is achieved
by placing a thin wire (the tool) a short distance above the material’s surface,
submerging the tool and material in dielectric fluid, and applying a potential
difference until there is a dielectric breakdown and an electric arc forms. This
erodes the tool and the material in the points where the arc originates4 . The
current is subsequently halted to allow the dielectric fluid to flow back into the gap
between the tool and the material, the potential difference is re-established, and
the process is repeated until the material is permeated. This method is common in
many manufacturing industries from aerospace to coin minting, and can be used
to drill a DAC sample chamber quickly and relatively easily; the tool in this case
consists of a thin cylindrical wire whose diameter is chosen to match the desired
diameter of the sample chamber. Note that the sample chamber diameter will
typically be about 5-10 % larger than the tool, so a 50 µm wire will result in a 5060 µm sample chamber. This discrepancy is typically acceptable but when dealing
with minute sample chambers such as those required for toroidal diamond anvils,
additional considerations are required (see Chapter 4). However, EDM generally
offers a clean and quick method for manufacturing DAC sample chambers.
Laser Ablation on the other hand is the erosion of material resulting from an
incident laser beam, which vaporises a small area of the material’s surface [123].
The magnitude of the milled area depends on the beam’s focus and a milling spot
of 1-20 µm is generally achievable with high-quality optics. However, this spot is
rarely symmetric enough to simply use a single point of incidence in order to mill
a sample chamber. Sophisticated systems will thus mount the indented gasket on
a rotating stage and create the cavity by letting the laser beam trace the outer
edge of the sample chamber. However, since no such system was available this
process was instead done by hand, with the gasket mounted on a high-precision
x-y stage. This method depends very much on the skill of the operator, and
while the variance in sample chamber symmetry is thus larger than with EDM, it
allows for smaller holes to be drilled which becomes indispensable when dealing
with toroidal diamond anvils.
Once a sample chamber has been drilled, the thickness of the indented gasket can
be measured by placing it between the diamond anvils, closing the cell until the
Note that the exact mechanism by which material is removed is not entirely understood,
and it is contested whether it is a thermal process of melting and vaporisation [121], or whether
the electric discharge causes a mechanical force, which removes material from the surface [122].
However, the physics of EDM is beyond the scope of this work.
4
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gasket is clamped between the diamonds, and shining a light through the sample
chamber perpendicular to the culet. Due to the naturally reflective culets, the
incoming light is reflected between the diamonds and constructively interferes at
wavelengths λ = 2d/n where n is any integer and d is the separation between the
diamonds. By measuring the distance in λ space of adjacent intensity peaks, the
distance between the diamonds and thus the gasket thickness can be determined.
The final step in gasket preparation is the thorough cleaning and removal of
debris, typically by placing the gasket in a sonication bath of acetone or soapy
water.

2.4.3

Sample and Pressure Marker Loading

Once the diamonds have been aligned and the gasket has been drilled it is affixed
to one side of the DAC. The sample chamber must then be loaded and this
can be done in two distinct ways; either the sample can be placed directly into
the sample chamber, or the sample can be placed on the opposing diamond to
which no gasket is fastened and the assembly closed to push the sample into the
sample chamber. The pressure marker can be loaded in the same two ways, and
indeed the sample and pressure marker can be loaded independently using either
approach. In this section, a distinction will be made between placing something
directly into the sample chamber and placing it onto the diamond which does not
have a gasket affixed to it. However, in the remainder of the work, the process
will generally simply be referred to as ‘loading’ or ‘placing into sample chamber’
because the choice of approach is largely down to personal preference rather than
objective superiority.
Since the DAC experiments discussed in this work involve sample sizes ranging
from 100 µm down to 10 µm, some of which were highly reactive, the loading
process presented significant challenges and merits some thought and discussion.
Consider for instance materials studied in this work such as the alkali metals,
which rapidly oxidise in an oxygen atmosphere. To work with these metals the
use of a glove box is necessary, i.e. a sealed environment filled with an inert gas into
which samples and cells can be placed and manipulated. In this case, the inert
gas was argon (Ar) and the glove box (pictured in Figure 2.18) was equipped
with an optical microscope to enable sample loading. The atmosphere in such
an environment is continuously filtered and replenished, maintaining a positive
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Figure 2.18 A glove box equipped with
an optical microscope, a z-stage, and two
rubber gloves which enable the user to
manipulate and load samples inside the
sealed Ar atmosphere. An airlock on the
right of the assembly allows samples and
tools to be transferred into and out of the
environment.

pressure of about 2 mbar and O2 and H2 O concentrations both at <0.01 ppm.
Furthermore, the majority of samples required for experiments detailed in this
work were smaller than 10 µm and thus required extreme precision when loading.
To aid in this, a software-controlled micro-manipulator equipped with two W
probes was used to load samples where possible. However, samples loaded in a
glove box were loaded by hand.
Now, consider the physical form of the sample which may be an ingot, a foil, or
a powder. Samples of all types were used in this thesis and each must be handled
slightly differently.
A powdered sample is perhaps the easiest to deal with, especially because the
granule size of most available samples was very similar to the size of the sample
chamber itself. A granule is then simply placed into the sample chamber together
with the pressure marker and sealed by closing the cell. In such cases, it does not
matter significantly whether the powder is put immediately into the gasket hole or
onto the opposing diamond, but typically the former was done. It is worth noting
that powdered samples are generally more porous than foils or ingots, making it
important to compress them as much as possible in order to get the maximum
amount of sample into the sample chamber. This can typically be done by picking
a granule slightly larger than the sample chamber, or repeatedly loading granules
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into the sample chamber and closing the cell to compress the granules between
the diamond anvils. Particularly when dealing with small-volume samples, it is
imperative to pack as much sample material as possible into the gasket hole to
obtain the strongest possible diffraction signal. Lastly, the pressure marker, which
is also frequently in powdered form, was added into the sample chamber before
the cell was ultimately closed.
Turning then to sample foils, these are typically 25 mm × 25 mm and can be
purchased at a variety of thicknesses, typically on the order of 10 µm. For the
purposes of DAC experiments, it is useful to purchase a foil with a thickness
approximately equal to the depth of the sample chamber. Conversely, one could
of course manufacture a sample chamber with a depth of 5 µm when using 5 µm
foil. In any case, the foil must be cut down to an appropriate size; considering a
culet of 30 µm with a sample chamber diameter of 10 µm, it is reasonable to desire
a sample with a similar diameter. Most samples at this thickness are malleable
enough to be cut by commercial steel, and so a scalpel sufficed for cutting up
metal foils used in this work such as Al, Mg, Ta, and Ce. The foil can subsequently
be loaded with the pressure marker much in the same way as though it were a
powder.
Lastly, consider sample ingots which was the form the alkali metals used in this
work were delivered in. These were sealed in an inert atmosphere and delivered
in an ampule which was broken open inside a glove box. The sample was then
extracted and loaded, though it should be noted that the high softness of K and
Rb made it very difficult to cut off a piece of the material. Instead, a small piece
of the sample was picked up with a probe and placed on the diamond without the
gasket affixed to it, before closing the cell and removing it from the glove box.

2.5

Summary

This chapter has covered in broad strokes the theory of crystallography and the
formal description of lattice symmetries using space groups and the Pearson
notation. It has outlined means of generating the high-energy x-rays required
to perform XRD studies on metals at extreme pressures and described the
mathematics of how the structure and symmetry of the sample causes selective
diffraction conditions to appear. The resulting diffraction pattern can then be
used to extract the unit cell volume and lattice of the sample.
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The determination of pressure was then discussed with reference to common
pressure gauges such as shifts in the fluorescence or Raman spectrum, or the
volume change of pressure markers, with particular focus on the equations of
state which permit in-situ pressure markers to be used in DAC experiments.
The mechanism of DACs was then discussed, including the design of the BA
plate-DAC which is the primary tool for generating the high pressures discussed
throughout this work. Additional considerations of DAC preparations and sample
loadings were then outlined.
This chapter has deliberately not described in detail the design and use of toroidal
DACs, because the subsequent chapter will deal only with conventional bevelled
DACs. Toroidal DACs will be discussed in detail in Chapter 4, preceding the
discussion of toroidal DAC experiments in Chapters 5 & 6.
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Chapter 3
Metals at Ultra-High Pressures in
Conventional DACs
This chapter describes high-pressure experiments performed with conventional
(i.e. non-toroidal) DACs to introduce the process of preparing DAC samples and
reaching pressures above 200 GPa. Initial DAC studies focused on the metals Mg
(Z = 12) and Al (Z = 13). While these two elements do not exhibit as many
complex phases as the alkali metals, their equations of state are of interest to the
community. These investigations are described in Section 3.1.
Section 3.2 deals with studies of the alkali metals K (Z = 19) and Rb (Z = 37),
which are far more reactive and exhibit many more complex phases than Mg
and Al. The existence of the predicted hP4 phase is confirmed in Rb above
204 GPa but no similar phase transition is seen in K up to 321 GPa. However,
complex compressive behaviour is seen in both elements; using the linearisation
plots described in Section 2.3.4 the alternate softening and hardening of these
elements is examined, culminating in a ‘simple’ linear behaviour.
No PTM was used in any of these experiments. In the case of Mg and Al, it
was assumed that the low yield strength of these metals would prevent the
formation of significant differential stress [124, 125]. For K and Rb, the same
assumption of ‘softness’ similarly motivated the omission of a PTM, in addition
to the high reactivity of these elements making the inclusion of further elements
in the sample chamber risky. Such assessments are standard in DAC experiments
on alkali metals [126–129].
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3.1
3.1.1

Magnesium and Aluminium
Magnesium

Upon compression, Mg transforms from its ambient hcp phase to a bcc structure
with a large region of coexistence between 44-58 GPa [130] and a 0.45(18) %
volume discontinuity [124]. It had previously been studied up to 211 GPa [124]
and was found to remain stable in the bcc phase up to the highest pressure. The
motivation for our investigation was the appearance of unexplained diffraction
peaks observed at 360 GPa using laser ramp compression at the Omega laser
(University of Rochester, NY USA) and National Ignition Facility (Lawrence
Livermore National Laboratory, CA USA) [131].
To investigate the unexplained peak, Mg was loaded together with a Cu pressure
marker into a DAC equipped with 30 µm culets bevelled to 300 µm at 8.5° and a W
gasket. Two samples were prepared with this configuration, with the pre-indented
gasket thickness and sample chamber diameter being 4.52 µm and 13.2 µm for the
first sample, and 5.8 µm and 15.1 µm for the second sample. The pressures were
determined using the Cu equation of state from Section 2.3.5. The experimental
setup details are given in Table 3.1. Difficulties were encountered with the Mg
samples in the low-pressure domain since the small culet diameters caused the
sample pressure to increase rapidly when applying a compressive force. For this
reason, no data were collected below 79 GPa aside from the initial pattern at
P = 0 GPa, and data from Stinton et al. are included where relevant. The ambient
hcp phase was measured at P = 0 GPa, but as all other data were collected above
79 GPa, the hcp→bcc phase transition was not directly observed. This was not the
primary aim of the investigation and was therefore not critical, but demonstrates
Experiment

Pressure Marker

Mg
Al

Cu
Ta

Beam Wavelength
λ (Å)

Sample-Detector Distance
d (mm)

0.4808
0.4856

256.89
396.30

Table 3.1 Experiment setups for Mg and Al experiments conducted at PetraIII’s P02.2 beamline with a 850 nm × 850 nm FWHM beam size.
The beam wavelength and sample-detector distances were calibrated
against the CeO2 standard. Pressures were estimated from the Cu
and Ta equations of state from Section 2.3.5.
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that larger-culet DACs should be used to map pressure-space below 100 GPa.
The sample’s low atomic number (ZM g = 12) resulted in relatively weak
diffraction peaks, as shown in the integrated diffraction pattern in Figure 3.1.
In addition, there is significant scatter from the W gasket which, despite the
beam’s narrow 0.85 µm × 0.85 µm FWHM, is far stronger than the signal from the
sample. This is due to the gasket’s high atomic number (ZW = 74) and the fact
that the diameter of the sample chamber, which was initially ∼14 µm, compressed
down to ∼5 µm at 300 GPa. As mentioned in Section 2.2.1, despite the FWHM
being significantly smaller than the diameter of the sample chamber, there is still
x-ray intensity away from the half-maximum which causes the gasket diffraction
peaks. Fortunately, the sample, pressure marker, and gasket diffraction peaks
did not overlap enough to prevent the extraction of lattice parameters for each
element. The resulting Mg compression curve is shown in Figure 3.2a together
with compression data from Ref. [124]. The data are in generally good agreement,
with the data from Ref. [124] being systematically about 10 GPa higher than those
observed in this thesis. Ref. [124] used a Cu equation of state, but the parameters
were unstated so it is impossible to conclude whether the discrepancy is due to
using different Cu equations of state.
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Figure 3.1

The diffraction pattern collected from an Mg sample at 301 GPa
shows strong scattering from the W gasket and Cu pressure marker.
Nonetheless, the Mg bcc diffraction pattern is visible and was indexed
as indicated, with peak positions marked by ticks below the diffraction
pattern (solid line). The sample was exposed for 60 s to compensate
for the low intensity.
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Consider now analysing the compression data using the linearisation described in
Section 2.3.4, wherein the compression data are plotted as
P x5
ηAP L (x) = ln
PF G0 (1 − x)

!

(3.1)

The linearised compression data of Mg are shown in Figure 3.2b, along with
the fitted AP1 equation of state and the linearised data from Ref. [124]. The
linear behaviour of both the hcp and bcc phases is evident, though a discontinuity
between the two is even more palpable on the linearised plot than the compression
plot. Data from Ref. [124] also show significant scatter at very low pressures; this
is a general feature of linearisation plots, where in the ultra-low pressure domain
(P < 0.5 GPa) a very small scatter in P − V space results in significant scatter
in ηAP L − x space.
The highest pressure of 301 GPa was reached with the first sample, whereas
the second sample reached 255 GPa before the diamonds failed. At the highest
pressure of 301 GPa, no new diffraction peaks were observed, the presence of which
may have indicated the onset of a new phase. At 301 GPa, lattice parameters of
a = 2.4998(8) Å were obtained from a Le Bail refinement. This value was verified
with least-squares Gaussian peak-fitting to the (110), (200), and (211) peaks
which provided a value of a = 2.4959(18) Å. Using the Le Bail fit’s value which
3
has a lower uncertainty, the final volume is 7.810(8) Å /atom indicating a reduced
volume V /V0 = 0.3351(3). In the same refinement, the measured Cu volume was
3
6.76 Å /atom yielding the maximum pressure of 301 GPa.
While the rapid pressure increases prevented an equation of state to be fitted
to the entire pressure range, the P-V data of the bcc phase were fitted with
3
an AP1 equation of state, yielding parameters V0 = 23.9(4) Å /atom and K0 =
24.6(15) GPa. From the bulk modulus and ambient volume the K00 -parameter can
be calculated using Eq. (2.25) as K00 = 4.5(2). Comparing these parameters to
other published fits shown in Table 3.2, ambient volumes are in generally good
agreement. Of course, the zero-pressure volume of a high-pressure phase cannot be
measured directly, which is why the V0 parameters have significant uncertainties.
Across Refs. [124, 132, 133], the K0 and K00 parameters vary more significantly
and depend strongly on the equation of state form used to fit the data. The fitted
bulk modulus K0 = 24.6(15) GPa can be compared to the ideal Mg bulk modulus
28.7 GPa, calculated from Eq. (2.28). With a difference of only 14 %, the Mg bcc
phase may thus be classified as behaving in an ideal fashion.
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The compression data of Mg from this work in (a) P-V and (b)
linearised space are shown as filled triangles. Additional Mg data
(open symbols) are reproduced from Stinton et al. [124]. The solid
line is an AP1 equation of state fitted to the bcc data. Uncertainties
are smaller than the plotted symbols.

To summarise, Mg was studied up to 301 GPa and its phase diagram thus
extended by 87 GPa. An equation of state was fitted to the bcc phase across
78-301 GPa, but the target pressure of 360 GPa was not reached. No unexplained
peaks were observed, the presence of which might have indicated that a transition
was imminent. However, the strong W-gasket diffraction signal may conceal
additional peaks appearing in the pattern. The relatively low atomic number, and
hence scattering strength, of Mg will make it difficult to remedy this potential
overlap. Gaskets can be manufactured from non-crystalline compounds such as
amorphous boron or epoxy [134] which do not cause additional peaks in the
diffraction pattern. Alternatively, one can use materials that are weakly scattering
such as cubic boron nitride [135, 136] or beryllium (Z = 4) [137]. Future
experiments could use one of these techniques to eliminate or reduce the gasket
diffraction strength, such that a purer Mg pattern can be obtained. It would also
be fruitful to explore whether tDACs can be used to reach pressures in excess of
360 GPa, more on this in Chapter 5.
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Range (GPa)
Form
V0
K0
K00

This Work
XRD

Stinton [124]
XRD

Stinton [124]
XRD

Nishimura [132]
XRD

Liu [133]
DFT

78-301
AP1
23.9(4)
24.6(15)
4.5(2)

45-211
Vinet
23.1395(fixed)
26.3(6)
5.10(6)

45-211
BM
21.7(9)
45(8)
3.8(1)

50-160
Vinet
19.95(7)
68.7(7)
3.47(4)

0-225
BM
23.017
35.997
3.817

Table 3.2 Equation of state parameters for the Mg bcc phase from various
sources [124, 132, 133], as well as the pressure range over which
each equation of state was fitted. The ambient volumes (V0 ) are in
generally good agreement, but bulk moduli vary more significantly
between forms, with the AP1 values presented here agreeing best with
Vinet fit of Ref. [124]. Note that the ambient volume in Ref. [124]
was fixed at a value calculated from the measured hcp ambient volume
and the volume difference between the bcc and hcp phase calculated
in Ref. [133]. The K00 value of the AP1 equation of state is calculated
rather than fitted. Where no error was provided in the source, none
is provided here.

3.1.2

Aluminium

Al has been the subject of extensive computational [138–141] and experimental
studies [142, 61, 143, 26]. These are in part motivated by the simple crystal
and electronic structure of Al; with no d-band electrons it serves as a prototype
metal for evaluating theoretical models [144, 145]. Additionally, Al is sometimes
used as a pressure marker or PTM in DAC experiments. For this reason, its
equation of state and phase transitions are of significant interest to the highpressure community. As a result, Al has been studied at high pressures both
using dynamic and static compression techniques. Its ambient fcc phase remains
stable at pressure up to 215 GPa, where it transforms to a hcp phase at an atomic
3
volume of 8.48 Å [142]. A subsequent hcp→bcc transition has been observed in
ramp-compressed Al at 321 GPa [144].
Al was loaded as a foil together with a grain of powdered Ta pressure marker into
a DAC with 50 µm diameter culets, bevelled to 300 µm at 8.5°. The pressure was
determined using the Ta equation of state from Section 2.3.5 and a Re gasket was
used. The experiment itself was carried out at DESY’s Petra-III P02.2 beamline
with a 0.85 µm × 0.85 µm beam size, a 0.4856 Å wavelength, and a 396.30 mm
sample-detector distance (see Table 3.1).
Some difficulties were encountered when collecting x-ray diffraction data from the
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sample because the disparity in atomic number between Al (Z = 13) and Ta (Z =
73) meant that where both elements were present, the Ta vastly overshadowed the
Al. Thus, for each pattern a corresponding sample pattern was collected, about
3 µm from the main pattern, which provided a cleaner diffraction pattern of the Al
without the Ta pressure marker. These are the patterns shown in the waterfall of
the fcc→hcp phase transition in Figure 3.3, but note that the compression curve
of Figure 3.4a presents volume data from patterns where both the pressure marker
3
and sample were present. On average, there was a difference of 0.05(5) Å in the
atomic volumes of Al measured at the two positions, corresponding to a pressure
difference of about 5 %. The pressures shown in Figure 3.3 were estimated from
the Al equation of state fitted later in this section.
Akahama et al. state an observed 1.1 % volume discontinuity between the fcc
and hcp phases. However, this number is stated without error, and inspection of
the presented compression data indicates a volume uncertainty of 0.87 % in the
pressure region where the two phases coexist. It is therefore difficult to estimate
the uncertainty on the value of 1.1 %. In our experiment, the presence of strong Re
peaks in the pattern, and the relative weakness of the Al-hcp XRD signal, resulted
in greater uncertainties in the refinement. An average 0.4(5) % volume difference
was observed, thus being in moderate agreement with the value reported by
Akahama et al.

Intensity (arb. units)

(c) P=236 GPa
Al,
Al,

fcc
hcp

Re

(b) P=183 GPa

(a) P=165 GPa

Al,

10

fcc
15

20

25

30

2-theta (°)

Figure 3.3

XRD patterns between 163-236 GPa, showing the fcc→hcp phase
transition in Al beginning at 183 GPa. The arrows in pattern (b)
mark the appearing hcp peaks and tick marks below each pattern are
the Le Bail refined peak positions of the phases.
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The compression data of Al in (a) P-V space and (b) linearised
space. Data from this thesis are open symbols. The inset in (a) shows
the region of the phase transition. Additional data from Dewaele
et al. [70] (filled squares) and Akahama et al. [142] (crosses) are
reproduced. Data from Akahama et al. have been refitted using Pt
equation of state fitted to the pressure from the ruby fluorescence
spectrum. The solid line is an AP1 equation of state fitted to all
data across all sources.

Figure 3.4a shows the compression data from this study together with results from
DAC experiments of Dewaele et al. [70] and Akahama et al. [142]. The original
data from these sources are in very poor agreement, which can in part be explained
by the pressure gauges used in both experiments; Dewaele et al. determined their
data from the ruby fluorescence spectrum, whereas Akahama et al. used a Pt
equation of state which itself was fitted to RSW data. By extracting the pressures
of the Akahama data and knowing the Pt equation of state parameters used [146],
one can extract the measured Pt volumes and recalculate the pressures using the
Pt equation of state of Section 2.3.5. This ‘refitting’ of the Akahama data using
a Pt equation of state which is measured against the ruby pressure gauge allows
for the data to be compared more directly to that of this work and Dewaele et
al. For the remainder of this analysis, only the refitted data from Akahama et al.
will be discussed, which are on average 5 GPa lower than the published data.
An AP1 equation of state was fitted to all data presented in Figure 3.4 and the
fit shown as a solid line which is in good agreement with the average behaviour,
with parameters shown in Table 3.3.
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Element Form

V0
Å /atom

K0
GPa

Al

16.6058(2)

74.180(9)

AP1

3

Table 3.3 An equation of state fitted to data from this work in the range 2.6236 GPa, data from Dewaele et al. in the range 0-153 GPa [70] and
refitted data from Akahama et al. in the range 0-318 GPa [142].

While the curves from Dewaele et al. and Akahama et al. agree moderately up
to ∼40 GPa, the Akahama data subsequently diverge and appear at about 5 GPa
3
higher, corresponding to a difference of about 0.2 Å /atom. This becomes even
more apparent in the linearisation plot in Figure 3.4b, where the divergence can
be pinpointed to around x = 0.91, equivalent to 37 GPa. Data by Dewaele et
al. subsequently appear to show a gradient change on the linearisation plot at
x = 0.92, becoming less steep.
As noted in Section 2.3.4 a change in gradient on a linearised plot reflects a change
in compressive behaviour, in this case a softening where volumes are lower than
expected from the extrapolated linear behaviour. As noted, drastic changes in
gradient often correspond to a phase change, where the new phase exhibits a
different compressive behaviour than the original phase. This will be thoroughly
explored in Section 3.2 in relation to the alkali metals.
However, in the case of the data by Dewaele et al. the change in gradient coincides
with a change in sample from which the data was obtained. Thus, it would seem
that the relationship between the pressure on the Al and the pressure on the ruby
pressure marker differed between the two samples, despite the use of a He PTM
which was meant to create a homogenous pressure environment in the sample
chamber. Evidently this was not the case, presumably due to the freezing of He
at 12 GPa [93].
In summary, the data of this work diverge from both those of Dewaele et al.
and Akahama et al. at pressures below 100 GPa, with approximately a 3 GPa
difference which is accentuated in the linearised data. The reason for this
discrepancy is unclear. Initially, it was assumed that Dewaele et al.’s data would
be the most reliable and self-consistent due to their use of a He PTM. However,
the discrepancy between the two data sets, which appeared as a gradient change
at x = 0.92 in Figure 3.4b, suggests that the pressure environment was not
consistent between the data sets. It is therefore unclear whether the data above
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or below x = 0.92 is more accurate, assuming there is no inherent change in the
compression curve at ∼40 GPa. Above 100 GPa (or x = 0.85), this study agrees
well with data from Dewaele et al, though not with the results of Akahama et al.
which are on average 12 GPa higher. However, our compression data of the hcp
phase do agree with those from Akahama et al. as a result of the gradient change
in the latter at x = 0.85. These results highlight that despite its simple structure
and extensive studies, there is still uncertainty around the compression curve of
Al.

3.1.3

Summary

The compression curves and phase transitions of Mg and Al were explored up to
301 GPa and 236 GPa, respectively. Figure 3.5 shows the compression curves of
Mg and Al together; note that the difference in atomic volume between the two
elements decreases. This is a general phenomenon, where the compression curve
of a lower-Z metal can tend towards that of its neighbour in the next group of
the periodic table. For instance, the compression curve of scandium (Z = 21) has
been observed to tend towards that of titanium (Z = 22) above 200 GPa [147].
It is therefore unsurprising that the same behaviour is observed in Mg and Al,
and similar trends will be evident for K and Rb in the next section, with the
compression curves of both elements aligning with their respective neighbours.
Difficulties were encountered in both elements when attempting to determine
phase changes and compressive data below 100 GPa. It is also clear that DACs
with culet diameters below 30 µm are not well-suited to investigations below this
pressure as demonstrated by the lack of data acquired below 100 GPa for Mg.
Nonetheless, a reliable equation of state was derived for Mg calibrated against
Cu, and for Al a well-fitting AP1 equation of state was presented which considers
several landmark studies of the element.
The use of linearisation plots was also demonstrated, with emphasis on how they
can be used to highlight even small changes in an element’s compression curve
and visualise changes in compressibility. These will be used throughout this thesis
to identify changes in behaviour in elements whose compression curves are more
complex than those of Mg and Al.
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3.2

The compression curves of Mg and Al converge, similar to behaviour
seen in Sc→Ti. Similar behaviour will be discussed for K and Rb in
Section 3.2. Data from Stinton et al. is included for Mg [124].

Potassium and Rubidium

The alkali metals have long been of interest to the high-pressure community;
despite being relatively simple elements and well-described by the free-electron
model at ambient conditions, they diverge from this simple behaviour rapidly
under pressure. This combination of a simple electronic structure containing only
a single valence electron, and a multitude of phase transitions, has made the
alkali metals subject to many computational [148–151] and experimental studies
[47, 152, 68, 153].
K and Rb are two of the heavier alkali metals and have attracted particular
interest due to their complex host-guest structures [47, 46, 154]. However, limited
investigations have been carried out on these elements above 100 GPa, with xray diffraction studies of K reaching 108 GPa [127] and those of Rb reaching
only 100 GPa [155]. The goal of this thesis was to investigate these elements to
pressures in excess of 200 GPa, to extend the phase diagram, and to verify whether
the predicted phase transitions to hP4 structures were observed.
While the sub-megabar (<100 GPa) domain was not the primary focus of
our studies, a few low-pressure investigations were carried out. In particular,
in Section 3.2.2 the low-pressure domain up to 8 GPa is explored in small
pressure increments to estimate the ambient (zero-pressure) volume of these
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metals. Section 3.2.3 first details results from below <100 GPa where previously
reported room temperature phases of the alkali metals K and Rb were observed.
Subsequently, results above 100 GPa are presented including the observation of
the predicted hP4 (space group P 63 /mmc) phase in Rb but not in K. There
occurs a significant shift in compressive behaviour of the alkali metals, coinciding
with the s-d charge transfer under pressure. Equations of state are fitted and
discussed. Lastly, high-temperature studies of K and Rb were conducted as well
to examine the melting curve of these metals under pressures, and although these
were ultimately unsuccessful due to reacting samples, the efforts are detailed in
Section 3.2.4.

3.2.1

Structures and Transitions

The ambient bcc phases of K and Rb are stable up to 11.6 GPa and 7.0 GPa,
respectively, where the transitions to the fcc phases occur. Subsequently, Rb
becomes orthorhombic as it transitions to the oC 52 phase at 13 GPa before
K and Rb both adopt a host-guest structure (tI 19*) at 20 GPa and 13.6 GPa,
respectively. Some samples of K have been reported to also exhibit a doublehexagonal close-packed (dhcp, Pearson hP4) phase between 25-35 GPa [156, 129].
Upon further pressure increase K then transitions to an oP8 phase at 54 GPa,
while Rb remains in the tI 19* phase until 20.1 GPa where the tI 4 phase becomes
favourable. The same phase becomes favourable in K at 90 GPa. Lastly, both
K and Rb become orthorhombic at 96 GPa and 48.5 GPa respectively, as they
transition to the oC 16 phase. For the original publications of these phases and
transition pressures, see Refs. [157, 158, 46, 127] for K and Refs. [158, 152, 47, 154]
for Rb. It is conventional to label these phases by their number in the sequence, i.e.
K-X or Rb-X where X is a Roman numeral. In this work, the phases will generally
be referred to by their Pearson symbol unless they are one of the basic structures
(bcc, fcc, or hcp), but in figures the conventional numbering will be included as
well to provide clarity for the reader more familiar with the numbering than the
Pearson notation. Table 3.4 provides an overview of the phase transitions in the
heavy alkali metals K, Rb, and Cs, including the dhcp phase in Rb whose discovery
will be described in Section 3.2.3 together with the investigations determining the
maximum stable pressures of the oC 16 and hP4 phases in K and Rb, respectively.
Note that K thus has two dhcp phases, both of which are hP4, one of which
appears in some samples between 25-35 GPa and one which is predicted to follow
the oC 16 phase. This work will primarily deal with the latter, and so the former
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Element

Transition Sequence
25

K

35

−→hP40 −→

11.6

20

7.0

13

14

2.4

4.2

4.3

bcc −−−→ fcc −→

54

90

96

h-g (tI 19*) −→oP8−→tI 4−→oC 16
20

Rb

bcc −−−→fcc −→ oC 52−→h-g (tI 19*) −→

Cs

bcc −−−→fcc −−→oC 84−−→

<321 GPa

48

204

12

72

tI 4−→oC 16−−→hP4<265 GPa
tI 4−→oC 16−→ hP4<223 GPa

Table 3.4 The phase transition sequences observed in the three heavier alkali
metals K, Rb and Cs. Above the common bcc and fcc phases seen in
all three metals at low pressures, the crystal structures are given by
their Pearson symbols, with host-guest structures abbreviated h-g. The
asterisks denote that the number of atoms in the host-guest structures
is non-integer, and the number given is only an approximation.
Numbers above the arrows indicate the transition pressures in GPa.
The hP40 of K is labelled prime to distinguish it from the hP4 phase
predicted to follow the oC16 phase in all these elements [149]. Table
adapted from Ref. [159].

is labelled hP40 .

s − d Transfer
The transition from the simple bcc and fcc phases to the lower-symmetry
orthorhombic and host-guest structures has motivated a great deal of experimental and computational studies, but the physical driving force of these
phase transitions remains contested. An often-cited cause is the localisation of
valence electrons in interstitial sites under pressure [160–162]. These localised
electrons can act as almost massless pseudo-anions, resulting in high-density
‘electride’ structures and transitions to insulating or semiconducting forms
[9]. The localisation lowers the bandwidth and makes Peierls-like distortions
favourable, which in turn manifests in lower-symmetry structures [163]. On the
other hand, these low-symmetry structures may result from Hume-Rothery rules
[164], wherein interactions between the Fermi surface and the Brillouin zone cause
energy gaps to open near the Fermi level [165–167, 159] reducing the electronic
energy.
Regardless, it is well-documented that compression in the bcc and fcc phases is
accompanied by a downward movement (in energy space) of the first empty d68

band until its energy becomes comparable to that of the valence s-band, thus
enabling electron transfer between them [168–170]. This s-d charge transfer
strengthens the d-character of the electron bands under pressure [170–173, 148]
and can have a significant effect on the properties of the element. For instance, the
change in electronic character of the valence band is believed to be the cause of
superconductivity which has been observed in the oC 16 phases of Rb at 55 GPa
[174] and Cs at 12.5 GPa [175].
It is important to note that assuming only an s-d transfer leads to the conclusion
that the K, Rb, and Cs ought to become hexagonal close-packed once the sd transfer is complete at 60 GPa, 53 GPa, and 15 GPa respectively [151]. This
is not the case as evidence by the wealth of structural complexity exhibited
by all alkali metals, see Table 3.4. This highlights the importance of other
factors in determining the phase transitions of the heavy alkali metals. As such,
the mechanism stabilising the various phases of the alkali metals remains an
active area of research, particularly using computational methods (see Refs.
[176, 173, 148, 177]), which can provide a detailed view of these elements’
electronic configurations under pressure. However, such theoretical investigations
rely on experimental data for validation, for instance to confirm the pressures at
which phase transitions occur and which phase is observably stable at any given
pressures.

The Predicted hP4 Phase
As is clear from Table 3.4, the alkali metals K, Rb, and Cs share many
common phases, with these phases becoming favourable at lower pressures in
the heavier elements. It stands to reason, therefore, that the transitions sequence
tI 4→oC 16→hP4 is likely present in all of these elements, but that the final
oC 16→hP4 transition, which occurs in Cs at 72 GPa, will occur at far higher
pressures in K and Rb. Note that the tI 4→oC 16 transition occurs at 12 GPa in
Cs but that the transition pressure is 48 GPa in Rb and 96 GPa in K. Note also
that the observed stability range 72-223 GPa of the hP4 phase exceeds that of
any other phase in Cs by two orders of magnitude.
The existence of the hP4 phase in Cs motivated a structure search by Ma et al.
in the multi-megabar domain to explore whether a similar or identical structure
would become favourable in K and Rb at higher pressures, and indeed it was
determined that K and Rb ought to transition to the very same hP4 phase at
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250 GPa and 143 GPa respectively [149]. It should be noted that these simulations
were performed at 0 K, as is common for DFT investigations, to avoid the
complications of temperature effects. Nonetheless, this theoretical result provided
the motivation and guidance for the high-pressure experiments on K and Rb.

3.2.2

Ambient Volume from Ultra-Low Pressure and
Equations of State

Determining the ambient volume for an element is critical for establishing an
equation of state and for performing the kind of linearisation analysis described
in Section 2.3.4. For many metals, this is simple since the sample can be studied
with XRD methods at ambient conditions (P = 0 GPa) to establish the ambient
volume V0 . However, when considering highly reactive elements such as the alkali
metals, it is difficult to place a sample at ambient conditions on a synchrotron
beam, because such a sample would have to be insulated by some inert medium
(e.g. Ar) while at the same time not being pressurised. In future, one may consider
placing a piece of the sample in a relatively large sample chamber and closing
the cell inside an Ar atmosphere. If the volume-reduction of the sample chamber
was minimised, the sealed sample chamber would prevent contact between the
sample and the ambient air, while pressure on the sample could be kept very low
at around 0.1 MPa.
Since the direct measurement of the ambient volumes of K and Rb were beyond
the scope of this thesis, which focuses more on the high-pressure behaviour of
these metals, the ambient volumes for K and Rb were estimated by fitting lowpressure data with an equation of state, effectively extrapolating the compression
data ‘backwards’ in P-V space to determine the ambient volume V0 which could
then be used to carry out the analysis of high-pressure data.
To this end, samples of K and Rb were loaded into diamond anvil cells equipped
with 500 µm culets. Note that the comparatively large culet diameter allowed for
very fine pressure increments (or decrements) as the applied force was spread over
the large culet area. The samples were loaded together with a piece of Cu foil
serving as the pressure marker, and closed in a dry Ar atmosphere prior to being
transported to the synchrotron. Both samples were studied at beamline P02.2 at
Petra-III, and calibration parameters of this and other experiments are shown in
Table 3.6.
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K
Winzenick
This Work Ref. [158]
Form
3
V0 (Å /atom)
K0 (GPa)
K00

Vinet
76.10(3)
3.15(10)
4.1(2)

Vinet
75.65
2.963(1)
4.06(19)

McMahon
Vaidya
Ref. [46] Ref. [178]
Vinet
72.23
4.21(5)
3.68(3)

Richards
Ref. [179]

BM
75.32
3.102
3.733

75.32
-

Rb
This Work
Form
3
V0 (Å /atom)
K0 (GPa)
K00

Vinet
92.9(4)
2.46(3)
4.13(4)

Winzenick
Vaidya
Ref. [158] Ref. [178]
Vinet
92.74
2.301(3)
4.1(3)

BM
92.76
2.667
3.392

Richards
Ref. [179]
92.60
-

Table 3.5 Vinet equation of state fits to compression data below 7 GPa of K
and Rb. The fits are presented here together with previously published
equations of state by Winzenick et al. [158], McMahon et al. [46],
and Vaidya et al. [178]. Values from Richards et al. [179] are
calculated from density measurements, not equation of state fits, and
are included for comparison. Where no uncertainty is given, none was
published.

It was established from the Cu equation of state from Section 2.3.5 that the K
and Rb samples were initially at 1.36 GPa and 1.84 GPa, respectively. The sample
pressures were subsequently increased to roughly 7 GPa to conclusively map the
P-V space of the bcc phase, before decreasing the pressure until the samples
reacted with the air in the beamline chamber. The lowest recorded pressure was
0.017 GPa in K and 0.051 GPa in Rb. The resulting P-V relations are shown in
Figure 3.6. These low-pressure data were fitted with second-order equations of
state using the Vinet formalism, resulting in the parameters shown in Table 3.5.
Note that the decision was made to use a Vinet equation of state rather than
the APL formalism which we have generally favoured in this work. The reason
for this is that previous often-cited investigations [158] estimated the ambient
volumes of K and Rb from low-pressure Vinet equations of state, and therefore
our analysis mirrors theirs to facilitate comparisons between ours and previously
published results. Indeed, the ambient volumes of K and Rb were both found to
be in reasonable agreement with previous investigations.
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3.2.3

Low-pressure data of the bcc phase below <7 GPa were fitted with
a Vinet equation of state to estimate the ambient volumes V0 for
both K (empty squares) and Rb (filled squared), which were found
3
3
to be 76.10(3) Å /atom and 92.9(4) Å /atom. The respective fits are
shown as solid lines, and parameters are given in Table 3.5.

High-Pressure Investigations

Methods
High-pressure investigations of K were carried out at the I15 beamline at the
Diamond Light Source (DLS) synchrotron in Oxfordshire, UK, and at the P02.2
beamline at the Petra-III synchrotron at DESY, Germany. At the DLS, diamond
anvils with 300 µm diameter culets were used, whereas at DESY 30 µm diameter
culets bevelled to 300 µm at 8.5° were used. W gaskets were used for all studies
of K.
Rb investigations were conducted at the same I15 beamline at DLS with
300 culets, at beamline P02.2 at DESY with 30 µm diameter culets, and at
beamline 16-BMD at the Advanced Photon Source (APS) in Illinois, USA using
40 µm diameter culets. The 30 µm and 40 µm diameter culets were bevelled to
300 µm at 8.5° and Re gaskets were used for all Rb experiments. Experimental
setups used are shown in Table 3.6.
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K
Facility & Date

Pressures
(GPa)

Petra-III 2020-09
DLS 2019-02
Petra-III 2019-10

0-7
7-10
25-330

λ (Å)

Beam size
(µm2 )

0.4858 0.85 × 0.85
0.4246
20 × 20
0.4858
3×8

Pressure
Marker d (mm)
Cu
Ta
DE

395.06
350.83
370.43

Rb
Facility & Date

Pressures
(GPa)

Petra-III 2020-08
DLS 2019-05
APS 2020-02
Petra-III 2020-09
Petra-III 2020-08

0-7
7-25
0-260
0-232
0-264

λ (Å)

Beam size
(µm2 )

0.4840
3×8
0.4246
20 × 20
0.4134
4×4
0.4855 0.85 × 0.85
0.4840
3×8

Pressure
Marker d (mm)
Cu
Ta
DE
None
DE

395.22
298.91
349.82
396.47
395.22

Table 3.6 Experimental parameters for K and Rb experiments giving the
pressure ranges, the x-ray wavelength (λ), the x-ray beam dimensions
in y and z, the pressure marker, and the sample-detector distance
(d). The diamond Raman high-frequency edge method is abbreviated
DE. In the case of the pressure marker being labelled "None", the
Rb equation of state derived from other experiments was used to
determine the pressure.

These experiments were conducted primarily to verify the existence of the
oC 16→hP4 transitions in K and Rb and to investigate the respective transition
pressures. However, it was also discovered that using linearisation plots it was
possible to extract detailed features of the compression curves which had not
previously been identified.

Pressure Calibration with the Diamond Edge
Due to the very high reactivity of the alkali metals, the decision was made to not
include an in situ pressure marker when performing the K and Rb investigations,
but rather to rely on the diamond edge (DE) pressure scale described in Section
2.3. As previously mentioned, the DE only measures the highest pressure in
the diamond, and therefore the pressure distribution on the culet becomes an
important consideration. For XRD patterns collected at 4 µm intervals in a 9 9
grid, the pressure distribution on the culet was obtained (Figure 3.7). At each
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point, the pressure was determined using the Re equation of state from Section
2.3.5. The highest pressure measured from the Re XRD peaks was 264 GPa, in
excellent agreement with the 264(8) GPa pressure measurement obtained from
the DE. The pressure distribution map shows that the pressure gradient on the
30 µm culet was quite low, with most of the material on the culet being above
250 GPa. The pressure gradient across the culet was 0.31(18) GPa µm−1 in z and
0.38(5) GPa µm−1 in y as shown in Figures 3.7b & 3.7c.
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The pressure distribution over the central 32 µm × 32 µm area of
a Rb cell at 264 GPa (a), as determined from the Re equation
of state by collecting XRD patterns in a 32 µm × 32 µm grid in
4 µm steps. Empty fields are where no reliable lattice parameters
for Re could be established. The dashed circle is the approximate
position of the 30 µm diamond culet. The solid oval indicates the
3 µm × 8 µm x-ray beam FWHM. The pressures along y at z = 0 µm
(b, solid squares) show a 0.38(5) GPa µm−1 gradient (dashed red
line), and the pressures along z at y = 0 µm (c, solid squared) show
a 0.31(18) GPa µm−1 gradient (dashed red line).
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Phase Transitions Below 100 GPa
The sequence of phase transitions of K and Rb up to the tI 4 phase (K-V and RbV) is shown in Figures 3.8 and 3.9 with Le Bail refined peak positions indicated
below each pattern. While each phase of K was observed at pressures consistent
with previously published phase transitions, the data gathered was too sparse
to pinpoint the exact transitions pressures; indeed, most studies of both K and
Rb presented here were conducted in pursuit of these elements’ high-pressure
behaviour and the dhcp phase, thus the lower-pressure transitions were given
lower priority. However, enough data were gathered for Rb to precisely determine
the transitions pressures up to the Rb-VI oC 16 phase. These are shown in Table
3.7 and are in excellent agreement with literature, see Table 3.4 and Refs. [158, 47,
152, 127]. An XRD pattern of the Rb-III oC 52 phase was observed and is shown
in Figure 3.9c and is refined using Le Bail methods. While this approach gave
reasonable atomic volume measurements, this phase is realistically too complex
to be identified using powder diffraction techniques; had the structure not been
known, a single-crystal pattern would have been required to index it properly, as
indeed was the case when its structure was originally identified [68].

Transition
bcc (Rb-I)
fcc (Rb-II)
oC 52 (Rb-III)
h-g, tI 19* (Rb-IV)
tI 4 (Rb-V)

Pressure (GPa)
→
→
→
→
→

fcc (Rb-II)
oC 52 (Rb-III)
h-g, tI 19* (Rb-IV)
tI 4 (Rb-V)
oC 16 (Rb-VI)

7.6(3)
13.6(5)
17.4(4)
20.1(4)
48.5(15)

Table 3.7 Phases of Rb and their conventional numbered labels, as well as
transition pressures observed in this study of Rb up to 50 GPa. The
pressures are in good agreement with those reported in previous studies
[68, 47, 158].
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Diffraction patterns of the K-I through K-V phases. Note that in (a),
(d), and (e) some peaks have their intensities truncated to prevent
overlap with the subsequent pattern, and to make low-intensity peaks
large enough to see. The asterisks in patterns (d) and (e) mark
an unidentified contaminant peak. Indicated below each pattern are
the Le Bail refined peak positions of each phase, along those of the
pressure marker (Cu or Ta) and W gasket. These ticks are labelled
on the right, together with the pressure of each diffraction pattern
determined from the respective equations of state from Section 2.3.5.
As these patterns were obtained from different beamlines with varying
wavelengths, they are plotted in Q-space, see Section 2.2.2
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Diffraction patterns of the Rb-I through Rb-V phases. Note that in
all patterns some peaks have their intensities truncated to prevent
overlap with the subsequent pattern, and to make low-intensity
peaks large enough to see. Indicated below each pattern are the Le
Bail refined peak positions of each phase, along those of with the
pressure marker (Cu or Ta) and Re gasket. These ticks are labelled
on the right, together with the pressure of each diffraction pattern
determined from the respective equations of state from Section 2.3.5.
As these patterns were obtained from different beamlines with varying
wavelengths, their are plotted in Q-space, see Section 2.2.2
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Predicted oC16→hP4 Transition and Ultimate Compression
From Ref. [149], the transition from oC 16 to hP4 was predicted to occur at
251 GPa in K and 143 GPa in Rb. While both these pressures were exceeded by
the maximum achieved pressures of 321(9) GPa and 264(8) GPa in K and Rb
respectively, the oC 16→hP4 transition was only observed in Rb, at 204(6) GPa.
Rubidium While evidence of the dhcp (Pearson hP4, space group P 63 /mmc)
phase was visible in all Rb samples above 200 GPa, is was most clearly visible
in the sample probed by the sub-micron 850 nm × 850 nm beam at Petra-III.
However, as noted in Table 3.6 no pressure measurements were performed for
this sample. Therefore, the pressures quoted in this section are determined from
the atomic volume of the oC 16 phase and the equation of state shown in Table
3.8b.
Figure 3.10b shows a background-subtracted diffraction profile from the oC 16
phase at 189 GPa, along with a Rietveld profile refinement. The fit is in generally
excellent agreement with the observed pattern, apart from the region 2θ = 21.2°
where they differ slightly, with the fit only reproducing half of the observed peak.
To investigate this, the observed XRD pattern is shown in Figure 3.10a on a cake
plot. As mentioned in Section 2.2.6, variations in 2θ with δ are indicative of a
misalignment between the incident beam and the axis of uniform pressure, and
indeed this appears to be the cause of the misfit; the fit has only reproduced the
lower-angle peak and not the higher-angle one.
The refined lattice parameters at this pressure were a = 8.339(4) Å, b =
3
4.936(4) Å, c = 4.888(3) Å (V = 12.575(14) Å /atom), with atoms on the 8f and
8d Wyckoff sites of space group Cmca at (0,0.179(10),0.35(2)) and (0.206(9),0,0),
respectively. The atomic coordinates were unchanged over the full stability range
of this phase and are in excellent agreement with the theoretical values of
8f (0,0.1751,0.3271) and 8d (0.2149,0,0) [149]. However, the accuracy of these
values would be improved had the experiment been conducted under hydrostatic
conditions.
On pressure increase above 189 GPa, additional diffraction peaks appeared in the
diffraction profiles, as can be seen by comparing profiles (a) and (b) of Figure 3.11.
However, while the intensities of the new peaks increased with increasing pressure
(profiles (c) and (d) of Figure 3.11), peaks from oC 16-Rb were still observed at
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profile from Rb at 189 GPa, showing
there is some variation of 2θ with δ. The
the observed (crosses) and calculated
dashed line indicates 2θ = 21.2° where
(solid line) integrated XRD patterns. The
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Re gasket (Le Bail), and the difference
profile (lower line), are also shown. The
inset shows an enlarged view of the
2θ = 20 − 22.5° region where the fit and
observations differ slightly.

Figure 3.10

264(8) GPa, the highest pressure reached in this study before diamond failure.
The positions of the new peaks are consistent with those expected from hP4
which the ab initio DFT calculations of Ref. [149] had predicted would become
stable above 143 GPa at 0 K. This discrepancy of 61 GPa between the predicted
and observed transition pressure may be the result of temperature effects, but
may also result from the DFT calculations not accounting for the kinetic barrier
of the phase transition.
Although the mixed-phase nature of the diffraction profiles above 189 GPa
precluded Rietveld analysis, Le Bail refinement at 222 GPa (see profile (c) in
Figure 3.11) gave best fitting values of a = 8.2204(4) Å, b = 4.802(2) Å, c =
3
4.7907(17) Å, V = 11.796(9) Å /atom for the oC 16 phase and a = 2.5239(7) Å,
3
c = 8.324(7) Å, V = 11.48(11) Å /atom for the hP4 phase. There is thus a
volume discontinuity of 2.3(5) % at the oC 16→hP4 transition, similar to the
2.0(1) % volume decrease observed in the analogous oC 16→hP4 transition in Cs
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Figure 3.11 Background-subtracted
diffraction profiles obtained from Rb on
pressure increase above (a) 189 GPa,
where the sample is in the oC16 phase
(see Figure 3.10b). On pressure increase
to (b) 204 GPa the appearance of a
new peak (identified with an arrow in
(b) and (d)) marks the transition to
hP4. On further pressure increase to
(c) 222 GPa and (d) 232 GPa the peaks
from hP4 increase in intensity, but
peaks from oC16 were still visible at the
highest pressure reached, 264 GPa. The
tick marks beneath profile (a) show the
calculated peak positions of oC16 at this
pressure, while the tick marks beneath
pattern (c) similarly indicate those of
the oC16 and hP4 (dhcp) phases. The
pressures in this sample were determined
from the lattice parameters via the
equation of state determined from the
other samples. The peak marked with
an asterisk in profile (a) is from the Re
gasket.
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at 70 GPa [180].
At 264(8) GPa the refined lattice parameters of the hP4 phase are a =
2.5070(14) Å and c = 8.258(17) Å, and the shortest Rb-Rb interatomic distance
is then 2.507 Å. The lowest atomic volume achieved for the hP4 phase is
3
11.238(3) Å , and the reduced volume V /V0 = 0.12097(3), or 8.267(2)-fold
compression.
Potassium In the case of K, no clear transition to the hP4 phase was observed
even at the highest pressure reached (321 GPa), 70 GPa higher than the transition
pressure predicted by Ref. [149]. Once again, it appears that some additional effect
raised the transition pressure, but it remains to be investigated whether there is a
kinetic barrier to the transition, whether accounting for the temperature gives a
more accurate result, or if the reason is something else entirely. From the equation
of state fitted later in this section, the volume of the oC 16 phase at 100 GPa is
3
about 12.22 Å /atom, in moderate agreement with the volume predicted by Ref.
3
[149] at 100 GPa of 11.815 Å /atom. The same equation of state would predict a
3
pressure of 111 GPa from a volume of 11.815 Å /atom.
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Below 170 GPa the W-gasket’s (110) peak overlapped with the K (112), (220),
and (202) peaks, making Rietveld refinement impossible. However, Rietveld
refinements performed on oC 16 patterns (space group Cmca) in the range
170-275 GPa resulted in atomic coordinates at Wyckoff sites 8f and 8d of
(0,0.189(5),0.31(6)) and (0.25(3),0,0) respectively. These were in worse agreement
with theoretical values of 8f (0,0.1751,0.3271) and 8d (0.2149,0,0) [149] than the
results of Rb, but all within 3σ.

Intensity (arb. units)

The XRD pattern of K at 321 GPa shown in Figure 3.12, with the oC 16 (K-VI)
phase clearly visible despite the strong W peaks from the gasket. A Le Bail fit
yielded lattice parameters a = 7.309(3) Å, b = 4.3299(11) Å, c = 4.3136(8) Å.
3
The resulting volume V = 8.53(7) Å /atom constitutes a V /V0 = 0.112 or a 8.93fold compression ratio. Assuming that the atomic coordinates do not significantly
change from 275-321 GPa, the nearest neighbour distance 8f − 8d is 2.39 Å. The
XRD pattern in Figure 3.12 also contains several unidentified features which
are highlighted with asterisks in the enlarged view shown in Figure 3.13. These
cannot be explained by either the oC 16 or hP4 phases, but are too weak to
reliably conclude that they are due to a reaction or a hitherto unobserved phase
of K.
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Figure 3.12

The highest-pressure background-subtracted XRD pattern (solid
line) obtained from K at 321 GPa, using an exposure time of 300 s.
The difference between the Le Bail fit (crosses) and the observed
pattern is shown below as a dashed line. Tick marks below the
pattern indicate the Le Bail-refined peak positions from the oC16
phase and the bcc pattern from the W-gasket, as well as peaks
consistent with the predicted hP4 phase.
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Figure 3.13

At 321 GPa, the integrated background-subtracted XRD pattern
(solid line) of K exhibited a number of unidentified peaks which
could not be accounted for by either the oC16 or the hP4 phases,
nor by the W gasket. Discrepancies between the Le Bail fit (crosses)
and the observed pattern are indicated by asterisks. The tick marks
below the pattern indicate the positions of the oC16-K and W peaks,
as well as peaks consistent with the predicted hP4-K phase. The
arrows indicate the (100) and (102) of the hP4 phase, which are
the peaks most clearly separated from the preceding oC16 phase.

Arrows indicate two very weak diffraction peaks which are consistent with the
predicted hP4 phase with lattice parameters of a = 2.31 Å and c = 7.28 Å,
3
entailing a volume of V = 8.41 Å /atom which is 1.4 % below the V =
3
8.53(7) Å /atom of the oC 16 phase. This would make the volume decrease
consistent with the 2.3(5) % and 2.0(1) % decreases seen in the oC 16→hP4
transitions of Rb and Cs, respectively. Thus, this may signify the onset of the
oC 16→hP4 transition, but higher pressures are required to confirm this.

Compression Curve
The complete compression curves of K and Rb are shown in Figures 3.14a and
3.14b. The unusually high compressibility of these metals is evident, with even the
initial bcc→fcc phase transition at 11.6 GPa and 7.6 GPa, respectively, occurring
at reduced volumes of V /V0 < 0.5. Plotted together with the compression curve
of K are compression data of calcium (Ca) [181] and scandium (Sc) [182], and
similarly, the compression curve of Rb is plotted together with that of yttrium
(Y) [183]. As noted in Section 3.1, for materials undergoing changes in electronic
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Figure 3.14

Compression data of (a) K and (b) Rb. In both (a) and (b)
the uncertainties on the volume, and those on the pressure below
100 GPa, are smaller than the symbols used to plot the data and
have been omitted. The uncertainties in pressure above 100 GPa,
as determined from the diamond edge scale, are ±3 % [78–80].

structure it is known that the atomic volume and compressibility of a lower-Z
metal can tend towards that of its neighbour in the next group. By analogy
then, one would expect the compressibility and atomic volume of K (Z = 19) to
approach the behaviour of its closest neighbours Ca (Z = 20) and Sc (Z = 21).
Similarly, the compression curve of Rb (Z = 37) ought to approach the behaviour
of strontium (Sr, Z = 38) and Y (Z = 39). Since experimental compression data
for Sr only exist up to 75 GPa [184], we will focus the discussion here on Y which
has recently been studied up to 180 GPa [183].
This volume convergence was observed for both K and Rb, though more clearly
in Rb. Considering first the K compression data of Figure 3.14a, the Ca
compression curve largely runs parallel to that of K, indicating a convergence in
compressibility if not atomic volumes. In particular, the fcc→tI 19* transition’s
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volume discontinuity prevents alignment at low pressures. It is only at 125 GPa,
following the Ca-III→Ca-IV transition accompanied by a 4 % volume change that
3
the curves align at an atomic volume of 11.7 Å /atom. The Sc data only continues
up to 76 GPa, so it is more difficult to draw conclusions regarding its alignment
with the K compression curve. However, it appears that the volumes converge
following the oP8→oC 16 transition in K at 100 GPa.
Regarding the compression data of Rb and Y in Figure 3.14b, the curves differ
significantly at low pressures, as reflected in their very different zero-pressure
atomic volumes and bulk moduli (2.5 GPa and 47 GPa, respectively). However,
at 30 GPa, within the tI 4 phase, the atomic volume of Rb and Y not only
3
become the same (22.1 Å /atom), but they then remain the same up to 100 GPa,
where Y undergoes a 1.8 % volume change at its hR24→oF 16 transition which is
accompanied by a change in the electronic structure and compressibility [183].

Equations of State
The compression data of K and Rb along with equation of state fits are shown
in Figure 3.15. As previously noted, the low-pressure data of K and Rb were
fitted with second-order Vinet equations of state which accurately represent the
behaviour of the bcc phase. However, subsequent phases deviate strongly from the
extrapolated Vinet equation of state. For this reason, the entire pressure range
cannot be fitted with a single equation of state. Indeed, this becomes particularly
palpable when examining the linearised data of these two elements.
While the irregularities of the low-pressure phases (I-IV in both K and Rb) made
it impossible to fit an equation of state to all of them, it was found that the
tI 4 & oC 16 phases of K, the tI 4 & oC 16 phases of Rb, and the hP4 phase
of Rb could each be described by AP1 equations of state. The parameters for
these fits are shown in Table 3.8. Note that only the bulk moduli K0 were fitted
to the high-pressure data, while the ambient volumes were fixed to the values
determined from the low-pressure Vinet equations of state from Table 3.5. The
volume discontinuity at the oC 16→hP4 transition in Rb necessitated a separate
equation of state fit for the hP4 phase.
The AP1 equations of state fitted to the tI 4 & oC 16 phases accurately describe
the behaviour of K and Rb above 100 GPa and 30 GPa respectively, up to the
maximum pressure observed in each element. The initial volume V0 was fixed at
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(a) K

Phase(s)

Form

P (GPa)

bcc
tI4 -oC 16

Vinet
AP1

<7
100-300

V0 (Å3 /atom) K0 (GPa)
76.10(3)
76.1

K00

3.15(10)
4.1(2)
0.256(2) 7.537(7)

(b) Rb

Phase(s)

Form

bcc
Vinet
tI 4-oC 16 AP1
hP4
AP1

P (GPa) V0 (Å3 /atom) K0 (GPa)
<7
30-264
207-264

92.9(4)
92.9
92.9

K00

2.46(3) 4.13(4)
0.15(3) 7.66(15)
0.135(8) 7.76(4)

Table 3.8 The parameters of the Vinet and AP1 equations of state fitted to (a)
K and (b) Rb data. For the high-pressure fits to the tI4, oC16, and
hP4 phases, the ambient volume (V0 ) was fixed to the value obtained
from the Vinet fit to the bcc phase while K00 was calculated from the
values of Z, V0 and K0 . The ambient bulk moduli K0 for the tI4,
oC16, and hP4 phases are not physically meaningful, but serve to
model the compression data in the stated pressure ranges.

the ambient volume for both of these elements, because the strong correlation
between V0 and K0 in the AP1 form makes free refinement of both parameters
difficult. Trial solutions with V0 fixed at the atomic volumes of K and Rb at
100 GPa and 30 GPa, respectively, did not yield good fits. It should however be
noted that the AP1 bulk moduli stated in Table 3.8 are not physically meaningful,
but serve as useful parameters to model the P −V data of K and Rb in the stated
pressure domains.
In the insets of Figures 3.15a & 3.15b, the respective low-pressure Vinet equations
of state are plotted as well, showing that these overestimate the atomic volumes
of phases beyond K-II (fcc) and Rb-I (bcc). In tI 19*-K, this is due to the volume
discontinuity at the fcc→tI 19* transition. In Rb, the divergence is because the
fcc phase is more compressible than expected from the Vinet equation of state.
Considering the AP1 fits, the bcc phase in both elements is less compressible than
modelled by the equations of state, but the volume collapse of the tI 19*-K phase
and increased compressibility of the fcc-Rb phases and beyond results in the data
and the fitted equations of state converging above 100 GPa in K and 30 GPa in
Rb.
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Compression data of (a) K and (b) Rb up to 321(8) GPa and
264(8) GPa (symbols) and the best-fitting AP1 equations of state
(solid line) to tI4 and oC16 phases, the parameters of which are
given in Tables 3.8a & 3.8b. A simple equation of state accurately
captures the compression behaviour of K above 100 GPa and Rb
above 30 GPa. The insets show enlarged views of the data and AP1
fit up to 125 GPa and 40 GPa, as well as the Vinet fit to the bcc
data (dotted line) and compression data of Sc [182] and Y [183]
for comparison (dashed lines).

Linearisation
Now that the ambient volumes, compression curves, and phase transitions of K
and Rb have been established, consider the linearised compression data shown
in Figure 3.16. While the complexity of the phases above the fcc phase has been
mentioned, it is obvious how irregular the behaviour of these phases truly is.
Recalling that linear behaviour is the norm, it is clear that both K and Rb
deviate strongly from this, showing both downwards turns (softening) and upward
turns (hardening). What is perhaps even more significant is that this irregular
behaviour disappears shortly after the transition to the tI 4 phases (K-V) and
(Rb-V). Within these phases, there is a marked shift beyond which both K and
Rb behave like ‘simple’ materials using the APL classification system described
in Section 2.3, being well-described by an AP1 equation of state.
In the ultra-low pressure domain (<0.5 GPa), the highly non-linear nature of
ηAP L yields significant uncertainties even though ∆P/P < 1%, due to the
uncertainty on the ambient volume V0 having a significant impact. This makes
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Linearising the compression data of (a) K and (b) Rb enables more
detailed analysis of the changes in behaviour. Filled symbols at data
reproduced from other studies of K [127, 129] and Rb [155, 152, 47].
The dashed lines are Vinet fits to the bcc phase of both elements,
and the solid lines are AP1 fits. The inset in (b) is an enlarged view
of the region 115-295 GPa to show the oC16→hP4 phase transition
in Rb.

the linearised behaviour difficult to interpret below P = 0.5 GPa (x > 0.99),
particularly for Rb. However, above this, the bcc phase exhibits linear behaviour
in both K and Rb, although with a non-ideal gradient and without the correct
limiting behaviour of limx→0 ηAP L (x) = 0. The transition to the fcc phase marks
a clear shift in compressive behaviour; in K this results in a flattening of the
ηAP L − x curve, while in Rb it is even more pronounced as ηAP L (x) begins to
decrease with pressure, a trend that continues monotonically in the oC 52 and
tI 19* phases.
Recall that such a flattening or downward turn of ηAP L (x) signifies a softening or
reduction in stiffness relative to that observed in the bcc phase. In practice, this
means that the atomic volume is decreasing more rapidly than it was in the bcc
phase, as already demonstrated with reference to the Vinet fits in Figure 3.14. In
this view, the reduction in volume of the fcc phase in K can be thought of as a
prelude to the volume discontinuity at the fcc→tI 19* transition.
Following the host-guest tI 19* phase, the transitions to the oP8 phase in K and
tI 4 phase in Rb do not themselves mark a change in the compressive behaviour.
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However, starting at 60 GPa (x = 0.5) in K and at 25 GPa (x = 0.65) in Rb,
within the oP8 and tI 4 phases, there is a marked change in compression such
that above 100 GPa in K and 30 GPa in Rb, these elements both exhibit linear
compressive behaviour.
Recalling the definition of an ‘ideal’ material in the APL classification system
presented in Section 2.3, one can compare the fitted bulk moduli K0 of K and Rb
with the ideal values. From the equations of state shown in Table 3.8, the ambient
bulk modulus K0 of the oC 16 phase in K is 0.256 GPa, a factor of 3.7 removed
from the ideal value 0.95 GPa, and in Rb K0 is 0.165 GPa, approximately a factor
of 2 smaller than the ideal value 0.34 GPa. Thus, the behaviour of both of these
elements can be classified as ‘simple’ but not ‘ideal’. Note lastly that the intercept
of the AP1 equation of state is fixed at ηAP L (x = 0) = 0; a good fit using an
AP1 equation of state thus shows that K and Rb tend towards the theoretical
limit of a Fermi gas, as expected from the APL theory.
In the case of Rb, the shift towards simple behaviour occurs at 30 GPa, the
same pressure at which the compression curves of Rb and Y meet (see Figure
3.14b). This is in line with DFT results which show that the s-character of the
electronic wave functions begins to decrease in Rb at 20 GPa, with the d-character
correspondingly increasing [148]. These changes accelerate with pressure up to
27 GPa, after which the band hybridisation slows but continues up to at least
40 GPa. Our data thus support the conclusion that the s-d charge transfer is
most apparent in the range 20 to 30 GPa, beyond which the dominance of the
d-bands cause Rb to behave more like a ‘simple’ material.
The study by Woolman et al. [148] confirmed that this transfer occurs in K as well
but at higher pressures; while only conducted up to 40 GPa, it was determined
that the s-character of the electronic wave function began to decrease at 35 GPa,
accompanied by a strengthening of the d-character. If K acts analogously to Rb,
our findings in Figure 3.16b would suggest that this s-d would accelerate up
to 70 GPa and be largely complete by 100 GPa when K becomes orthorhombic
in the oC 16 phase. Both K and Rb continue to exhibit the compressibility of
a simple material up to the highest pressures reached in this study (264(8) GPa
and 321(8) GPa respectively). While in Rb both the oC 16 and hP4 phases coexist
above 204 GPa and both are plotted in Figure 3.16b, neither shows a divergence
from linear behaviour implying that there are no significant changes in electronic
structure at the transition between them.
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The linearity of the compression data in Figure 3.16 at high pressures means
that extrapolation to higher pressures is straightforward and we estimate that
pressures of ∼500 GPa and ∼530 GPa are required to reach 10-fold compression
in K and Rb, respectively. The linear behaviour exhibited by K above 100 GPa and
by Rb above 30 GPa in Figure 3.16b supports the view that simple compressive
behaviour is seen in elements that either do not undergo pressure-induced changes
in their electronic structure (such as Cu and Au) or in elements that do undergo
such changes but only once they are complete, such as we have recently reported
in Sm and Y where linear behaviour was observed above 65 GPa and 100 GPa,
respectively [52, 183].

3.2.4

High-Temperature Investigations

Although this work primarily deals with experiments conducted at room temperature, high-temperature studies of K and Rb were attempted in the spring
of 2019 at the Diamond Light Source (DSL). The motivation for these studies
were the highly pressure-dependent melting curves of the alkali metals [185–
187]. Particularly in Rb, the features of the melting curve have been attributed
to liquid-liquid phase transitions [188, 189]. Ab initio molecular dynamics
simulations have indicated that compression in the liquid phase will result in
spatial localisation of valence electrons in the liquid phase [190], similar to the
electride structures seen in the solid phases of other alkali metals. Ref. [190] also
predicts that the charge localisation should cause a transition at 12.5 GPa from a
pure metallic liquid towards a less metallic dense liquid, as has been observed in
Cs [191]. Our ambitions were to investigate the behaviour of the melting curves of
K and Rb above 20 GPa and 25 GPa to examine what features might emerge and
whether these and additional phase transitions could be observed. Beamline I15
at the DLS was configured with a 0.4246 Å wavelength and a 20 µm × 20 µm beam
size, with the sample placed 299 mm from the MAR345 image-plate detector.

Methodology
In general, two primary methods of heating samples in DACs are commonly
employed on synchrotron beamlines: laser heating and resistive heating. Laser
heating is in essence the illumination of the DAC sample by a focused laser
beam, imparting thermal energy on a very small area (See Ref. [192] for a review
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(a) DAC mounted in vacuum vessel base

(b) Heating assembly mounted on beamline
I15 at DLS.

Figure 3.17

of this method).
The studies discussed here employed exclusively resistive heating since the
facilities at the DLS were well-suited for this and the research team had achieved
good results with this approach in the past. While this meant that temperatures
were limited to at most ∼1000 K, the alkali metals’ melting curves fall well below
this temperature [185–187]. The resistive heating apparatus is pictured in Figure
3.17 and consists of a coil, which is placed around the cell and resistively heated,
in turn heating the cell and the sample within.
The cell is insulated from the metallic base by ceramic spacers in white. The base
contains pass-through connectors for the gas membrane, thermocouple, and the
resistive heating coil, thus making the vacuum vessel quite modular and moveable
even when sealed. Once sealed, the entire vacuum vessel was placed in the path
of the x-ray beam, and the water cooling, thermocouples, gas membrane supply,
vacuum pump, and power for the resistive heating coil are connected.
The temperature of the sample was determined with a thermocouple, which is a
device consisting of two different conductive materials connected at a junction in
such a way that when heated there arises an electric potential difference along the
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portions of the device experiencing a temperature difference [193]. This voltage
rises proportionally to the temperature, and once calibrated can be used as a
temperature probe together with a simple voltmeter. As such, a thermocouple
was attached to the body of the DAC very close to the sample itself such that
the cell, sample, and the probe portion of the thermocouple would be in thermal
equilibrium. The remainder of the thermocouple wire was insulated from the cell
body and the heating coil by a series of ceramic cylinders.
The entire setup including the cell, thermocouples, heating coil and membrane
were subsequently placed inside a vacuum vessel for two reasons: firstly, placing
the cell in a vacuum limits heat loss to the atmosphere around the cell, and
secondly, the presence of oxygen around the cell would result in oxidisation
and potentially combustion. Despite being insulated from the cell by ceramic
spacers and a vacuum, the vacuum vessel itself does absorb a significant amount
of heat from the cell and is water-cooled to mitigate this. Lastly, note that the
setup required the use of piston-cylinder DACs as opposed to the BA DACs
used elsewhere in this thesis. The reason for this is that piston-cylinder cells can
be compressed remotely using a gas-driven membrane, rather than the manual
tightening of screws that is necessary for BA DACs (see Figure 2.17) since access
to the cell is of course prevented by the vacuum vessel. Note that this arrangement
results in far slower heating than does the laser heating method outlined above;
the energy is being applied externally by the heating coil wrapped around the
outside of the DAC as opposed to directly. This in turn means that once the
current in the heating coil is increased, there is a delayed temperature response
in the sample. On the other hand, this also means that the temperature can
be held constant for extended periods, should one wish to collect longer x-ray
exposures or maintain a liquid state.

High-Temperature Results
Unfortunately, samples of K and Rb all reacted or were otherwise lost before 600 K
were reached, preventing closer examination of the melting curves. It remains
unclear what reaction occurred but whatever remained in the sample chamber
was not crystalline and therefore could not be probed with XRD methods. An
image of a lost Rb sample is presented in Figure 3.18, showing the culet and
sample after the experiment was concluded.
Though the target temperatures of 600 K were not reached and all samples reacted
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Figure 3.18 An optical microscope image of the 300 µm culet with the formerly
Rb sample appearing as a dark mass
in the centre. Note that this mass was
slightly translucent and amorphous. It
was not possible to identify the structure
or constitution of the final sample. The
piece of Ta foil pressure marker is visible
in the upper left of the sample chamber.

shortly before or after melting, the higher temperature did permit the observation
of the often elusive low-pressure hP40 phase in K (space group P 63 /mmc) at
P = 30 GPa and T = 434 K (see Table 3.9 for Le Bail refined lattice parameters).
This phase had previously been observed between 25-35 GPa [156], in the same
range as the host-guest tI 19* phase which is stable in the range 20-54 GPa. It is
not known which of these phases is the ground state in this range [148], indeed
Ref. [156] only observed this phase in a third of samples. Our study similarly
only observed this phase at temperatures between 325-434 K, and only coexisting
alongside the tI 19* phase.
An XRD pattern containing peaks from the hP40 phase is shown in Figure 3.19,
where the peaks from the hP40 phase are clearly visible, though far weaker than
the peaks from coexisting the tI 19* phase. Note that in this temperature range
the guest component is “melted" [187], meaning that the guest chains have lost
long-range order and therefore do not diffract as a crystal. For this reason, only
the host component is visible, though it remains labelled as tI 19* for simplicity.
The (110) peak of W is truncated to make the lower-intensity K-peaks visible.

Phase Space Group a (Å)
tI 19*
hP40

I4/mcm
P 63 /mmc

9.52
4.18

c (Å)

V (Å3 )

4.55
5.68

25.79
20.57

Table 3.9 Le Bail refined lattice parameters of the hP40 phase and the host
component of the tI19* phase of K at 434 K and 30 GPa.

92

Intensity (arb. units)
hP4'
tI19*
W
Ta

10

15

20

2-theta (°)

Figure 3.19

3.3

The observed diffraction pattern (solid line) and the refined pattern
(dashed line) of K at 434 K and 30 GPa. The tick marks below the
pattern indicate the Le Bail refined peak positions from the hP40
phase and host component of tI19* phase of K, the W gasket, and
the Ta pressure marker.

Summary

To conclude, this chapter has presented experimental investigations into Mg,
Al, K, and Rb using conventional DACs with bevelled anvils, most with 30 µm
culets. In Section 3.1, experiments on Mg extended the compression curve and
equation of state of the element by 87 GPa up to 301 GPa. The bcc phase was
found to remain stable up to the highest pressure, and the high quality of the data
enabled the fitting of an equation of state. The investigation of Al confirmed the
fcc→hcp phase transition and determined that it begins at 183 GPa, with mixedphase XRD patterns being observed up to the maximum pressure of 244 GPa.
An equation of state was fitted using data from this study, as well as data from
Akahama et al. [142] and Dewaele et al. [70], to create a reliable equation of state
for future investigations.
In Section 3.2, the alkali metals K and Rb were investigated up to 321 GPa and
264 GPa, respectively, in an attempt to test the prediction of the oC 16→hP4
phase transition. It was found that this begins at 204 GPa in Rb and the transition
was not complete at the highest pressure of 264 GPa, where XRD peaks from both
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the oC 16 and hP4 phases where observed. In K, no conclusive evidence of the hP4
phase was observed at 321 GPa, and further investigations at higher pressures are
required to confirm whether this phase does indeed exist.
Remarkably, it was determined that both K and Rb behave like simple materials
above 100 GPa and 30 GPa, respectively, with the compression curves welldescribed by AP1 equations of state. In this view, it seems that the complex
behaviour observed in low-pressure phases of these elements ceases shortly before
the transition to the oC 16 phase.
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Chapter 4
Toroidal Diamond Anvil Cells
As discussed in the preceding chapter, conventional DACs with bevelled anvils
can be used to achieve pressures in excess of 300 GPa even on reactive metals
where loading is non-trivial. However, conventional DACs rarely achieve pressures
above 300 GPa [36], with 400 GPa reported to be the limit of the conventional
DAC [194]. This limit is not due to the intrinsic stress limit of the single-crystal
diamonds, but rather by large strain at the culet [194]; indeed, the diamond
phase of carbon is calculated to be stable up to 1 TPa [195]. To circumvent this
challenge and achieve pressures above 400 GPa in a DAC, two alterations of the
conventional design are currently in use: the double-stage DAC and the tDAC.

4.1

The Double-Stage DAC

Whereas a conventional DAC consists of two opposing diamonds with flat or
bevelled culets, a double-staged DAC augments this design by inserting an
additional pair of secondary micro-anvils between the culets. See Figure 4.1
for an implementation of this, where the secondary anvils consist of two
hemispheres made from exceptionally hard nanocrystalline diamond. The sample
is subsequently placed between the second-stage anvils before the entire setup is
closed and the sample compressed.
This assembly has been used to achieve pressures in excess of 600 GPa on Re
& Au [101]; Os, Pt & W [196]; and in 2016 was used in an experiment on Au
to generate static pressures of 1000 GPa for the first time [197]. However, there
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Figure 4.1

Schematic of the double-stage diamond anvil, which utilises two
nanocrystalline diamond hemispheres which are assembled in
opposition with a sample placed between them. These hemispheres
are about 20 µm in diameter, with the 3 µm diameter sample placed
on top of the bottom hemisphere. The figure is reproduced from
Ref. [197] and is not to drawn scale.

are serious challenges to putting this approach into practice. Given the minute
contact area of the hemispheres the sample diameter has to be similarly small, in
this case having an initial diameter of only 3 µm. The precision and care needed
to first align the anvils to ensure that the hemispheres’ tips indeed meet and
subsequently placing the sample between them requires extraordinary care.
Furthermore, since the analysis ultimately depends on an x-ray diffraction signal
scattered from the sample, the incident x-ray beam has to be proportionately
small. Few synchrotrons have the facilities to provide this, prohibiting widespread
adoption of this approach.

4.2

Toroidal Diamond Anvil Cells

A tDAC on the other hand consists of a basic diamond anvil design but with one
or several toroidal recesses etched into the diamond, as shown in Figure 4.2. Note
that while the term ‘toroid’ is not applied according to any strict mathematical
definition, a toroid is a surface of revolution of some curve around an axis which
does not intersect the curve, i.e. it has a hole in the middle [198]. This curve
need not be smooth, though for the simplest toroid, the torus, the curve is
a circle. Toroidal anvils (note, not necessarily diamond anvils) were originally
developed for use in large-volume presses (see Ref. [199] and references therein)
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tb]
Figure 4.2

SEM image of a milled toroidal diamond anvil. This was milled
according to the design of Jenei et al. [201] and used in a Rb
experiment in Chapter 6. The culet is 10 µm in diameter, the concave
part of the toroid extends out to 20 µm from the culet centre, and
the flat ‘shoulder’ is an additional 9 µm wide, resulting in the overall
feature being ∼60 µm in diameter.

and remain in use for neutron diffraction experiments [200]. The application to xray diffraction experiments is quite recent, however, beginning in the last decade
with the work of Jenei et al. [201] and Deweale et al. [202].
There are several variations of tDAC, some of which are shown in Figure 4.3. In
some designs, notably that of Jenei et al. [201], the outer edge of the toroid ends
in a flat section called the ‘shoulder’ which runs until the bevel. Once again, note
that the curve formed by the toroid need not be smooth.
While this design has been used to reach pressures in excess of 500 GPa [204, 205,
201], the function of the toroid remains contested. It is likely that its efficacy is
due to a combination of the following factors:
• A toroidal anvil will have a very small culet, typically around 10 µm, and
the high pressures achieved could simply be attributed to the reduction of
the culet area. This would particularly be the case if the culet edges were
significantly smoothed as proposed by Ref. [201], containing fewer toroidal
features.
• Under high pressure, diamonds undergo large deformation to the point that
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Various toroidal designs exist with some shown above as developed
by Jenei et al. [201], Dewaele et al. [202], and Burrage et al. [203].
All share a circular ‘toroid’ indicated by the dashed outline, but the
depth and symmetry of these vary significantly.

diamond culets and bevels will tend to become concave [206, 207, 194]. Li
et al. found that at 400 GPa a 20 µm diameter culet can ‘cup’ such that
the culet edges protrude 0.9 µm beyond the culet centre, and the outer
bevel edges can deform ∼40 µm to become level with the culet. Figure 4.4
illustrates this cupping and highlights the potential for anvil failure should
the opposing culets or bevel edges come into contact. It may be that the
success of the toroidal DAC lies in the lowering of the culet edge, delaying
the point at which plastic deformation causes the anvils to come into
contact.
• As originally intended, the toroid prevents outward flow of the gasket and
indeed, this effect may be strengthened by the anvils cupping. In addition to
containing the sample, the containment of the gasket also provides inwards
radial support to the culet which ought to delay anvil failure. However, this
support comes at the expense of outwards radial stress on the outer edge
of the toroid.
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The thickness of the gasket can be estimated by measuring the x-ray
transmission while moving the sample perpendicular to the beam.
The lower scan shows the 30 µm culet and the 14 µm diameter sample
which appears as a region of high transmission (the sample here
was K whereas the gasket was W), with the pressure here being
8 GPa. The upper scan shows the deformation of the same culet at
295 GPa, where its edges are at approximately the same transmitted
intensity as the sample itself. This tends to indicate that failure will
shortly occur. Note also that the sample diameter has shrunk under
compression to ∼5 µm.

Focused Ion Beam Milling

The features of a toroidal anvil are created using a focused ion beam (FIB),
where a beam of ions, usually gallium (Ga+), is incident on the diamond surface.
If the energy absorbed by the surface atoms during this bombardment exceeds the
surface binding energy, the atoms are sputtered and ejected from the diamond
[208]. The transfer of ion momentum and energy to the surface occurs either
through ion-electron interactions which result in ionised atomic cores and the
ejection of electrons and radiation from the surface, or ion-atom interactions
which can displace or sputter atomic cores.
This process can be modelled as a collision-cascade [209] where the ion bombardment results in a series of independent collisions, each of which can displace
or eject a target particle. In the former case, a displaced atomic core (ionised
or neutral) has the potential to further interact with the lattice. This process
continues until the total momentum of the incident ion has been converted into
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Figure 4.5 A Ga+ ion incident on a lattice will dislodge
and ionise the target atoms in
a collision cascade. This figure
describes the milling of silicon
which is a common application of FIB milling in the
semiconductor industry. While
the effect of ion incidence on
a solid surface is non-trivial,
open-source software exists based
on Monte Carlo simulations
which estimates ion penetration
depth and the resulting sputtering [210]. Figure reproduced
from Ref. [211].

atomic displacements or particle ejections. Figure 4.5 shows a typical collision
cascade of a Ga+ ions incident on silicon, highlighting the characteristic emission
of particles, delocalisation of atoms in the lattice, and embedding of the ion.
By scanning the ion beam across a solid surface, intricate patterns can be milled
including toroids. There are several parameters influencing the milling process
such as incidence angle, scan pattern, dwell time, and beam current to name a
few. The reader is referred to Ref. [208] and references therein for an exhaustive
discussion of these parameters.
From discussions with colleagues and in-house experimentation, it appears
preferential to use a perpendicular beam, a raster scan pattern i.e. sequentially
moving the ion beam horizontally akin to how a computer monitor is refreshed,
a dwell time of 1 µs and a beam current on the order of 10 nA.
While FIB milling provides a precise way to create toroids, it also inevitably
causes ion implantation. The incident ions penetrate the surface and remain
irretrievably implanted. However, it appears as though these ions do not
significantly compromise the durability of the anvil, perhaps owing to the shallow
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penetration depth which is generally on the order of 10 nm [211]. There is no
known way to avoid these FIB artefacts but it appears plausible that the amount
of FIB milling should be reduced where possible.

4.4

Milling in Practice

The toroidal diamonds used in the experiments detailed in this work were milled
with the University of Edinburgh School of Physics and Astronomy’s in-house
FIB milling facilities, consisting of a Zeiss 550 Ga+ ion system. The diamonds
were originally BA-type IIa with 30 µm culets, bevelled to 300 µm at 8.5°. These
were subsequently milled according to a bitmap which was loaded into the FIB
milling software SmartFIB. A sample bitmap is shown in Figure 4.9a and is in
essence a 2-D matrix with position coordinates (x, y) and milling depth (z), where
the milling depth is a value between 0 and 255 in accordance with standard image
encoding formats (in this case .bmp).

4.4.1

Depth Calibration

The depth resulting from the milling procedure is a function of the exposure time,
the material, and the ion current and voltage. However, since the bitmap input
can only describe the milling depth at any point as a value between 0 and 255,
a calibration is needed to translate the bitmap magnitude into a milling depth.
Common FIB milling target materials such as silicon (Si) have well-established
calibrations, but no such calibration was readily available for diamond. It was
therefore decided to use a predefined Si milling template with the milling depth
adjusted to the increased hardness of diamond.
In order to calibrate the Si-depth against the diamond-depth, a series of ‘ramps’
were milled into a diamond as shown in Figure 4.6. These ramps were milled
from bitmaps with depths ranging linearly from 0 to 255 and the Si-depth was
adjusted as the independent variable. The beam voltage and current were fixed
at 30 kV and 7 nA. Note that these values were then kept fixed when milling the
tDAC itself. The resulting relationship is shown in Figure 4.7, demonstrating a
clear linear function between the Si-depth and the resulting diamond-depth. It
turns out that diamond is 7.61(12) times more resistant to FIB milling than Si.
In practice, this means that for a bitmap value of 255, a Si template depth of
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Figure 4.6 A ramp milled in diamond
with a Si-depth of 25 µm, resulting in a
2.8(1) µm depth in diamond. The uncertainty here was gauged by eye, and the
measurement was made using software
tools (see the two horizontal white lines in
the image). These measurements enabled
the plotting and calibration shown in
Figure 4.7.

7.61 µm results in a 1 µm depth in diamond.

4.4.2

Milling Bitmaps

The milling bitmaps were constructed as follows:
1. Create a 2D matrix representation of the unmilled diamond surface.
2. Create a 2D matrix representation of the desired final diamond profile.
3. Calculate the difference between these to obtain the milling profile in realspace.
4. Translate the real-space milling profile into a bitmap using the calibration
above.
Cross-sections of these three profiles are shown in Figure 4.8. Using a Python
code included in Appendix B, these bitmaps can be constructed to an arbitrary
precision for any toroidal profile. While higher precision is of course generally
better, there is a balance to be struck since a higher-resolution profile results in
far longer mill times on our system. Furthermore, we experienced software crashes
when attempting to load bitmaps larger than 2 MB. As such, milling precision
of 0.1 µm was generally used, resulting in a roughly 1 MB bitmap. Bitmaps with
0.05 µm precision have been constructed as well, which result in a roughly 4 MB
file size. Milling times for typical 80 µm × 80 µm bitmaps at 0.1 µm resolution
were 2-3 hours, depending on mill depth.
Note that an important step is the modelling of the unmilled diamond; one
cannot assume that manufacturing defects are negligible and indeed, diamonds
with advertised 30 µm culets are generally in the 28-35 µm range. As such, all
diamonds were measured to a precision of 1 µm using an optical microscope prior
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A plot of the Si calibration depth again the resulting milled depth in
diamond reveals a simple linear relationship. The fitted curve was
fixed at the physically required value f (0) = 0 and the gradient was
found to be m = 0.131(2) with R2 = 0.998.

to bitmap construction. The desired toroidal profiles were constructed by hand
using polynomial splines, with an example shown in Figure 4.8.
An additional consideration when milling diamonds or any other electrostatically
non-conductive material is the effect of charge build-up. Given the long mill
times, the continuous bombardment of ions and ejection of electrons will result in
charged particles accumulating on the diamond surface which in turn results in
a deflection of incoming ions and degradation of the milling accuracy. Therefore,
the diamond (excluding the milling area) was coated in conductive graphite paint
as shown in Figure 4.9b. This was found to greatly reduce the charge build-up on
the diamond surface, without obstructing the milling itself. The paint itself was
applied by hand and was easily washed away using acetone after the milling was
complete.
As mentioned, milling times for a typical toroidal diamond anvil ranged from
2-3 hours. On this timescale, the stability of the FIB instrument can begin to
falter and while the room it is housed in is carefully temperature-controlled, it
is not uncommon for the sample stage to drift over time. To mitigate this, the
milling software included a stabilisation feature whereby a cross was milled at
some arbitrary point outside the milling area. The relative position between the
cross and the bitmap was locked in prior to milling, and the movement of the
sample stage was monitored and corrected using image tracking with the cross
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The original diamond profile (solid), the final desired profile (dashed)
and the milling profile (dotted) are shown as viewed from the side,
looking parallel to the culet. In this case, a toroidal feature of radius
60 µm was milled into a diamond with a 29.2 µm culet. The depth
of the toroid was 2.9 µm, but note that the horizontal axis is vastly
larger than the vertical axis in order to make the features of the culet
visible. In actuality, the depth of the toroid is an order of magnitude
smaller than the culet width, shown more clearly in Figure 4.9b.

as a reference. However, to avoid milling the reference cross into the diamond,
a layer of platinum with a thickness of 0.75 µm was deposited on top of the
conductive paint and the cross was milled into this square. It worked very well
and no distortions from drifting were observed.
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(a)

(b)

Figure 4.9

4.5
4.5.1

A sample bitmap (a) and SEM image of the final milled diamond (b).
In (b), the graphite coating, which reduces charge accumulation, is
appears as a coarse surface surrounding the culet. In the upper right,
the square platinum deposition and the milled reference cross used
to track and mitigate stage drift is visible. This particular diamond
was used in a Rb high-pressure experiment as described in Chapter
6.

Implementation for Synchrotron Experiments
Pre-Indentation

As described in Section 2.4, in a conventional DAC experiment the cell’s diamonds
would first be aligned and subsequently used to indent a gasket of suitable
material to the desired thickness. However, since gaskets are typically fashioned
from metal pieces between 200-300 µm thick, and a typical gasket thickness for an
experiment with 30 µm culet diamonds is about 5-10 µm, the diamonds have to
displace a significant amount of material before the desired thickness is reached.
This requires the anvils to do work, with pressures during indentation typically
reaching 20-30 GPa. While generally not a consideration, in the case of toroidal
diamonds it is prudent to avoid applying any pressure on the diamonds prior
to the experiment itself. To this end, the bulk indentation of the gasket was
performed with a separate pair of diamonds to protect the pristine toroidal anvils.
The diamonds in this ‘indentation cell’ must have culets corresponding roughly
to the size of the overall toroidal ‘feature’; too large and the gasket will not make
contact with the toroidal diamonds’ bevels, too small and the toroidal diamonds
must perform additional work to deform the gasket. In our case, 60 µm diamonds
anvils were used, bevelled to 300 µm at 8.5°. It is evident that the indentation
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diamonds should have approximately the same shape as the toroidal diamonds,
i.e. the same bevel and facet configuration. It is also critical that the alignment
of the indentation cell is immaculate.
Note that when indenting with the 60 µm culets, the gasket was not indented to
the final desired thickness. Consider a toroidal diamond anvil with a maximum
toroid depth of 3 µm, a culet of 10 µm, and suppose that the desired gasket
thickness on the culet is 5 µm. To achieve this, one would first indent the gasket
using the 60 µm diamonds to a thickness of at least 2(3 µm) + 5 µm = 11 µm.
Then, transferring the gasket to the toroidal diamond anvil, the gasket is indented
another 6 µm to achieve a final gasket thickness of 5 µm and allowing the gasket
material to flow into the toroid. The best way of determining the gasket thickness
throughout this process is periodically drilling a small hole in the gasket and using
white-light interferometry while indenting to control the thickness.

4.5.2

Other Considerations

We found that higher pressures were achieved when using non-deformable
alignment grub screws made from 14.9 hardened steel rather than A4 stainless
steel (both acquired from Accu Ltd). This may be a consequence of the increased
deformability of stainless steel not providing adequate lateral support at ultrahigh pressures for toroidal diamond anvils where the margin for error is smaller
than more regular bevelled anvils. A particular consideration when using BoehlerAlmax Plate DACs with toroidal anvils (see details on this type of anvil in Figure
2.17), is that the initial separation of the diamonds can be adjusted. Typically,
one would adjust this such that the diamond culets are initially further apart
than the gasket material’s thickness. However, since the toroidal diamonds anvils
are not used to indent from the initial thickness, it is fruitful to adjust the plate
separation such that the diamonds are initially closer together, with a separation
of 50 µm being a good setting. This has the additional advantage of making
compression at ultra-high pressures easier since more force can be exerted on the
sample rather than deforming the plate.
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4.6

Summary

This chapter has provided motivation for why tDACs are a promising modification
to the conventional bevelled DAC configuration and outlined the current research
in this area. The process of creating toroidal diamond anvil was described, noting
the details of focused ion beam milling and providing practical instructions on
how toroidal designs are used to mill toroidal diamonds. Lastly, the differences
between conventional DAC preparations and tDAC preparations are described.
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Chapter 5
Toroidal DAC Investigations of
Tungsten and Cerium
This chapter presents toroidal DAC (tDAC) investigations of tungsten and
cerium, in experiments designed to explore the practical application of tDACs.
These elements were chosen because they both exhibit simple structures at high
pressure, are both strongly scattering due to their high atomic numbers, and
are relatively incompressible which should decrease the shrinking of the sample
environment during compression. It was felt that a relatively constant sample
chamber would reduce a variable in what were expected to be very complex
sample loadings.
No PTM was used in either study. In the case of tungsten this was because the
experimental setup was kept as simple as possible, being the first study conducted
using a tDAC as part of this thesis. In the case of cerium, the element’s low yield
strength was expected to keep the differential stress low, as was assumed for the
alkali metals.

5.1

Tungsten

W (Z = 74) is a d-block metal used frequently in its pure form, or as an alloy,
in industrial applications such as turbine blades [212] and for lining interior the
walls of fusion reactors [213–215]. W compounds are also utilised as ultra-hard
materials, for example tungsten borides (WB) [7] or tungsten carbides (WC) [8].
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WC, in particular, is used to manufacture the seats of many XRD DACs including
those used in this thesis.
Pure W is frequently used as gasket material in DACs to form a firm radial
barrier to the sample chamber, but not so hard that it cannot be worked during
the indentation and preparation process. It is also structurally simple, with an
ambient bcc phase (space group Im3m, Pearson cI 2) which is predicted to remain
stable up to 1250 GPa [216]. Due to its use as a DAC (and tDAC) gasket, W
diffraction peaks frequently appear in the diffraction patterns presented in this
thesis, and therefore refining and extending the equation of state for W was
considered worthwhile.
Two W samples were studied at beamline 16-ID-B at the Advanced Photon Source
(APS) in Chicago, USA with a beam size of 4 µm × 4 µm, a sample-detector
distance of 209.75 mm, and a wavelength of 0.4065 Å. Cu was used as the pressure
marker in both samples and the Cu equation of state derived in Section 2.3.5 was
used to determine the pressure. The tDAC culets were ∼10 µm in diameter and
FIB milled as described in Chapter 4, according to the design by Jenei et al. [201].
In both cells, Re gaskets were used, and both the sample and pressure marker
were powders.

5.1.1

Diffraction Pattern Splitting

Above 50 GPa the diffraction pattern appears to ‘split’, with each diffraction peak
from both the W and Cu appearing twice, once at higher angles and once at lower
angles. This is shown in Figure 5.1a, with the peaks at higher angles implying a
pressure of 350 GPa while those at lower angles imply a pressure of 190 GPa. It
therefore appears that the ‘splitting’ is due to the presence of sample and pressure
marker in two distinct pressure domains, which are labelled high-pressure (HP)
and low-pressure (LP) going forward. Due to the simple crystal structures of both
W and Cu, the two patterns are distinguishable, and the peak overlap did not
impede indexing and refinement. However, the HP Cu pattern is significantly
weaker than the low-pressure pattern, and for this reason, the pressure of the HP
pattern is measured entirely from the Cu (111) peak.
It was initially assumed that this ‘splitting’ resulted from some sample and
pressure marker material being present in the toroid, but referring to the pressure
distribution map in Figure 5.1b it seems that it is instead due to a significant
109

pressure gradient across the culet. Only a very small region, at most ∼3 µm in
diameter, in the centre of the culet shows the very highest pressure of 361 GPa,
outside of which the pressure is 200 GPa or lower and remains relatively constant.
Indeed, the seemingly discrete pressure difference between the high- and lowpressure pattern shown in Figure 5.1a implies a sharp drop in the pressure
distribution. Using a smaller beam would result in higher-resolution pressure
maps, allowing the pressure gradient to be explored further (see Section 5.2 and
Chapter 6). The pressure gradient within the high-pressure region cannot be
determined given the large beam FWHM.
While the pressure gradient itself may be unavoidable due to the nature of tDACs,
the appearance of additional low-pressure diffraction peaks is clearly not beneficial
to the structure identification and refinement process. Most readily, this could
be remedied by using the smallest beam possible in order to avoid sampling
regions outside the HP domain. Regardless, for this experiment, the splitting of
the diffraction pattern into high- and low-pressure components did not impede
the analysis because the two signals differed in pressure by 150-200 GPa.

5.1.2

Relationship Between Membrane and Sample Pressure

Uniquely, one of the cells used in the W experiment was not the BA plate-DAC
type used throughout the rest of this thesis, but a piston-cylinder membranedriven DAC. Often the piston-cylinder design allows for more ‘wiggle’ of the
opposing diamonds, making culet alignment less reliable and therefore not
suitable for small-culet tDACs. However, for this particular experiment, we had
access to a very high-quality piston-cylinder DAC provided by collaborators at
Lawrence Livermore National Laboratory, whose alignment stability was very
good. The use of a membrane to drive the compression provided insight into how
the force applied related to the pressure exerted on the sample, data which are
not available from manually tightened plate-DACs.
The relationship between membrane pressure and pressure marker pressure is
shown in Figure 5.2, showing the approximately sigmoid response which had
already been observed for tDACs [201]. Note that due to the diffraction pattern
splitting into overlapping high- and low-pressure patterns as shown in Figure
5.1a, the pressure response of the two domains is shown separately. However,
they broadly show the same features; there is a sharp increase in pressure at an
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Figure 5.1

applied membrane pressure of ∼350 psi, corresponding to a sample pressure of
∼50 GPa which is also where the high- and low-pressure patterns separate.
Considering only the high-pressure response, the sample pressure subsequently
increases rapidly to 300 GPa between 200-400 psi. There is then a region of
approximate linear response between 400-700 psi where the pressure on the Cu
reaches 371 GPa before it drops down to 340 GPa. Beyond this point, the pressure
increases with membrane pressure up to 381 GPa and upon further pressure
increase the diamonds failed. The cause of the pressure drop is unclear; no relative
nor absolute change in the diffraction peak intensities was observed across the
drop, which might have indicated that the pressure marker or sample were moving
across the culet.
However, the P-V curve of the data obtained after the discontinuity at 700 psi
differs from those obtained below. Indeed, there appears to occur a decoupling
between the Cu pressure marker and the W sample at 700 psi. This is as shown
in Figure 5.3a, where the compression pathway is shown in the inset. It appears
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The relationship between membrane pressure and sample pressure.
Filled symbols show the pressure of the high-pressure XRD peaks,
and empty symbols show that of the LP XRD peaks.

that the new trajectory (open symbols) is not only at a lower volume, the gradient
of the data also changes. The same feature is shown in the linearisation plot in
Figure 5.3b.

5.1.3

Compression Curve and Linearisation

To investigate the pressure drop shown in Figure 5.2, consider first only the filled
data points collected before the pressure drop; an AP2 equation of state is fitted
to obtain the parameters given in Table 5.1 and is shown in Figure 5.3a. It shows
that the data obtained after the pressure drop are at a significantly lower volume
3
3
(0.1-0.2 Å /atom), such that the lowest volume obtained is 9.84 Å /atom. If this
equation of state were correct, it would imply that the highest pressure reached is
actually 407 GPa, as opposed to the 381 GPa estimated from the pressure marker.
To evaluate these results, consider Figures 5.4a and 5.4b where the tDAC
compression data are plotted together with W compression data from Dewaele
et al. [70], whose pressures were determined from the ruby fluorescence shift.
Since these data were ostensibly obtained under quasi-hydrostatic conditions,
one would assume that they are on balance more reliable than data from the
tDAC experiment where the hydrostaticity or lack thereof was not assessed.
Comparing the two data sets, it would seem that the pressure of the tDAC sample
is overestimated by 11(8) GPa on average. If the Cu equation of state used in the
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tDAC experiments is reliable, this would indicate that the W sample and the Cu
pressure marker are at different pressures.
However, this is not certain; there may be significant non-hydrostatic stress on
the sample and pressure marker. Due to their differing elastic properties, the W
and Cu would react differently to such stress, and as such it is difficult to be
certain of the atomic volume measurements presented here. As noted in Section
2.3.4, the method developed by Singh and Uchida et al. to measure and correct for
non-hydrostatic effects requires (a) the observation of multiple diffraction peaks
and (b) knowledge of the pressure on the sample. Since only the (111) peak of the
Cu pressure marker appeared in the XRD pattern (Figure 5.1a), it was not and
will not be possible to correct the Cu volume measurement for non-hydrostatic
effects. The W XRD pattern could be corrected for non-hydrostatic effects, if
one either extrapolates or calculates the elastic constants of W at an assumed
pressure in the region of 350-400 GPa. This was beyond the scope of this thesis
but will be explored in future.
Proceeding with the analysis, note that using a different Cu equation of state does
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of state of Section 2.3.5 together with data from Ref. [70] (crosses)
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not alter the results presented significantly. Using the equation of state presented
in Ref. [70] which itself is cross-fitted against W data, the tDAC data remain at a
higher pressure than those of Ref. [70]. Furthermore, while it is clear from Figure
5.1 that there is a large pressure gradient on the culet, recall that the high- and
low-pressure domains are separated by a discrete and large pressure difference
on the order of 150 GPa. This means that the discrepancy between Dewaele et
al.’s data and the tDAC data cannot be explained by positing that the sample is
situated in the high-pressure region and the pressure marker in the low-pressure
region.
Recall the equation of state for W fitted to data from Ref. [70] in Section 2.3.5
(parameters restated in Table 5.1). This is plotted alongside all the other data in
Figure 5.5 showing good agreement with Dewaele et al.’s data. Once again, the
3

Fitted To

Form Pressure Range V0 (Å /atom)

tDAC W
Dewaele W [70]

AP2
AP2

0-371 GPa
0-153 GPa

15.852
15.852

K00

K0 (GPa)

346.7(14) 3.66(2)
298.9(9) 4.16(3)

Table 5.1 AP2 parameters for the fit to the W compression data across entire
pressure domain (excluding the post pressure drop data) and an
equation of state to data from Ref. [70] which is reproduced here from
Section 2.3.5. The latter is assumed to be more reliable as the data
were obtained under quasi-hydrostatic conditions. Where no errors
are given, the value was fixed when fitting.
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An AP2 equation of state (solid line) fitted to data from Ref. [70]
(crosses) makes it clear that the pressure on the tDAC data (solid)
is overestimated. However, it appears that the data after the pressure
drop (open symbols) aligns better with the equation of state than data
before the pressure drop (filled symbols). This is apparent both in (a)
P-V and (b) linearised space.

tDAC W data are at higher pressures, reflecting the overestimate from the Cu
pressure marker. However, the extrapolated W equation of state coincides with
the original tDAC data obtained after the pressure drop. This implies that these
data are more in line with the extrapolation of the data obtained under quasihydrostatic conditions, than are the tDAC data obtained before the pressure
drop.
This points to the possibility of the pressure drop resulting from a change in the
stress state on the sample, the pressure marker, or both. Once again, the problem
of determining the pressure before applying the non-hydrostaticity correction
remains, but this is an intriguing prospect; perhaps the apparent pressure drop
is due to a grain of W bridging the gap between the diamond culets, resulting in
strongly non-hydrostatic load.

5.1.4

Summary

To conclude, tDACs present a far more complex sample environment than do
regular DACs, with more room for error and pressure uncertainty. A smaller beam
diameter could have detected scattering from the sample and pressure marker in a
volume where pressure gradients were smaller or even negligible. This would also
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enable a higher resolution pressure map to be obtained. Together, these changes
could give more confidence in the pressure measurement on the sample. It might
also be preferable to load the sample and pressure marker as foils rather than
powders, in order to limit the movement of material on the culet area.
In this experiment, the W sample appears to have been consistently at a lower
pressure than the pressure marker up until the pressure drop at 700 psi. Beyond
this point, the sample and pressure marker are at much more similar pressures,
resulting in these data points agreeing with the extrapolated W equation of state
obtained from Dewaele et al.’s data [70]. This would imply that although the
equation of state fitted to the tDAC data is not reliable, a maximum pressure of
381 GPa was achieved. However, the lack of knowledge of the stress state of the
sample means that all these conclusions require further research.
As expected, no phase transition or behaviour change was observed in the W
sample, but the highest pressure of ∼381 GPa demonstrated the utility of tDACs
as a tool for multi-megabar research.
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5.2

Cerium

Ce (Z = 58) is a light lanthanide and the most abundant of the rare-earth
metals [217]. At ambient conditions, it crystallises in either a fcc or dhcp structure
[218], referred to respectively as the γ and β phases. Ce has attracted significant
attention due to its unique isostructural γ − Ce(f cc) → α − Ce(f cc) transition
at 0.8 GPa [219, 218] which involves a large volume collapse of ∼17 % [220]. The
physical mechanism driving this transition remains contested, but it is generally
recognised that the 4f electrons play a key role in the transition (see the review
by Nikolaev & Tsvyashchenko in Ref. [221] and references therein).
At 5 GPa, Ce transforms from the α-phase to either a monoclinic (α0 , Pearson
mC 4) [222, 223] or an orthorhombic (α00 , Pearson oC 4) [224] phase, depending
on how the Ce sample was manufactured [225]. Upon further compression, both
the mC 4 and oC 4 phases begin to transform to a body-centred tetragonal phase
(bct, tI 2 in Pearson notation, sometimes referred to as , space group I4/mmm)
at 13 GPa [222]. However, both the mC 4 and oC 4 phases have been observed up
to 17 GPa [222] and 21 GPa [226]. The tI 2 phase has been confirmed by Vohra et
al. to remain stable up to 208 GPa [227], mirroring the behaviour of Ce’s actinide
counterpart thorium (Th) which is stable in the same tI 2 structure from 100 GPa
up to at least 300 GPa [228].
Ce has thus been the subject or a plethora of experimental and theoretical
investigations [221], though most do not extend far above the transition to the tI 2
phase. This thesis deals exclusively with the tI 2 phase which has been the subject
of relatively few theoretical or experimental studies. However, computational work
by Söderlind et al. has found that Ce will transform into the hcp structure at
1600 GPa, and further predicted that the tI 2 phase’s c/a ratio ought to decrease
with pressure from the ideal c/a = 1.65 down to c/a = 1.60 at 1000 GPa. No
such decrease was observed in the prior investigation up to 208 GPa, where the
c/a ratio was found to remain constant at 1.680 [228].

5.2.1

Method

Two BA style tDACs were prepared according to the design by Jenei et al. [201].
All diamond anvil design were identical, with the culet diameter being 9.9 µm, the
concave region of the toroid extending out to a diameter 45 µm with a maximum
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tb]
Figure 5.6

SEM image of one of the diamond anvils used for the Ce experiment
at the APS. The depth of the toroid is about 4.1 µm and the central
culet is 9.9 µm.

depth of 4.1 µm, followed by a flat section resulting in the entire toroidal feature
being 60 µm (see Figure 5.6). Re gaskets were pre-indented to 8.7 µm and 6.2 µm
as measured by white-light interferometry, and the sample chambers were laserdrilled, resulting in a 15 µm diameter.
In both cells, a piece of Ta foil was placed on the culet to serve as the
pressure marker, and the AP2 Ta equation of state from Section 2.3.5 was used
to determine the pressures. This was not a trivial decision; four different Ta
equations of state from the literature are shown in Figure 5.7, demonstrating
that the choice of equation of state can impact the final pressure measurement
by over 20 GPa.
The lattice parameters were measured using peak fitting in Origin, and Le Bail
fits of XRD patterns obtained at the APS beamline 16-ID-B with a wavelength
of 0.4066 Å, a sample-detector distance of 195.43 mm, and a beam FWHM of
2.5 µm × 1 µm. To supplement the data obtained from the tDAC experiment at
the APS, additional data from beamline P02.2 at DESY are also presented. The
wavelength was 0.4862 Å and the sample-detector distance 428.82 mm, with a
DAC being equipped with regular 30 µm culets, bevelled to 300 µm at 8.5°. A
piece of Cu foil was used as the pressure marker and once again the Cu equation
of state from Section 2.3.5 was used. While this cell only reached 190 GPa, data
in the range 35-190 GPa were collected and are incorporated into the analysis.
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5.2.2

Diffraction Patterns

As expected, the tI 2 phase remained stable up to the highest pressure of 361 GPa,
where the refined lattice parameters were a = 2.3364(4) Å, c = 3.9042(16) Å,
3
yielding V = 10.656(12) Å /atom. The XRD image and integrated pattern at this
pressure are shown in Figure 5.8. Particularly noteworthy in Figure 5.8b is the
overlapping patterns from the high- and low-pressure domains, similar to what
was seen in Section 5.1 despite the smaller beam size used here. Fortunately,
the overlap between the two diffraction signals is not so large that it impedes
refinement and structure identification.
At the highest pressure, the Ta lattice parameter was determined to be
3
2.6843(4) Å, yielding a volume of 9.671(5) Å /atom from which a pressure of
361 GPa was estimated using the Ta equation of state from Section 2.3.5. However,
the splitting of the pattern raises an important question; in Section 5.1 the lowpressure sample pattern was accompanied by a low-pressure pressure marker
pattern as well, yet this does not seem to be the case here. Does the pressure
marker pressure correspond to the high- or low-pressure domain?
Note first that the split between high- and low-pressure domains is discrete as
before, meaning that the Ta is likely at the same pressure as the high- or lowpressure Ce. In support of this, the Ta peaks also show no signs of broadening
as would be expected if the Ta pressure marker was somehow ‘straddling’ the
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The 2D XRD image (a) and the integrated background-subtracted
diffraction pattern (b) obtained from Ce at the highest pressure of
361 GPa. The grid-like masking in (a) is a result from dead zones on
the ATLAS2 detector on 16-ID-B. The integrated diffraction pattern
is shown in (b) as crosses and the fitted pattern as a solid line. Tick
marks below the pattern indicate the Le Bail refined diffraction peak
positions, with the originating structures noted on the left where the
higher-pressure pattern is denoted HP and the lower-pressure LP.

pressure gap between the two sample domains.
A map of the pressure distribution on the toroidal feature is shown in Figure
5.9. The pressure was measured from the Ta or Re equations of state from
Section 2.3.5, depending on what XRD peaks were observed at each grid point.
Where both elements were present, the two equations of state were found to
be in good agreement, with pressure from the Re equation of state being on
average 5(5) GPa, i.e. 3(3) %, higher than the pressure from the Ta equation of
state. The Ta equation of state was favoured since its simpler structure resulted
in more reliable lattice parameters. The black squares in Figure 5.9a mark the
points where the Ta equation of state was used, showing the position of the Ta
foil which covers the culet and protrudes out to cover a region with a ∼10 µm
diameter.
Two distinct pressure domains are clear; there is a small region of very high
pressure on the culet where the pressure ranges from 345 GPa to 357 GPa. There
is then a large region of relatively constant pressure at 200-220 GPa extending
out from the high-pressure region on the culet to the edge of the shoulder. This
120

implies a pressure gradient 54 GPa µm−1 , in good agreement with the pressure
distribution observed for W in Figure 5.1b. Again, the discrete splitting of the
diffraction pattern shown in Figure 5.8 implies that the pressure gradient may in
fact be larger.
If the Ta pressure marker is assumed to be at the same pressure as the low-pressure
sample, a sharp discontinuity appears in the P-V plot with the sample volume
at, for instance, P = 162 GPa being 27 % larger than that measured by Vohra et
al. It can therefore be ruled out that the Ta diffraction peaks originate from Ta
which is present in the low-pressure domain. Whether the pressure marker is at
the exact same pressure as the sample is not certain, and this will be addressed
in a later section.

5.2.3

Compression and Linearisation

While the tDAC experiments on Ce were performed with plate-DACs, which
do not provide a metric of the force exerted on the diamond anvil table, it is
nonetheless instructive to examine the pressure progression. Figure 5.10a shows
the pressure determined from the Ta pressure marker’s XRD peaks after each
load increase. Since the load, and thus the pressure, was increased by manually
turning the tightening screws, the applied force cannot be known. However, it is
clear that there is a pressure drop from 339 GPa to 312 GPa between steps 17-19 ,
despite the external load being increased. While the peak intensity of both the
Ta and Ce peaks dropped by about 20 % across the pressure drop, no change in
relative intensity was observed which might have indicated a movement in either
the sample or pressure marker. At load increment 5, there was a break in the
data collection of 30 min and XRD images were recorded before and after the
break, yielding the two points at 189 GPa and 201 GPa, respectively. This type
of ‘pressure drift’ over time is not uncommon in DACs, especially in the early
stages of compression.
However, in contrast to the pressure drop observed in W samples described earlier
in this chapter, the data beyond the drop remain largely consistent with the
compression curve up until this point. This is shown in the inset of Figure 5.10b;
a subtle misalignment is discernible, with the atomic volumes of data after the
3
pressure drop being on average 0.030(4) Å lower at any given pressure. Thus,
while the pressure drop resulted in a marked decoupling between the sample and
pressure marker in the W experiment, this effect is barely distinguishable here.
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A heat map (a) of the pressure on the 60 µm × 60 µm area centred
on the culet shows the sharp pressure drop outside the high-pressure
region on the culet. Pressure was measured from XRD images taken
every 3 µm in both y and z, each measurement yielding a square in
the grid. The black squares indicate positions where Ta was present
and thus where the pressure was estimated from the Ta equation
of state. Everywhere else, the Re equation of state was used. The
∼10 µm culet is indicated by the dashed circle, and the black oval at
(−10, −10) in (a) indicates the 2.5 µm × 1 µm beam FWHM. The
cross-section of the pressure distribution (b) shows the pressures
calculated from the Re (PRe , open triangles) and Ta (PT a , open
squares) XRD peaks along y at z = 0 µm. The solid line is the
original tDAC profile. Note that the point at y = 0 µm was collected
immediately before collecting the grid, which is why it is 1.5 µm from
the neighbouring points in (b).
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Figure 5.10

Indeed, were it not for the consistency of this result and low error, it is unclear
whether the compression curve beyond the pressure drop would be reliable.
The compression curve of Ce is in good agreement with that published by Vohra
et al. [227] up to 200 GPa as seen Figure 5.11a. The study by Vohra et al.
constitutes the previous highest pressure study of Ce and is therefore included
here for comparison. However, the Cu Vinet equation of state used by Vohra
et al. differs from that derived in Section 2.3.5 in that the former overestimates
the pressure by about 2 %. For the purposes of consistency, the pressures of the
data from Ref. [227] were recalculated by extracting the atomic volumes of the
Cu pressure marker, and then calculating the pressures using the Cu equation of
state from Section 2.3.5.
To further explore the data, consider the linearised data shown in Figure 5.11b.
The data up to 200 GPa exhibit regular compressive behaviour, but it is also
clear that at x = 0.76 or P = 200 GPa there occurs a change in the gradient,
implying a change in compressive behaviour. This ‘bend’ occurs over a relatively
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Figure 5.11

The compression curve of Ce (a) and the corresponding linearised
compression data (b), with squares and circles representing data
collected before and after the pressure drop, respectively. The solid
line is an AP2 fit to data below 200 GPa and the dashed line is
an AP2 fit to data above 250 GPa. The insets show an enlarged
view of the range 200-400 GPa to highlight the discrepancy between
equation of state extrapolated from data below 200 GPa and the
actual behaviour above 200 GPa.

large pressure range of 200-250 GPa and while there is no linear behaviour in the
intermediate region, the data resumes a linear trajectory beyond 250 GPa.
Thus, AP2 equations of state were fitted to data below 200 GPa and above
250 GPa, respectively, with parameters given in Table 5.2. These will be referred
to in this section as the low-pressure (LP) and high-pressure (HP) equations
of state, respectively. The ambient volume of the collapsed fcc phase (V0 =
3
27.87 Å /atom [220]) was used and fixed in both fitsDue to the negligible volume
difference on either side of the pressure drop at 340 GPa mentioned above, the
pressure drop was ignored when fitting equations of state. However, data obtained
after the pressure drop are identified with different symbols in all figures.

5.2.4

Confirming the Change in Compressive Behaviour

How can one confirm whether the change in gradient on the linearised plot in
Figure 5.11b is real? Consider first that the gradient change appears regardless of
which Ta equation of state is used because Ta is a regular metal, which does
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Form
AP2
AP2

3

Pressure Range V0 (Å /atom) K0 (GPa)
<200 GPa
>250 GPa

27.87
27.87

20.04(14)
55(4)

K0
7.15(4)
4.09(13)

Table 5.2 AP2 equations of state fitted to the tI2 phase of Ce below 200 GPa and
3
above 250 GPa. The initial volume V0 was fixed at 27.87 Å /atom,
which is the volume of the collapsed fcc phase immediately after the
transition at 0.8 GPa [220].

not undergo phase transitions or significant changes in compressibility up to
400 GPa. It is well-described by an AP2 equation of state and will behave in
a linear fashion when linearised. There are then three possible explanations for
the gradient change observed at x = 0.76 (P = 200 GPa) on the linearisation
plot:
[1] The change in gradient is real and reflects a change in the compressibility
of Ce.
[2] There occurs a decoupling between the Ta and Ce pressures such that the
pressure marker and sample are no longer at the same pressure.
[3] There is some unknown effect acting on the sample and/or pressure marker,
which would eliminate the gradient change if it were accounted for.
This section will argue that [1] is more likely than [2], and the possibility of [3]
will be addressed at the end.
Note first that if [2] is true, and the compression curve of tI 2-Ce can be described
accurately by a single equation of state, then the LP equation of state fitted
to data below < 200 GPa can be extrapolated and used to calculate a highest
pressure on the sample of 396 GPa.
Assuming that the Ta pressure marker is at the same pressure as the sample,
a Ta equation of state can be fitted based on the pressures determined from
the extrapolated LP Ce equation of state, obtaining K0 = 134.7(12) GPa and
K00 = 5.08(4). As seen in Figure 5.12, these values differ significantly from other
Ta equations of state [70, 117, 203, 100, 229]. The implausibility of this equation
of state implies that either [1] holds and the Ce equation of state cannot be
extrapolated due to a real change in compressibility above 200 GPa, or [2] holds
and the Ta and Ce are at different pressures.
Consider then assumption [2] that there does occur a decoupling such that the
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Figure 5.12

Various fitted Ta equation of state parameters K0 and K00 .
Alongside the ‘Hypothetical’ parameters are plotted values from
Burrage [203], Sokolova [117], Katahara [229], Dewaele [70], Cynn
[100], and those fitted in Section 2.3.5.

pressure marker and sample are at different pressures above 200 GPa. Taking
once again the Ce equation of state below 200 GPa to be correct, a difference in
pressure calculated from the Ta diffraction peaks (PT a ) and that calculated from
Ce peaks (PCe ) can be quantified. In this view, the pressures on the Ta and Ce
are continually diverging above 200 GPa and differ by 15 GPa at PT a = 320 GPa
and 35 GPa at the maximum PT a = 361 GPa. PCe is consistently higher. The
contour plot of Figure 5.9 was obtained at a central PT a = 348 GPa, where the
LP Ce equation of state indicates that the sample was at PCe = 377 GPa, i.e. a
∼30 GPa difference.
Now, Figure 5.9b shows that there is a significant pressure gradient across the
9.9 µm culet, so in principle this 30 GPa difference could be the result of the beam
hitting Ce at high pressure and also diffracting off a volume with low-pressure
Ta.
To evaluate this hypothesis, note first that intensity distribution of the beam at
16-ID-B was not measured, so no assumption will be made regarding its shape
or width. Instead, it will be assumed that the XRD peaks shown in Figure 5.8b
may originate from material anywhere on the culet. In this view, there is no
detectable Ta at the centre of the culet and the Ta XRD peaks shown in Figure
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5.8b originate from material which exists in some intermediate-pressure region
between the PCe > 375 GPa domain at the culet centre and the PCe < 225 GPa
domain observed everywhere else. Since we know from Figure 5.9a that the Ta
foil spans the culet and beyond, the change in gradient observed in Figure 5.11b
would mark the point where the Ta foil fractures and begins to migrate away from
the culet centre, creating and filling completely an intermediate-pressure region
such that Ce is only present in the high- and low-pressure regions. No XRD peaks
from either Ce or Ta were detected from this hypothetical intermediate-pressure
region before the gradient change, implying that it formed once the pressure was
increased above PT a = 200 GPa.
The assumptions necessary for [2] to hold are thus that at PT a = 200 GPa, the Ta
foil fractures and begins to drift into a newly formed intermediate-pressure region
where the pressure is initially 15 GPa lower than at the centre. No Ce is present
in this region, and the difference between the intermediate-pressure and the highpressure region increases to 30 GPa at PT a = 361 GPa, where PCe = 396 GPa.
While we cannot at this point rule out [2], it seems unlikely that the Ta
pressure marker would move to occupy a Ce-free region on the culet, creating
an intermediate-pressure region at a pressure different from the high-pressure
region where the Ce sample is located.
For now, the analysis will proceed on the basis that [1] is more likely than [2]
as it makes fewer assumptions about the sample environment. However, further
research is needed to confirm whether the gradient change on the linearisation
plot is real or fictitious. As for condition [3], wherein some unknown effect remains
unaccounted for, this is of course still a possibility. In particular, the hydrostaticity
(or lack thereof) of the sample and pressure marker remains unexplored due to
the difficulties outlined in Section 2.3; it may be that correcting the compression
data for non-hydrostatic effects would shift the pressures beyond the apparent
change at 200 GPa upwards such that the highest pressure is 396 GPa, in line
with the equation of state fitted below 200 GPa. Similarly, the presence of shear
stress on the sample may have an impact on the results, though this is more
difficult to correct for.
As an approximate examination of the stress state on the sample, we may compare
the lattice parameter a obtained from the different XRD peaks. Considering
the XRD pattern collected at PT a = 339 GPa, immediately before the pressure
drop and well after the apparent change in compression curve, the average
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Figure 5.13 Cake plot of the
Ce sample at PT a = 339 GPa.
The dashed gray vertical lines
are superimposed on the Ta
(110) and Ce-HP (101) peaks
as guides to indicate the ideal
behaviour.

lattice parameter calculated from the (110), (200), (211), and (220) peaks is
a = 2.704(3) Å where the uncertainty is the standard deviation of the measured
values. The standard deviation would appear quite small, corresponding to a
0.12 % uncertainty. Converting this measurement into the pressure domain, one
obtains a pressure measurement of 336(4) GPa with the pressure measurement
from the (220) peak being the highest at 341 GPa and that from the (200) peak
being the lowest at 331 GPa. Without knowing the compliance matrix Sij , it is
not possible to convert this discrepancy into a measure of the non-hydrostaticity
on the pressure marker, nor is it clear how and whether shear stress affected these
values. Regardless, this warrants further investigation.
Examining the stress state of the sample environment further, consider the cake
plot of the XRD pattern at PT a = 339 GPa (Figure 5.13). Particularly the Ce
(101) peak from both the HP and LP sample exhibit some oscillatory behaviour,
indicating that the load axis is not collinear with the x-ray beam, which is assumed
to be perpendicular to the culet. The Ta (110) peak shows a similar level of
oscillation, implying that the stress state of the Ta and the Ce do not vastly
differ.
To summarise, by considering the compression curve in Figure 5.11a and
extrapolating the LP equation of state beyond the fitting range it is clear that
the data above 200 GPa are at a lower volume than expected. As indicated
in the corresponding linearisation plot, there appears to be a change in the
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compressibility of Ce occurring between 200-250 GPa causing an accelerated
volume decrease above 250 GPa. This is most clearly illustrated in the insets
of Figure 5.11 which show the divergence between the expected behaviour
represented by the extrapolated equation of state and the actual volume.
Further research is required to establish whether this change in the behaviour of
Ce is real, ideally including a reproduction of the result using a conventional DAC
where the sample geometry is simpler. Accounting for non-hydrostatic effects may
also correct the measured d-spacings of Ce and Ta and cause the apparent change
to disappear. However, as mentioned this will require knowledge of the compliance
matrix of Ce which is yet to be obtained, but could perhaps be calculated from
first principles. If the change in compressive behaviour is indeed real, it is unclear
what causes this shift; in other metals examined such as K and Rb, shifts in
compressive behaviour often coincide with phase transitions, but none was seen
here. However, it was observed that beyond 250 GPa there was a change in the
tI 2 phase’s c/a ratio.

5.2.5

c/a Ratio

Up to 50 GPa the c/a ratio of the Ce tI 2 structure is known to increase rapidly
and subsequently remains approximately constant up to 250 GPa as shown in
Figure 5.14. In line with findings from Ref. [227], the c/a ratio was found to be
1.6803(3) between 50-250 GPa, which is higher than the ideal value c/a = 1.65
predicted by Ref. [230]. However, beyond 250 GPa it was observed that the c/a
ratio began to decrease significantly away from 1.68, reaching 1.671 at 361 GPa
with a fitted slope of −7.7(6) × 10−5 GPa−1 .
This results from the c lattice parameter decreasing at a faster rate than the
a lattice parameter; in a perfectly isotropic environment, c would decrease a
factor of c/a faster than a to preserve the ratio between the two. Instead, c
decreases at a rate rc = 0.1566(15) Å/100 GPa whereas a decreases by ra =
0.0825(10) Å/100 GPa. The ratio of these rates is rc /ra = 1.90(4), 13 % larger
than the initial c/a ratio of 1.6803.
This decrease in c/a ratio begins once the shift in compressive behaviour discussed
is complete, at around 250 GPa. Intriguingly, data collected after the pressure
drop noted in Section 5.2.3 and presented in Figure 5.10a deviate from those
collected before, constituting the only significant difference between the data sets.
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Figure 5.14

The c/a ratio of the Ce tI2 phase. Open symbols represent data
collected in this study, with squares and circles representing data
collected before and after the pressure drop, respectively. Filled
symbols are recalculated data from Ref. [227] which were not used
when fitting. The solid line is a fit to the data between 50-250 GPa
whose slope was fixed to zero, the shaded region is the fit’s 95 %
confidence interval, and the dashed line is a linear fit to data above
250 GPa, excluding the data collected after the pressure drop. The
inset shows an enlarged region view of the decline. Error bars are
excluded when smaller than the plotting symbols.

The c/a ratio after the pressure drop (open circles in Figure 5.14) is consistently
higher and more scattered. For this reason, the fits shown in Figure 5.14 are
only fitted to data obtained before the pressure drop. On closer examination,
the data collected after the pressure drop are 18(2) GPa above those before the
pressure drop. While this may again pose the question of whether the pressure
measurement is accurate, recall that the pressure drop occurs above 320 GPa and
thus cannot account for the change in compressibility at 200 GPa, nor the decline
in c/a ratio which begins at 250 GPa. Indeed, if one uses the 18(2) GPa as a
pressure correction term one obtains the compression curve shown in Figure 5.15
which shows a clearly unphysical volume discontinuity.
The observed slope of the decreasing c/a ratio, −7.7(6) × 10−5 GPa−1 , is in good
agreement with that calculated by Söderlind et al. [230] who found that between
500 GPa and 1000 GPa the c/a ratio declines from 1.65 to 1.6, suggesting a
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The compression curve of Ce with data obtained after the pressure
drop (open circles) corrected by 18(2) GPa. Arrows indicate the
compression pathway and open squares are data obtained before
the pressure drop.

−1 × 10−4 GPa−1 slope which is in decent agreement with our fitted value. The
physical reason for the change c/a ratio is not clear. Another lanthanide that
has been examined at comparable pressures is neodymium (Nd, Z = 60), which
has been studied up to 302 GPa [231]. While not adopting the same tI 2 phase as
Ce, it does transition to an oC 4 phase which displays a decline in the axial b/a
ratio above 150 GPa. See Figure 5.16 which shows the decline alongside a linear
fit in the region 150-302 GPa. The decline is slight with only a 0.4 % decrease
across the entire ∼150 GPa range, but the high quality of the data makes the
decline distinguishable. This decline was also observed by accompanying density
functional theory calculations, although these showed a larger 2.5 % decrease
[231]. It is unclear whether the b/a ratio decline is accompanied by the same
change in linearised behaviour seen in Ce.
To sum up, while there are parallels of the c/a ratio decline of the tI 2-Ce phase in
another lanthanide Nd, the results are not readily applicable to Ce. Theoretical
investigations of Ce specifically would be useful to understanding this system.
Indeed, preliminary DFT calculations provided by colleagues at King’s University
London are in excellent agreement with the results presented here, reproducing
the c/a ratio accurately. These results will be published elsewhere. Initial results of
experimental investigations of the tI 2 phase of Ce’s neighbour praseodymium (Pr,
Z = 59) have shown a c/a ratio decrease and accompanying softening. However,
these results remain unpublished pending further DFT analysis to determine the
underlying cause of this behaviour.
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5.3

Summary

This chapter has presented initial investigations using tDACs to study the heavy
elements W and Ce.
The experiment on W highlighted the difficulty of determining the pressure in a
tDAC with anything but a sub-micron x-ray beam diameter, ideally an order of
magnitude smaller than the ∼10 µm culet. Otherwise, scattering from material
at lower pressure, be it sample or gasket, results in additional diffraction peaks
which may obscure the sample signal. This was not an insurmountable problem
here, because the simple structures of the sample and pressure marker resulted
in relatively few XRD peaks. However, this will become a problem once tDACs
are applied to study phases exhibiting more XRD peaks. In any case, no unusual
behaviour was observed in W which remained in the bcc phase up to the maximum
pressure of 381 GPa.
The experiment on Ce proved more physically eventful. The tI 2 phase remained
stable up to 361 GPa, but an apparent change in the compression curve at 200 GPa
warranted the fitting of two separate equations of state and will be used to
motivate further studies of Ce to verify this result. In particular, the effects of nonhydrostatic stress on the sample were not accounted for, and once the compliance
matrix of Ce is determined, experimentally or otherwise, it could be used to check
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the result. A decline in the c/a ratio of the tI 2 phase was observed 200 GPa and
found to be in good agreement with theoretical predictions by Söderlind et al..
However, the physical reasons could not be deduced from the XRD pattern, and
further computational work is needed to explain this behaviour. Indeed, it may
also be that performing the hydrostaticity corrections will show the apparent c/a
ratio decline to be merely an artefact of the non-hydrostatic stress state.

5.3.1

Pressure Drops in tDACs

Pressure drops were observed in both W and Ce at 371 GPa and 339 GPa,
respectively. These results indicate that this may be a feature of the toroidal
design, which was the same in both experiments. The pressure distribution grids
of Figures 5.1b & 5.9 show that the high-pressure domain corresponds to a small
region on the culet where the pressure is ∼160 GPa higher than the surroundings.
The low-pressure region then extends outwards to a diameter of at least 60 µm
at the lower pressure.
Having derived equations of state for W and Ce, we can investigate the nature of
the pressure drops a bit more. Recall that for the Ce sample, no pressure marker
was visible in the low-pressure part of the ‘split’ diffraction pattern, but the
pressure on the low-pressure sample can be deduced from its equation of state.
While the ‘split’ patterns of W did have both high- and low-pressure pressure
marker signals, using the W equation of state will provide a more accurate view
of what actually happened to the sample during the pressure drop. Figure 5.17
shows the pressure progressions of both the high- and low-pressure regions of Ce
and W, with pressures from the respective equations of state from Table 5.2 and
the Dewaele-based equation of state from Table 5.1.
It is clear that the low-pressure domains are much less affected during the pressure
drops marked with vertical lines. From these, there is no indication that the
material in the low-pressure region undergoes a pressure drop. As noted from
Figure 5.2, the low-pressure domain sees a change in gradient when the pressure
drops in the high-pressure domain, but pressure nonetheless increases. In Ce there
is no clear change in gradient in the low-pressure domain, but pressure similarly
increases. If the pressure drop had been observed in only the sample or only the
pressure marker, it could have been explained by positing the movement of one
of the two to a lower-pressure region on the culet. However, this is evidently not
the case because the pressure drop is present both in the sample and the pressure
133

Membrane Pressure, W (psi)
0

500

1000

400

Pressure (GPa)

300

200

HP W
100

LP W
HP Ce
LP Ce

0
0

5

10

15

20

25

30

35

Pressure Step, Ce

Figure 5.17

The pressure progression of the high- and low-pressure domains
of Ce and W in tDACs. In both experiments a pressure drop was
observed, marked with a solid vertical line in Ce and a dotted
vertical line in W.

marker in the W and Ce experiments.
This implies that the load is somehow redistributed away from the high-pressure
region, presumably to the low-pressure region. The fact that the low-pressure
region is so much larger explains why the load redistribution does not result
in a sharp increase in the low-pressure progression curves. However, the reason
for this redistribution remains unclear. In future, frequent pressure distribution
maps should be collected during pressure drops, along with detailed scans of the
transmitted beam intensity. These would reveal the precise configuration of the
sample chamber and provide more detail of what happens during the pressure
drop.
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Chapter 6
Toroidal DAC Investigations of
Rubidium
Having discussed investigations of metals using conventional DACs in Chapter 3
and describing tDAC experiments on W and Ce metals in Chapter 5, we turn
lastly to the study of Rb in tDACs, which is far more reactive and softer than W
and Ce, thus posing a greater challenge.

6.1

Method

All experiments described here were carried out at Petra-III’s P02.2 beamline
with a nano-focused 0.85 µm × 0.85 µm FWHM beam. The x-ray wavelength was
0.4855 Å and the sample-detector distance was 396.51 mm.
Two different toroidal designs were used, shown in Figure 6.1. Both were designed
by the author based on profiles published by Jenei et al. [201] and Dewaele et
al. [202]. Figure 6.1b shows the Jenei-design which was also used in Chapter
5. It exhibits sharp edges at the outer end of the concave part of toroid and a
flat shoulder section raised above the minimum point. Figure 6.1a in contrast
shows the Dewaele-design which has smoother features and where the shoulder
is not raised above the toroid’s minimum. It was reasoned that sharp edges and
angles would weaken the stability of the diamond, as they created points where
stress might be concentrated leading to failure. A smoother feature on the other
hand might distribute the stress over a larger volume, decreasing the likelihood of
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(a)

Figure 6.1

(b)

SEM images of the two tDAC designs inspired by (a) Jenei et al.
[201] and (b) Dewaele et al. [202], used in the Rb experiments.
The cross-sectional profiles are shown below, with the x = 0 level is
defined by the culet to show that the depths of the toroidal features
is the same for both designs.

failure. Additionally, the lowering of the ‘shoulder’ ought to delay failure caused
by contact between the opposing diamonds due to cupping. The culets of both
the sharper and smoother designs were milled to 10 µm diameters, but the entire
feature was made larger on the smoother design as shown in Figure 6.1a. This
was a direct result of milling the diamond down until a smooth transition to the
bevel was possible.
Both cells were prepared with Re gaskets and loaded with Rb samples. No insitu pressure calibrant was used, in order to prevent reactions with the sample.
As previously, no PTM was used. In the Jenei-design cell, the pressure was
measured from the diamond edge (DE), but in the Dewaele-design no pressure
measurements were made. This was because it had been observed that diamonds
in this experiment and those in Section 3.2 tended to fail, not when pressure was
increased, but when the Raman spectroscopy was performed. It was therefore
suspected that performing Raman spectroscopy on diamonds at high pressure
may cause failure in the highly stressed anvils, as has also been suggested by Dias
& Silvera [232]. The pressure in the Dewaele-design cell was therefore estimated
from the oC 16-Rb equation of state fitted in Section 3.2.
The smoother design did not have the desired effect of eliminating high-stress
points on the diamond, but primarily served to distribute pressure away from the
136

culet as shown in Figure 6.2. This pressure distribution was obtained at a central
sample pressure of 183 GPa as estimated from the oC 16-Rb equation of state
from Section 3.2, and pressures elsewhere were estimated from the Re equation
of state from Section 2.3.5. Pressure gradients were very low, with a gradient from
the culet centre to the next data point 11 µm away being only 0.7 GPa µm−1 . The
highest sample pressure reached by the smoother design was 214 GPa, at which
point the diamonds failed.
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The pressure distribution on the toroidal feature of the smoother
Dewaele-style design, with (a) showing a contour plot of the
pressures, (b) showing the pressure distribution along z at y = 0 µm,
and (c) showing the original shape of the toroidal feature. The black
circle at (y = 0, z = 0) is the ∼1 µm beam size which is far
smaller than the grid steps, and the dashed circle is the approximate
position of the 10 µm diameter culet. The pressure on the sample
was 183 GPa, calculated from the oC16-Rb equation of state from
Section 3.2, in good agreement with the pressure estimated from the
Re equation of state. Diffraction patterns were collected 11 µm apart.
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In contrast, the Jenei-design with the sharper features reached 272(8) GPa as
calculated from the DE measurement, where the uncertainty is taken as 3 %
[79, 80]. This is far below the 381 GPa reached on W in Chapter 5 and the 400500 GPa reached by other research groups using tDACs [201]. Figure 6.3 shows
the transmitted beam intensity and the tDAC diamond cross-section profile as
functions of y at z = 0 µm. After acquiring these data, the load was increased
twice more, first reaching the highest pressure of 272(8) GPa and then failing on
the second load increase. The high transmittance at y = ±25 µm, which is almost
at the same level as the culet, indicates the imminent failure. However, the shape
of the transmittance is very ‘clean’ and shows no irregularities or discontinuous
features which might indicate that the sample containment is compromised or that
the cell is significantly misaligned. It may be that the scan of the beam intensity
was obtained slightly offset in z, thus failing to capture the high-transmittance
region of the sample chamber.
One possible explanation for the failure of the tDAC is the extrusion of sample
material beyond the culet centre, as is evident in Figure 6.4a. The sample has
extruded out to the culet edge both left and right, meaning that the sample is
not radially supported in y. A tear in the gasket at the culet edge or a further
extrusion of the sample into the toroid may have caused the sample to ‘escape’
from the culet, releasing the pressure and causing the anvils to come into contact.
Figure 6.4 shows the pressure distribution on the culet at a heat map, with the
pressure being estimated from the Rb sample where present and the hP4 equation
of state derived in Section 3.2, or from the Re gasket and its equation of state
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The diamond profile of the tDAC which reached the highest pressure
in Rb (solid line) and the transmitted beam intensity (filled squares).
The cell in question failed after two subsequent pressure increments,
after these data were collected.
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The pressure distribution on the culet of the tDAC which reached the
highest pressure in Rb (a), together with the pressure distribution
obtained from the equations of state of hP4-Rb (open squares) and
Re (solid squares) at (b) y = 0 µm and (c) z = 0 µm. The dashed
circle shows the 10 µm culet and the solid circle shows the 0.85 µm
beam size. Crosses are the locations where Rb diffraction patterns
were collected, showing the distribution of the sample on the culet.
Diffraction patterns were obtained 1 µm apart.

from Section 2.3.5. The 0.85 µm × 0.85 µm beam size allowed for a resolution of
1 µm in the pressure distribution, and also for precise identification of the location
of the sample on the culet (crosses in Figure 6.4a).
At the edge of the culet, the Rb and Re equations of state differ by ∼10 GPa
(5 %) which is a reasonable agreement for two independent equations of state;
the Rb equation of state is fitted to pressures obtained from the DE, whereas the
Re equation of state is fitted to pressures obtained from the ruby fluorescence
spectrum and the equations of state of W and He. However, in the centre of the
culet, there is significant disagreement between the Rb and the Re equations of
state, with the hP4-Rb equation of state implying a pressure of ∼245 GPa while
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that of Re suggests a pressure of ∼200 GPa. Given the decent agreement at the
edge of the culet, it seems unlikely that the equations of state would differ so
significantly. Instead, it is more likely that there is in fact no Re in the sample
chamber, but that the Re diffraction peaks in the pattern originate from a slightly
lower-pressure region outside the sample chamber.
Thus, there is a relatively central high-pressure region with a ∼3 µm diameter
containing Rb at pressures in the range 230-247 GPa. This is likely to be the
sample chamber, though this is not evident in the transmitted intensity scan
shown in Figure 6.3, where the intensity remains constant across the culet. As
noted, it may be that the scan is slightly offset and therefore fails to show the
sample chamber. Beyond the central high-pressure region, the pressure on the
culet is 202-212 GPa, and the material in the toroid is at similar pressures with
the lower pressure observed being 200 GPa.
This pressure distribution is in good agreement with those observed in W and
Ce samples in tDACs (see Chapter 5) which both exhibited a small high-pressure
domain in the centre of the culet and a region of relatively constant pressure
extending out in the toroid. In W, the pressure gradient between the highand low-pressure regions was 68 GPa µm−1 , in Ce it was 53 GPa µm−1 , and
in Rb it was 43 GPa µm−1 . The 0.85 µm × 0.85 µm beam size used in the Rb
experiment means that the Rb gradient is most accurate. Indeed, the beam sizes
of 4 µm × 4 µm in W and 2.5 µm × 1 µm in Ce imply that the gradients estimate
in these experiments are likely underestimates. Regardless, it is clear the pressure
gradient depends on the softness of the element, with ambient bulk moduli of W,
Ce, and Rb being 298.9(9) GPa, 20.04(14) GPa, and 0.15(3) GPa, respectively.
No pressure drops analogous to those seen in tDAC experiments on W and Ce
were observed. These drops occurred at 360 GPa and 340 GPa in Ce, so most
perhaps a drop would have been observed in the Jenei-design Rb cell if it had
reached pressures above 350 GPa.

6.2

Results

The same oC 16→hP4 transition discussed in Section 3.2 was observed in tDAC
experiments on Rb. The highest pressure achieved in a tDAC was 272(8) GPa
compared to the 264(8) GPa reached on Rb by conventional bevelled DACs in
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Figure 6.5

Debye-Sherrer rings of the hP4-Rb sample, Re gasket, and
unidentified fcc contaminant.

Chapter 3. The pressure uncertainties of 3 % originate from the uncertainty on
the diamond Raman edge pressure gauge [80]. The overlap of the uncertainty
on the pressure measurements means that we cannot conclusively say that the
tDAC reached a higher pressure. Due to the small 0.85 µm × 0.85 µm beam size,
no pattern ‘splitting’ was observed as was the case for the tDAC experiment on
W and Ce in Chapter 5.

6.2.1

Contaminant Peaks

During the experiment, the pressure was increased on the tDAC sample until
247(7) GPa and the cell was subsequently left for a day as other samples were
probed. Upon returning, it was found that the diffraction pattern now showed
additional peaks which could not be accounted for by either the oC 16 or hP4
phases of Rb, nor the Re gasket. These new peaks were found to be consistent
with an fcc lattice, and Figure 6.5 shows the Debye-Sherrer rings at 247(7) GPa
with the various peaks indicated. The fcc peaks differ significantly in texture from
the Rb peaks, in that the Rb peaks are significantly spottier. The Rb (102) peak
shows this most clearly, but it is visible in the weaker Rb (103) peak as well.
In contrast, both the Re gasket and contaminant show much less texture, which
indicates that the contaminant peaks are do not originate from the Rb sample.
Figure 6.6 shows diffraction patterns collected at 247(7) GPa and 272(8) GPa
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respectively, as determined from DE measurements. The contaminant fcc pattern
shows no movement in 2θ-space across this pressure range, while the Re peaks
shift significantly and the Rb peaks shift a little. As an aside, this ‘transfer’ of
stress from the high-pressure to the low-pressure region is similar to what was
observed in the tDAC experiments on W and Ce. Though no significant pressuredrop occurred in the Rb, the fact that the Re appeared to increase in pressure
at a faster rate than the Rb suggests that the load increase on the screws is not
translated to the high-pressure region occupied by the sample as much as the
low-pressure region occupied by the gasket; perhaps this is due to ‘cupping’ of
the culet which would redistribute the load from the culet centre to the culet
edge.
Regardless, this is another indication that the contaminant peaks do not originate
from the sample, because if they were, they would compress at the same rate;
3
3
as the sample is compressed from 12.4654(2) Å /atom to 11.241 21(13) Å /atom,
the contaminant peaks do not move at all in 2θ-space. Across the entire pressure
range, the contaminant peaks are consistent with an fcc phase with a ≈ 3.65 Å.
This shows that whatever the contaminant is, it is not present in the sample
chamber, else it would move at least a little over the 25 GPa range.
It is also noteworthy that the peaks only appear when the sample is oscillated
while exposed to the x-ray beam. The integrated patterns in Figure 6.7 show the
peaks (marked with arrows) appearing in the oscillated exposure in Figure 6.7a
but not in the static exposure in Figure 6.7b. Lastly, the peaks do not appear
in any of the other Rb samples studied to pressures above 247(7) GPa in Section
3.2.
Putting these features together, the contaminant does not appear to be in the
sample chamber, it only appears in oscillating exposures, it differs in texture
from the sample, and it was not seen in any other sample. This indicates that the
contaminant peaks do not originate from a new phase of Rb or from a reaction
within the sample chamber. Instead, it is likely that a piece of metal (perhaps
Cu which has a = 3.615 Å) was present on the table of the diamonds which was
not centred such that it was not seen on the still image, but was hit by the x-ray
beam when the cell was oscillated. This would also explain why the pressure on
the contaminant did not change.
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Figure 6.6

6.2.2

Integrated and background subtracted diffraction patterns from a
tDAC Rb sample at 247(7) GPa (a) and 272(8) GPa (b), obtained
while the sample was oscillated ±5°. Across the entire pressure
range, the Re peaks shifted significantly and the Rb peaks (most
prominently the Rb (103) peak) shifted a little. The contaminant
peaks (arrows) did not shift at all, indicating that the scattering
material is not present in the sample chamber.

Pattern Refinement

Discarding the contaminant peaks, the hP4 phase was observed above 207(6) GPa,
in good agreement with the conventional DAC experiments described in Section
3.2. Le Bail refinement at the highest pressure of 272(8) GPa measured from the
DE is shown in Figure 6.7b and resulted in lattice parameters a = 2.4998(4) Å,
3
c = 8.309(3) Å, and atomic volume V = 11.24(11) Å . Due to the overlap with
the Re gasket peaks, no Rietveld refinement was possible. Note that while XRD
peaks from the oC 16 phase were observed even at 264(8) GPa in the conventional
DAC experiments, no peaks from the oC 16 phase were observed in the tDAC
experiments above 252(8) GPa. It may be that the apparent presence of the oC 16
phase at 264(8) GPa was in fact a result of the large beam size of 3 µm × 8 µm. As
noted in Figure 3.7, an 8 µm beam diameter in y may result in an up to 15 GPa
pressure gradient in the diffraction pattern. This means that Rb at pressures as
low as 251 GPa could be present in the pattern at 264(8) GPa. If this is the case,
an upper limit on the stability range of the oC 16 of 252(8) GPa is reasonable.
While the tDAC reached a higher recorded pressure of 272(8) GPa than the
264(8) GPa achieved conventional DAC, the lowest observed volume of the hP4
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Integrated and background-subtracted diffraction patterns of Rb
obtained with a tDAC at 272(8) GPa. A pattern with an oscillated
exposure (a) of ±5° resulted in the contaminant peaks indicated
by arrows. The pattern with a static exposure (b) was obtained
immediately before (a) but was not oscillated, and no contaminant
peaks are visible. The Le Bail refinement of the hP4-Rb and Re
gasket is shown as crosses, peak positions are shown as ticks below
the pattern, and the difference between the observed and calculated
pattern is shown below the ticks.

phase measured in the conventional DAC was slightly lower than that recorded
3
3
in the tDAC, at 11.238(3) Å /atom and 11.241 21(13) Å /atom, respectively. Due
to the pressure uncertainty of the DE, it is not possible to conclusively say that
the tDAC reached a higher pressure than the conventional DAC.
Indeed, this is a good demonstration of why the DE pressure gauge is generally
less reliable than an in situ calibrant, as already noted in Section 2.3; one cannot
be sure that the highest pressure on the diamond culet corresponds to the pressure
on the sample. Of course, it is possible that an in situ calibrant may similarly be
at a different pressure than the sample if large pressure gradients are present on
the culet. To remedy this, the experiment should be conducted with the smallest
possible beam such that when both pressure marker and sample diffraction peaks
are visible, one can assume that the pressure gradient in the diffraction pattern
is negligible. Additionally, pressure distributions such as that shown in Figure 6.4
should be mapped out to create a full understanding of the layout of the sample
chamber and the relative position of the sample, pressure marker, and gasket.
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6.2.3

0.6

x

Pressure (GPa)

Compression data of Rb in (a) P-V space and (b) linearised space
from both conventional and toroidal DAC experiments. The solid
line is the AP1 equation of state fitted to the non-tDAC data. The
insets show the high-pressure region to demonstrate the discrepancies
between tDAC data and data from conventional DACs between 220250 GPa, i.e. x = 0.508 − 0.511 . Additional data from [47, 152, 155]
are included, and error bars are 3 %.

Compression and Linearisation

The tDAC compression data are plotted on the P-V and linearisation plots
in Figure 6.8, and are in generally good agreement with data collected from
the conventional DAC experiments described in Chapter 3. The exceptions are
a few data points between 220-250 GPa, where the pressure or volume are
overestimated, most clearly visible in the inset of Figure 6.8a. The very same
feature is also visible in the inset of Figure 6.8b between x = 0.508−0.511 . Above
this pressure, there is good agreement between the tDAC and conventional DAC
data, though the pressure uncertainty is significant.
The full linearisation curves of K and Rb can now be examined and are shown
in Figure 6.9. Data from Cs [233, 234] are also included for completeness, and
the broad similarities are clear. The ambient bcc phase is approximately linear,
followed by a shift in the fcc phase. In K this shift merely results in a flat segment,
while in Rb and Cs there is a decrease in ηAP L (x). Regardless, both these shifts
signal a softening of the material. Rb and Cs then adopt orthorhombic (oC )
structures with very large unit cells (containing 52 and 84 atoms respectively)
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The linearised compression data of K, Rb, and Cs. Filled symbols
are data collected in this thesis, and open symbols are reproduced
for K from Lundegaard et al. [127], for Rb from De Panfilis et al.
and Schwarz et al. [155, 47, 152], and for Cs from Takemura et al.
and Hall et al. [233, 234]. The phases of the elements are indicated,
showing broad similarities in the behaviour between these elements.

where the data continue to bend downward. In K there is no orthorhombic phase
but instead a large discontinuity between the fcc and tI 19*, while in Rb the
transition to the tI 19* phase shows no such discontinuity. The tI 19* phase is
approximately flat and marks the minimum of ηAP L (x) in K, while in Rb it
continues the trend of the oC 16 phase. The oP8 phase in K then begins to harden
as represented by an upturn in ηAP L (x). While this phase does not exist in Rb
and Cs, similar hardening is exhibited in the tI 4 phase of these elements. The
oP8 in K and tI 4 in Rb and Cs are followed by the oC 16 phases, which display
linear behaviour. In Rb and Cs, the hP4 phase continues this trend, but with a
volume discontinuity at the oC 16→hP4 transition. No analogous transition has
been observed in K but is predicted to occur [149].
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6.3

Summary

This chapter has explored the use of tDACs when applied to highly reactive and
highly compressive elements such as Rb. The reactivity necessitates loading in a
glove box, making it difficult to achieve the level of precision afforded by a micromanipulator. The high compressibility means that the sample chamber shrinks
significantly under pressure,
A tDAC loaded with Rb reached a pressure of 272(8) GPa as measured from
the DE, marginally higher than the 264(8) GPa measured from the DE of a
conventional DAC loaded with Rb. However, this higher pressure did not translate
into a smaller atomic volume in the sample, and indeed the uncertainties on
the two pressure measurements mean that one cannot conclude that the tDAC
achieved a higher pressure than the conventional cell. Thus, the technique needs
further refinement when applied to highly reactive elements such as Rb, and the
extrusion of sample material beyond the central culet area implies that greater
precision is needed both when drilling the sample chamber and when loading the
sample itself.
The highest pressure achieved in a tDAC of 272(8) GPa was reached with a tDAC
milled according to the design of Jenei et al., but this was not higher than the
321 GPa reached on K with conventional DACs in Section 3.2. While tDACs
present an exciting new technique for high-pressure experiments, in the case of
highly reactive elements requiring glove-box loading it may be that the precision
required outweighs the promised benefits.
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Chapter 7
Conclusions and Future Work

7.1

Summary

This work has aimed to investigate:
• the compressive behaviour and phase transitions of the alkali metals K and
Rb at multi-megabar pressures.
• the use of tDACs at x-ray diffraction experiments.
Regarding the high-pressure behaviour of K and Rb, the phase diagrams of these
elements have been extended by 210 GPa and 165 GPa, respectively. Achieving
pressures of 321 GPa in K has showed that the oC 16 phase is stable at higher
pressures than was predicted, and that if the hP4 phase becomes favourable this
occurs at least 90 GPa above the calculated 250 GPa transition pressure [149]. In
Rb, the hP4 phase was observed for the first time, with the transition beginning at
207(6) GPa and ending around 252(8) GPa. In-house manufactured tDACs were
successfully used to achieve ∼270(10) GPa on Rb, and although these pressures
do not exceed those achievable with conventional DACs it lays a good foundation
for future investigations.
Experiments on K and Rb achieved compression factors of 8.96- and 8.26-fold
respectively, and the corresponding compression ratios V /V0 = 0.112 and V /V0 =
0.120 constitute the lowest ever achieved in metals during static high-pressure
experiments. Indeed, these are second only to x-ray measurements performed
on hydrogen at a V /V0 ∼ 0.094 at 190 GPa [235]. For comparison, recent laser
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compression experiments on Sn and Fe at the National Ignition Facility to 1.2 TPa
and 1.4 TPa, respectively, resulted in ∼3.1- and ∼2.5-fold volume compressions
[23, 2].
It was found that K and Rb exhibit highly irregular compressive behaviours even
at modest pressures, signified by alternative a softening in the fcc phase and a
subsequent hardening in the tI 4 phase, as revealed by the linearisation plots.
In comparison with other published results, it was found that this behaviour is
shared by Cs as well.
In addition to extensive investigation of the alkali metals K and Rb, the heavier
elements W and Ce were studied with tDACs. While the investigation of W
primarily highlighted difficulties in implementing tDACs, a maximum pressure
of 381 GPa was achieved, far exceeding any pressure reached using conventional
DACs.
The investigation of Ce showed an apparent change in compressibility and a
decrease in the tI 2 phase’s c/a ratio above 250 GPa. The shift in compressibility
appeared to occur over the pressure range 200-250 GPa before the compression
curve continued on a new trajectory in linearised η − x-space. The declining
c/a ratio, in contrast, continued up to the highest pressure of 361 GPa. Similar
behaviours have been observed in the lanthanide metals Pr and Nd, but neither
has been explained.

7.2

Future Work

The work on alkali metals at multi-megabar pressures should continue and be
expanded to encompass the lighter elements Li and Na. These will present
additional challenges such as Li being liquid at room-temperature above 40 GPa,
requiring a cooling apparatus to bring the sample down to a solid phase below
200 K [186, 236]. Additionally, it has been observed that Li can diffuse into the
diamond anvils, requiring either the aforementioned cooling to mitigate this
process or the presence of some insulating material between the sample and
diamond. Na poses similar challenges, in addition to the high reactivity and low
atomic number of both elements which make loading difficult and XRD peaks
weaker. However, these elements also display a range of interesting behaviour
such as superconductive and insulating states [237, 9].
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In the near term, tDAC experiments on K will be conducted at Petra-III’s
P02.2 beamline as well as on beamline ID27 at the newly upgraded ESRF in
France, whose increase in brilliance [238] will be extremely useful when studying
relatively weakly scattering samples. It is hoped that tDACs will allow pressures
in excess of 400 GPa to be reached, establishing whether the hP4 phase becomes
stable at these conditions. Above 345 GPa, it is expected that K will reach 10fold compression, and observing the behaviour of this and other elements at
these conditions is a further step in studying the physics of elemental metals at
extreme conditions. Together with computational work, this will provide improved
predictive capabilities of the behaviour of matter at ultra-high densities.
Indeed, computational work is a major avenue of further research as alluded
to in Chapters 3-6; having established the shifting compressive behaviour of
the K and Rb metals up to and above 250 GPa, it becomes imperative to
understand the reasons for these complexities. Further research is required, but it
is clear that a thorough understanding of the underlying physics of these systems
requires the use of modern DFT methods in order to probe the mechanics of
phase transitions and phase stabilisation. Indeed, work is currently ongoing to
investigate the underlying cause of the declining c/a ratio with pressure in Ce
and other lanthanide metals. While DFT investigations were beyond the scope of
this thesis, it is the author’s ambition to conduct these in due course.
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The high pressure phases of Rb have previously been investigated to 101 GPa, above which Rb is predicted to
adopt a double-hexagonal close-packed (dhcp, Pearson hP4) structure similar to that already observed in cesium
at 72 GPa. Previous ab initio structure searches have indicated that the hP4 phase should become stable in
rubidium at 143 GPa. We present data from static compression experiments on Rb up to 264(8) GPa, showing
the onset of the hP4 phase at 207(6) GPa. The V/V0 of ∼0.121 measured at 264 GPa constitutes the highest
compression ratio (more than eightfold) at which structural information has been obtained from a metal using
x-ray diffraction methods and is second only to x-ray measurements performed on hydrogen at V/V0 ∼ 0.094 at
190 GPa. At these extreme compression ratios, the compressive behavior of rubidium shifts from that of a free
electron metal to that of a regular d-block metal.
DOI: 10.1103/PhysRevB.103.224103

I. INTRODUCTION

The alkali metals have long been of great interest due to
their simple crystallographic and electronic structure. Their
single valence electron makes them a good approximation of
the nearly free electron (NFE) model at ambient conditions
[1,2]. Under pressure, however, these simple metals become
increasingly complex; while all adopt a body-centered cubic
structure at ambient pressure and subsequently transform to a
face-centered cubic structure under modest pressure, further
compression results in a multitude of complex, electridelike,
and host-guest composite structures [3–5].
This transition from simple to complex structures must result from a lowering of the electronic energy, which in turn is
generally understood to originate from a structural distortion
which splits degenerate states at the Fermi level [6,7]. However, the driving force of such distortions remains contested;
an often-cited cause is the localization of valence electrons in
interstitial sites under pressure [8–10]. This lowers the bandwidth and makes Peierls-like distortions favorable, lowering
both symmetry and the electronic energies [11]. On the other
hand, these low-symmetry structures may result from HumeRothery rules [12], wherein interactions between the Fermi
surface and the Brillouin zone cause energy gaps to open
near the Fermi level [13–16] similarly reducing the electronic
energy.
Regardless, it is well documented that upon compression
there occurs an s-d charge transfer, where the d character of
the electron bands is strengthened under pressure [17–20]. If
this was the only effect of compression, then the alkalis should
indeed become increasingly free-electron-like under pressure
and adopt further close-packed structures once the s-d transfer
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is complete [21]. However, this is not the case as the highpressure phases of the alkalis show a wealth of complexity
(see Table I for an overview and Ref. [22] for a full review).
It has furthermore been observed that elements within the
same group (e.g., group I for the alkali metals) will adopt
similar structures at high pressure, with the phase transition
pressures being lower in the higher-Z group members as illustrated for the alkali metals in Table I. For materials undergoing
changes in electronic structure it is also known that the atomic
volume and compressibility of a lower-Z metal can tend towards that of its neighbor in the next group. For instance, the
compression curve of scandium (Z = 21) has been observed
to tend towards that of titanium (Z = 22) above 200 GPa
[23], while the compressibility of divalent europium (Z = 63)
approaches that of trivalent gadolinium (Z = 64) at 20 GPa
[24].
By analogy then, one might expect the compressibility and
atomic volume of rubidium (Rb, Z = 37) to approach the
behavior of its closest neighbors strontium (Sr, Z = 38) and
yttrium (Y, Z = 39) as a result of the s-d charge transfer. Since
experimental compression data for Sr only exist up to 75 GPa
[25], we will focus here on Y which we have recently studied
up to 180 GPa [26].
In another parallel between Rb and Y, our recent experimental studies have indicated that Y also tends towards d-like
behavior at ultrahigh pressures [26]. However, with an ambient bulk modulus of 47.3 GPa, the relative incompressibility
of Y limited the accessible compression domain to V/V0 >
0.35, even at ∼200 GPa. The alkali metals on the other hand
are extraordinarily compressible, with the zero-pressure bulk
moduli of the heavier alkali metals potassium (K), rubidium
(Rb), and cesium (Cs) being 3.1, 2.5, and 1.6 GPa, respectively, only 2–3 times larger than those of the solidified noble
152As a result, the
gases at ambient pressure and low temperature.
proportion of the sample volume occupied by the relatively

224103-1

©2021 American Physical Society

C. V. STORM et al.

PHYSICAL REVIEW B 103, 224103 (2021)

TABLE I. The phase transition sequences observed in the three heavier alkali metals K, Rb, and Cs. Above the common bcc and fcc phases
seen in all three metals at low pressures, the crystal structures are given by their Pearson symbols, with host-guest structures abbreviated h-g.
The asterisks denote that the number of atoms in the host-guest structures is noninteger and pressure dependent. Numbers above the arrows
indicate the transition pressures in GPa. Table adapted from Ref. [16].
Element
K

Transition sequence
11.6

20

54

7.0

13

14

2.4

4.2

4.3

bcc −−→ f cc −
→

90

96

h-g (tI19*) −
→ oP8 −
→ tI4 −
→ oC16
20

Rb

→ oC52 −
→ h-g (tI19*) −
→
bcc −−→ f cc −

Cs

→ oC84 −
→
bcc −−→ f cc −

<112 GPa

48

tI4 −
→ oC16
12

<100 GPa
72

tI4 −
→ oC16 −
→ hP4 < 223 GPa

incompressible ion cores in the alkali metals increases rapidly
under pressure until the distance between them decreases
below the initial core diameter. Such so-called “core-core”
overlap forces the valence electrons to localize into irregularly
shaped interstitial regions [8,9].
These localized electrons can act as almost massless pseudoanions, resulting in high-density “electride” structures and
transitions to insulating or semiconducting forms [3]. While
the effects of electron localization and hybridization apply to
all high-density matter [27], the physics is most evident in the
alkali metals, due to their NFE behavior at ambient conditions
and the ease with which their densities can be increased more
than fivefold, thereby strongly reducing the volume accessible
to the valence electrons and increasing interactions between
core electrons.
All of these pressure-induced effects lead to the structural
complexity shown in Table I, which contains the known highpressure phase transitions in K, Rb, and Cs and illustrates
that these elements share many common structures, as expected given their similar electronic structures. In particular,
the superconductive orthorhombic oC16 phase [28] becomes
energetically favorable in K, Rb, and Cs at pressures of 96, 48,
and 12 GPa, respectively [29–31]. Cs has also been observed
to adopt a double-hexagonal close-packed (dhcp, Pearson
hP4) structure at 72 GPa [32] and ab initio structure searches
have indicated that Rb should also transform to an analogous
hP4 structure at 143 GPa at 0 K [33].
To this end we describe structural studies of Rb up to
264 GPa at 300 K and observe the transition to the hP4 phase
at 207(6) GPa. Analysis of Rb’s equation of state (EoS) shows
a marked decrease in compressibility between 25 and 30 GPa,
within the tI4 phase, where the atomic volume becomes very
similar to that of Y. Above 30 GPa Rb behaves far more like a
regular d-type metal, i.e., a metal whose valence electrons are
primarily in a d configuration. This agrees with theoretical
conclusions that at such pressures the d character of Rb’s
electron bands will dominate. At 264 GPa, the density of Rb
is more than eight times its ambient pressure value, and the
nearest neighbor distance is only 2.51 Å, significantly smaller
than the Rb+ ionic diameter of 3.04 Å [34] and thereby
confirming that we have reached the density domain where
core-core overlap is an important consideration.

reactive nature of Rb, all samples were prepared in a dry
oxygen-free atmosphere (<0.1 ppm O2 and <0.1 ppm H2 O)
and no pressure transmitting medium was used.
Data below 7 GPa were collected on beamline P02.2 at
PETRA-III with a wavelength of 0.4840 Å and a beam size
of 3 × 8 μm2 . Diamond anvils cells with 500 μm diameter
culets were employed, along with a rhenium (Re) gasket, and
pressure was determined from copper (Cu) powder scattered
throughout the sample chamber and the Cu EoS [36].
Between 7 and 25 GPa data were collected on beamline
I15 at the Diamond Light Source (DLS) with a wavelength
of 0.4246 Å and a beam size of approximately 20 × 20 μm2 .
Here diamond anvil cells with 100 μm diameter culets were
used, beveled at 8.5◦ to 300 μm. A small piece of tantalum
(Ta) foil served as the pressure calibrant using the Ta EoS [36],
and the gasket was Re.
Data above 25 GPa were collected during two experiments
on beamline P02.2 at PETRA-III, the first with a 3 × 8 μm2

II. EXPERIMENTAL METHOD

FIG. 1. The 2D Debye-Scherrer diffraction image from Rb at
232 GPa as collected with the 850 × 850 nm2 x-ray beam at
PETRA-III. The masked sections are shown as shaded areas, with the
rectangular mask corresponding to the mounting153
arm for the beam
stop and the central circular mask to the beam stop itself.

Commercial Rb samples of high purity (99.95%+) supplied by Sigma-Aldrich were loaded into Boehler-Almax
design plate diamond anvil cells [35]. Due to the highly
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FIG. 2. Rietveld refinement of the oC16 structure to a
background-subtracted diffraction profile from Rb at 189 GPa, showing the observed (solid line) and calculated (crosses) diffraction
patterns. The collection time of the diffraction image was 60 s and the
sample was not oscillated during exposure. The calculated reflection
positions (vertical bars) for the oC16 phase (Rietveld) and Re gasket
(Le Bail), and the difference profile (lower line), are also shown.
Owing to the submicron x-ray beam the Re diffraction signal is very
weak.

beam size (wavelength 0.4840 Å) and the second with a 850 ×
850 nm2 beam size (wavelength 0.4855 Å) enabled by the
facility’s submicron focus [37].
While the nanofocused beam provided diffraction patterns
with less interference from the gasket, the highest pressure
was reached while using the larger beam. Furthermore, we
were unable to obtain pressure measurements from the sample
studied with the submicron beam and therefore relied on a
derived Rb EoS from the first experiment to determine the
pressure in Figs. 2 and 3. No data from the sub-micron experiment are therefore shown in Figs. 4–6. The high-pressure
diamond anvils had 30 μm diameter culets beveled at 8.5◦
to 300 μm. The gaskets were Re, and no in situ pressure
calibrants were used as the diffraction signal would have obscured that of the sample; the pressure was instead determined
from the diamond anvil Raman gauge [38–40] (see Figs. S2,
S3, and S4 in the Supplementary Material for a discussion of
pressure gradients on the culet surface and for a sample Raman spectrum from which the pressure was determined [41]).
Since this pressure gauge is only calibrated above 100 GPa,
the pressures for data collected below this point were estimated from the diffraction signal of the Re gasket using its
EoS [42]. Given the small beam size relative to the ∼5 μm
diameter of the sample chamber, the diffraction from the gasket originated primarily from gasket material in contact with
the sample and thus provides a reasonable pressure estimate.

FIG. 3. Background-subtracted diffraction profiles obtained
from Rb on pressure increase above (a) 189 GPa, where the sample is in the oC16 phase (see Fig. 2). On pressure increase to (b)
204 GPa the appearance of a new peak [identified with an arrow
in (b) and (d)] marks the transition to hP4. On further pressure
increase to (c) 222 GPa and (d) 232 GPa the peaks from hP4 increase
in intensity, but peaks from oC16 were still visible at the highest
pressure reached, 264 GPa. The tick marks beneath profile (a) show
the calculated peak positions of oC16 at this pressure, while the tick
marks beneath pattern (c) similarly indicate those of the oC16 and
hP4 (dhcp) phases. The pressures in this sample were determined
from the lattice parameters via the EoS determined from the other
samples. The peak marked with an asterisk in profile (a) is from the
Re gasket. All patterns were collected over 60 s.

We include experimental results from Refs. [30,43,44] in
Figs. 4–6 to show agreement with these studies to support the
assumption that the Re gasket provides a reasonable pressure
estimate.
The diffraction data were recorded on a Perkin-Elmer area
detector (PETRA-III) and a MAR345 image-plate detector
154
(DLS). At PETRA-III the detector was placed
∼400 mm from
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FIG. 4. The compression curve of Rb to 264(8) GPa with data
from the different phases identified by the different symbols. The
filled symbols are data reproduced from Refs. [30,43,44], and the
dashed lines are the compression data and the extrapolated EoS of
yttrium from Ref. [26]. The inset shows the measured volumes of the
oC16 and hP4 phases above 200 GPa, illustrating the volume change
of 2.3(5)% that occurs at the phase transition. The uncertainties on
the volume, and those on the pressure below 100 GPa, are smaller
than the symbols used to plot the data and have been omitted. The
uncertainties in pressure above 100 GPa, as determined from the
diamond edge scale, are ±3% [38–40].

the sample, and at DLS it was placed ∼300 mm from the sample. The exact sample-detector distance and the detector tilts
were determined using diffraction standards (LaB6 , CeO2 ). A
summary of the calibration parameters and beamline arrangements is shown in Table II.
An example of the quality of the diffraction data obtained
is illustrated in Fig. 1 which shows the 2D diffraction image
collected at 232 GPa. There is only minimum scattering from
the Re gasket, and there are no diffraction features from the
diamond anvils. The 2D diffraction images obtained at each
pressure were integrated to 1D profiles using DIOPTAS [45],
and these were analyzed using Rietveld and Le Bail profile fitting [46], and least-squares fitting to individual peak positions
[47].
The sample pressures were increased manually and allowed to stabilize for at least 5 min before the x-ray exposures
were taken. The typical exposure time was 60 s.
III. RESULTS

Our observed phase transitions up to 50 GPa are shown in
Table III along with the respective transition pressures, and
these are all in good agreement with previous investigations
[44,48,49] (see Table I).

FIG. 5. Linearization of the compressibility of Rb in the form of
an ηAPL -σ plot, where σ = σ0 x. The data from the different phases of
Rb obtained in this study are plotted using different unfilled symbols,
while the filled symbols are data taken from Refs. [30,43,44]. Note
that pressure increases nonlinearly from right to left. Due to the
nonlinear nature of the horizontal axes the high-pressure domain occupies a disproportionately small area of the plot. The inset therefore
shows an enlarged view of the pressure range 50–270 GPa. The solid
line shows the best-fitting AP1 EoS to the data above 30 GPa and the
dashed line is the ideal AP1 EoS for Rb.

A. Phases and refinement

The quality of the diffraction data collected above 150 GPa
is demonstrated in Fig. 2 which shows a backgroundsubtracted diffraction profile from the oC16 phase at 189 GPa,
along with a Rietveld profile refinement. The refined lattice parameters at this pressure were a = 8.282(6) Å, b =
4.920(2) Å, c = 4.9170(10) Å [V = 12.522(11) Å3 /atom],
with atoms on the 8f and 8d Wyckoff sites of space group
Cmca at [0,0.180(5),0.327(7)] and [0.216(4),0,0], respectively. The atomic coordinates were unchanged over the full
stability range of this phase and are in excellent agreement
with the theoretical values of 8f (0,0.1751,0.3271) and 8d
(0.2149,0,0) [33].
On pressure increase above 189 GPa, additional diffraction
peaks appeared in the diffraction profiles, as seen by comparing profiles of Figs. 3(a) and 3(b). However, while the
intensities of the new peaks increased with increasing pressure
[profiles of Figs. 3(c) and 3(d)], peaks from Rb-oC16 were
still observed at 264(8) GPa, the highest pressure reached in
this study before diamond failure.
The positions of the new peaks are consistent with those
expected from hP4, which previous ab initio density func155
tional theory (DFT) calculations had predicted
would become
stable above 143 GPa at 0 K [33]. It is then clear that
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TABLE II. Calibration parameters giving the pressure range, the
x-ray wavelength (λ), the x-ray beam diameter, the calibration standard, the pressure gauge, and the sample-detector distance (d). The
diamond Raman high-frequency edge method is abbreviated DE, and
we have abbreviated PETRA-III to P-III.

is worth noting that even the initial bcc-fcc phase transition at
7.6(3) GPa occurs at a reduced volume of V/V0 < 0.5. The
ambient volume V0 was determined by fitting a Vinet [51]
EoS using EoSFit [52] to the low-pressure data from the bcc
phase over the pressure range 0.051–7 GPa. See Fig. S1 in the
Supplementary Material for full details on the Vinet fit [41].
This resulted in V0 = 92.9(4) Å3 /atom, K0 = 2.46(7) GPa,
and K  = 4.12(6), in excellent agreement with previous studies which obtained values of 92.74 Å3 /atom, 2.301(3) GPa,
and 4.1(3), respectively [49].
Also shown in Fig. 4 are the recently determined compression data of Y to 189 GPa [26]. At lower pressures,
the compression curves of Rb (Z = 37) and Y (Z = 39) are
remarkably different, as reflected in their very different zeropressure bulk moduli (2.5 and 47 GPa, respectively), but
at 30 GPa, within the tI4 phase, the atomic volume of Rb
and Y not only become the same (22.1 Å3 /atom), but they
then remain the same up to 100 GPa where Y undergoes a
1.8% volume change at its hR24 → oF 16 transition, which is
accompanied by a change in Y’s electronic structure and its
compressibility [26].

Facility Range
(GPa)

λ (Å)

P-III
DLS
P-III
P-III

0.4840
3×8
0.4246 20 × 20
0.4840
3×8
0.4855 0.85 × 0.85

0–7
7–25
25–264
25–232

Beam
(μm2 )

Diffraction Pressure d
standard calibrant (mm)
CeO2
LaB6
CeO2
CeO2

Cu
Ta
DE
None

395
299
395
396

temperature effects raise the transition pressure to this phase
by around 60 GPa.
Although the mixed-phase nature of the diffraction profiles
above 189 GPa precluded Rietveld analysis, Le Bail refinement at 222 GPa [see profile in Fig. 3(c)] gave best fitting values of a = 8.2204(4) Å, b = 4.802(2) Å, c = 4.7907(17) Å,
V = 11.796(9) Å3 /atom for the oC16 phase and a =
2.5239(7) Å, c = 8.324(7) Å, V = 11.48(11) Å3 /atom for
the hP4 phase. There is thus a volume discontinuity of
2.3(5)% at the oC16 → hP4 transition, similar to the 2.0(1)%
volume decrease observed in the analogous oC16 → hP4
transition in Cs at 72 GPa [32].
Theoretical investigations have shown that following the
oC16 → hP4 transition the enthalpies of these two phases
diverge by approximately 2 meV/atom GPa−1 in Cs [32],
compared to 1.1 meV/atom GPa−1 in Rb [33]. With these
phases coexisting across a range of ∼27 GPa in Cs [32], the
lower divergence rate calculated for Rb matches our observed
region of phase overlap of at least 60 GPa.
At 264 GPa the refined lattice parameters of the hP4 phase
are a = 2.5070(14) Å and c = 8.258(17) Å, and the shortest
Rb-Rb interatomic distance is then 2.507 Å. This implies not
only that there is strong core-valence overlap, as the 5s and
4p radii are 2.287 and 0.735 Å, respectively [50], but also
significant core-core overlap between neighboring Rb atoms
as the ionic diameter of Rb is 3.04 Å [34].
B. Compression

The extraordinary compressibility of Rb is demonstrated
in Fig. 4, which shows the measured atomic volume to
264 GPa, where the reduced volume (V/V0 ) is only 0.121. It
TABLE III. Phases of Rb and their conventional numbered labels, as well as transition pressures observed in this study of Rb up
to 50 GPa. The pressures are in good agreement with those reported
in previous studies (see Refs. [44,48,49]).
Transition
bcc (Rb-I)
fcc (Rb-II)
oC52 (Rb-III)
h-g, tI19* (Rb-IV)
tI4 (Rb-V)

Pressure (GPa)
→
→
→
→
→

fcc (Rb-II)
oC52 (Rb-III)
h-g, tI19* (Rb-IV)
tI4 (Rb-V)
oC16 (Rb-VI)

7.6(3)
13.6(5)
17.4(4)
20.1(4)
48.5(15)

C. Linearization and analysis

To fit the compression data, the adapted polynomial of
order L (APL) EoS formalism was used [53,54]:


L

(1 − x) [c0 (1−x)]
P(x) = 3K0
e
ck (1 − x)k−1 , (1)
1+x
x5
k=2
where K0 is the zero-pressure bulk modulus, K  is its pressure derivative, x = (V/V0 )1/3 , c0 = − ln(3K0 /PFG0 ), c2 =
(3/2)(K  − 3) − c0 , ck are independent fitting parameters for
k ∈ [3 · · · L], PFG0 = aFG0 (Z/V0 )(5/3) is the Fermi-gas pressure, Z is the atomic number, and aFG0 = 2337 GPa Å5 is a
constant. Note that in the lowest-order AP1 (L = 1) case, the
summation term is zero and the only refinable parameters are
the ambient volume (V0 ) and bulk modulus (K0 ), with K  being
calculated from K  = 3 + (2/3)c0 .
In discussing the compressive behavior of elements with
very high or very low bulk moduli it is instructive to linearize
the compression curve to accentuate changes in behavior.
This is particularly informative for Rb which exhibits both
very high compressibility at low pressure and very low compressibility at high pressure. In the APL formalism this
linearization results in


Px 5
,
(2)
ηAPL (x) = ln
PFG0 [1 − x]
with variables and constants as in Eq. (1). In this work, in
order to better realize differences in behavior to the “ideal”
compressive behavior defined below, it is convenient to transform this linearization into σ space, where σ = σ0 x and σ0 is
the Thomas-Fermi radius (3ZV0 /4π )1/3 .
For full details of this method see [54], but in the APL
formalism an ideal or “simple” metal is well described by a
first-order AP1 EoS which appears as a linear plot with


3K0 156
lim ηAPL (σ ) = ln
(3)
σ →σ0
PFG0
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and
lim ηAPL (σ0 ) = 0.

σ →0

(4)

Further distinction can be made between “regular” and “irregular” EoSs, such that behavior can be classified as follows
[55].
(1) Ideal materials, e.g., Al, exhibit linear behavior and
are well described by an AP1 EoS with a slope equal to an
ideal value calculated solely from the ambient volume and the
atomic number.
(2) Simple materials, e.g., Cu or Au, also exhibit linear
behavior and are well described by an AP1 EoS, but the slope
of the line is nonideal.
(3) Regular materials exhibit slightly nonlinear behavior,
indicative of higher-order APL (L  2) equations but with
small values of c2 .
(4) Irregular materials, e.g., Sm, exhibit strongly nonlinear
behavior and require higher-order APL (L  2) EoSs with
large values of c2 and higher order terms.
The linearized data for Rb are shown in Fig. 5. Note that
this type of plot is best “read” from right to left, with increasing pressure. In the ultralow pressure domain (<0.6 GPa), the
highly nonlinear nature of ηAPL (σ ) yields significant uncertainties even though P/P < 1%. This makes the linearized
behavior difficult to interpret below P = 0.63 GPa (σ > 9).
However, above this, the bcc phase exhibits linear behavior,
although with a nonideal gradient and without the correct
limiting behavior of limσ →0 ηAPL (σ ) = 0. The transition to
the fcc phase marks a clear shift in compressive behavior
with ηAPL (σ ) decreasing with pressure, a trend that continues
monotonically in the oC52 and tI19* phases. This downward
turn of ηAPL (σ ) signifies a softening or reduction in stiffness
relative to that observed in the bcc phase.
The transition to the tI4 phase at 20 GPa (σ = 6.1 Å)
does not itself mark any change in the compressive behavior. However, starting at 25 GPa (σ = 5.9 Å), within the tI4
phase, there is a marked change in compression such that at
30 GPa and above, in the tI4, oC16, and hP4 phases, Rb
exhibits simple linear compressive behavior with a gradient of
−0.75(2) Å−1 , close to the ideal gradient of −0.663 Å−1 and
with the correct theoretical limit of ηAPL (0) = 0 (see Fig. 5).
We note that 30 GPa is exactly the same pressure at which the
compression curves of Rb and Y meet (see Fig. 4), confirming
that this is indeed a transition point for the material. This is in
line with recent DFT results which show that the s character
of the electronic wave functions begins to decrease in Rb
at 20 GPa, with the d character correspondingly increasing
[20]. These changes accelerate with pressure up to 27 GPa,
after which the band hybridization slows but continues up to
at least 40 GPa. Our data thus support the conclusion that
the s-d charge transfer is most apparent in the range 20 to
30 GPa, beyond which the dominance of the d bands cause
Rb to behave more like a classic d-type metal.
Rb continues to exhibit the compressibility of a simple metal up to the highest pressure reached in this
study, 264(8) GPa, where the volume of the hP4 phase is
11.29 Å3 /atom, corresponding to a V/V0 of 0.121 or 8.26-fold
compression. This is the highest volume-compression ratio
yet achieved in a metal, and second only to x-ray measure-

TABLE IV. The parameters of the Vinet and AP1 EoSs fitted in
this work. For the high-pressures phases tI4 and oC16, the ambient
volume (V0 ) was fixed to the value obtained from the Vinet fit to the
bcc phase while K  was calculated from the values of Z, V0 , and K0
[54,55].
Phase(s)

EoS

P (GPa)

V0 (Å3 /atom)

K0 (GPa)

K

bcc
tI4-oC16

Vinet
AP1

<7
30–264

92.9(4)
–

2.46(7)
0.15(3)

4.12(6)
7.66(15)

ments performed on hydrogen at V/V0 ∼ 0.094 at 190 GPa
[56]. For comparison, recent laser compression experiments
on Sn and Fe at the National Ignition Facility to 1.2 and
1.4 TPa, respectively, resulted in “only” ∼3.1- and ∼2.5-fold
volume compressions [57,58].
While both the oC16 and hP4 phases coexist above
201 GPa and both are plotted in Fig. 5, neither shows a divergence from linear behavior implying no significant changes
in electronic structure at the transition between them. The
linearity of the compression above 30 GPa shown in Fig. 5
means that extrapolation to higher pressures is straightforward
and we estimate that a pressure of ∼530 GPa is required to
reach tenfold compression in Rb.
The linear behavior exhibited by Rb above 30 GPa in
Fig. 5 lends credence to the assertion that simple compressive behavior is seen in elements that either do not undergo
pressure-induced changes in electronic structure such as Cu
and Au, or in elements that do undergo such changes but only
once they are complete, such as we have recently reported in
Sm and Y where regular behavior was observed above 65 and
100 GPa, respectively [26,37].
D. Equations of state

Attempts to fit a single EoS to the compressibility data
from Rb below 30 GPa were unsuccessful; various formalisms
were trialed but the irregular behavior illustrated in Fig. 5,
particularly the sharp bend at the bcc-fcc transition, made
it impossible to model the compression curve accurately.
However, above 30 GPa the behavior can be modeled with
the two-parameter AP1 EoS with V0 = 91(5) Å3 /atom and
K0 = 0.17(4) GPa, giving a calculated K  = 7.62(16). While
this ambient volume is in good agreement with the V0 =
92.9(4) Å3 /atom found from the fitting the bcc phase alone,
it has a substantial (±5 Å3 ) due to the absence of data below
30 GPa, and the resulting large correlation between V0 and K0 .
For this reason we instead chose to fix the ambient volume
to V0 = 92.9(4) Å3 /atom, the value determined from fitting
the data below 7 GPa, and then fitted only K0 to reduce the
uncertainty on both parameters.
The resulting fits to both the linearized and standard
P-V compression data for the tI4 and oC16 phases between
30–264 GPa are shown in Figs. 5 and 6, respectively, with
best-fitting parameters shown in Table IV. As expected, the fit
is excellent above 30 GPa in each case.
However, the AP1 value of K0 = 0.15(3) GPa, as determined from the ambient pressure electron density, is more
157 of 2.46 GPa
than 15-times smaller than the experimental value
(see Sec. III B). The quality of the fit of the AP1 EoS to the
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IV. CONCLUSIONS

FIG. 6. The compressibility of Rb to 264 GPa (symbols) and
the best-fitting AP1 EoS (solid line) to tI4 and oC16 from 30 to
264 GPa, the parameters of which are given in Table IV. It is clear
that this simple EoS accurately captures the compression behavior
of Rb above 30 GPa, including that of the oC16 phase. The inset
shows an enlarged view of the data and AP1 fit up to 40 GPa, as
well as the Vinet fit to the bcc data (dotted line) and compression
data of Y for comparison (dashed line [26]). The bcc phase is less
compressible than predicted by the AP1 EoS, while the fcc phase is
more compressible. As a result, the EoS and the data coincide above
30 GPa.

experimental data below 40 GPa is highlighted in the inset
to Fig. 6 and, as expected, it greatly overestimates the compression of the bcc phase. However, the inset also highlights
the clear change in compression that occurs at the bcc-fcc
transition at 7.6 GPa, after which Rb is more compressible
than expected. This change is perhaps most evident in the fit
of the Vinet EoS to the bcc phase shown in the inset to Fig. 6,
where the experimental data for the fcc phase drop below the
extrapolated Vinet EoS. In other words, the fcc phase is more
compressible than the bcc phase. The subsequent f cc →oC52
transition at 13.6 GPa decreases the stiffness further, until
30 GPa where another change in compressive behavior aligns
the experimental P-V curve with the AP1 EoS. This reduction
in stiffness at 7.6 GPa corresponds to the decrease in ηAPL
in the fcc and oC52 phases evident in Fig. 5. Thus while
the AP1 EoS does not capture the complexity of behavior of
low-pressure phases of Rb, it is remarkably accurate across
the 30–264 GPa range.
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Appendix B
Code
"""
c o n s t r u c t _ o r i g i n a l _ d i a m o n d _ p r o f i l e . py
Created on Wed Oct 2 11:12:23 2019
@author : Christian Storm , University of Edinburgh
"""
import math
import numpy as np
from scipy . interpolate import interp1d , interp2d

def g e t _ r o t a t i o n _ m a t r i x ( theta ):
return np . array ([[ math . cos ( theta ) , math . sin ( theta ) , 0] ,
[ -1* math . sin ( theta ) , math . cos ( theta ) , 0] ,
[0 ,0 ,1]])

def get_3D_map ( two_dim_map , resolution , the ta_ res olu tio n =0.001 , normalized = True ):
"""
two_dim_map : profile ( milling / target / original ) in REAL space
th e ta _r e so l uti o n : resolution of rotation in radians
bitmap_range : range in microns - this will determine dimension
resolution : map resolution in microns
returns : 3 D bitmap
"""
bi t ma p_ d im e nsi o n = two_dim_map . shape [0]
# int ( bitmap_range / resolution )
numpy_bmp = np . zeros (( bitmap_dimension , b itmap _di men sio n ))
# save max_val in case we want to undo the normalization
max_val = np . max ( two_dim_map [: , 1])
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# convert real - space map into pixel map , with a normalized z - scale
x_range = np . round ( two_dim_map [: , 0]/ resolution , decimals =0)
y = np . zeros ( len ( x_range ))
z = two_dim_map [: , 1]/ np . max ( two_dim_map [: , 1])
m i l l i n g _ p i x e l _ p r o f i l e = np . stack ([ x_range , y , z ] , axis =1)
# ensure all values are integers , and scale the values to 255 such that
# the maximum of the bitmap is 255
m i l l i n g _ p i x e l _ p r o f i l e [: , 0] = [ int ( x ) for x in m i l l i n g _ p i x e l _ p r o f i l e [: , 0]]
m i l l i n g _ p i x e l _ p r o f i l e [: , 1] = [ int ( y ) for y in m i l l i n g _ p i x e l _ p r o f i l e [: , 1]]
m i l l i n g _ p i x e l _ p r o f i l e [: , 2] = [ np . round ( z *255 , decimals =5)
for z in m i l l i n g _ p i x e l _ p r o f i l e [: , 2]]
# rotate 2 D map to generate 3 rd dimension
for theta in np . arange (0 , 2* math . pi , th eta _re sol uti on ):
rotated_matrix = np . round ( np . matmul ( m i l l i n g _ p i x e l _ p r o f i l e
, g e t _ r o t at i o n _ m a t r ix ( theta )) ,
decimals =0). astype ( int )
for pixel in rota ted_matrix :
x = int ( pixel [0]+ int ( bit map_ dime nsi on /2) -1)
y = int ( pixel [1]+ int ( bit map_ dime nsi on /2) -1)
z = int ( pixel [2])
try :
numpy_bmp [x , y ] = z
except Exception as e :
print ( e )
print ( ’ pixel : ␣ ’ , pixel )
print ( ’x , ␣ y : ␣ ’ , (x , y ))
return
if normalized :
return numpy_bmp
else :
return numpy_bmp /255* max_val

# Create original unmilled diamond profile in both 2 d and 3 d
# x - y is the plane parallel to the culet
# z is perpendicular to culet
def c r e a t e _ d i a m o n d _ p r o f i l e ( angle =8.5 , culet_diam =30 , bitmap_width =80 ,
resolution =0.1 , continuous = True , normalized = True ):
bitmap_width = bitmap_width + 10
# Consider only half the diamond profile ( we will rotate it later )
# define x - ranges for various parts of the diamond feature
culet_x = np . arange ( - culet_diam /2 , culet_diam /2 , resolution )
bevel_left_x = np . arange ( - bitmap_width /2 , - culet_diam /2 , resolution )
bevel_right_x = np . arange ( culet_diam /2 , bitmap_width /2 , resolution )
# calculate y from x - ranges and standard linear diamond shape
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# height of profile
h = np . tan ( np . radians ( angle ))*( bitmap_width - culet_diam )/2
culet_z = np . ones ( len ( culet_x ))* h
bevel_left_z = ( bevel_left_x - bevel_left_x . max ()
)*( h /( bevel_left_x . max () - bevel_left_x . min ())
)+ h
bevel_right_z = ( bevel_right_x - bevel_right_x . min ()
)*( h /( bevel_right_x . min () - bevel_right_x . max ())
)+ h
# merge all x and y into a 2 d map
d i a m o n d _ p r o fi l e_ 2d = np . stack ([ np . concatenate (( bevel_left_x ,
culet_x ,
bevel_right_x )) ,
np . concatenate (( bevel_left_z ,
culet_z ,
bevel_right_z ))] ,
axis = 1)
# create 3 d map by rotating 2 d map
d ia mond _p rof il e = get_3D_map ( diamond_profile_2d , resolution = resolution ,
normalized = normalized )

if continuous :
# create continuous profiles for interpolation
d i a m o n d _ p r o f i l e _ 2 d _ i n t e r p = interp1d ( x = d ia m o n d_ p ro f il e_ 2 d [: , 0] ,
y = d i a m o n d_ p r o f i l e_ 2d [: , 1])
d i a m o n d _ p r o f i l e _ i n t e r p = interp2d ( x = d ia m on d _ p ro fi l e _ 2 d [: , 0] ,
y = d ia mo n d _ p ro fi l e _ 2d [: , 0] ,
z = diamo nd_pr ofile )
return diamond_profile_2d_interp , d i a m o n d _ p r o f i l e _ i n t e r p
else :
return diamond_profile_2d , diam ond_p rofil e
def c r e a t e _ d i a m o n d _ p r o f i l e _ u p s i d e _ d o w n ( angle =8.5 , culet_diam =30 ,
bitmap_width =80 , resolution =0.1 ,
continuous = True , normalized = True ):
# define x - ranges for various parts of the diamond feature
culet_x = np . arange ( - culet_diam /2 , culet_diam /2+ resolution , resolution )
bevel_left_x = np . arange ( - bitmap_width /2 , - culet_diam /2+ resolution ,
resolution )
bevel_right_x = np . arange ( culet_diam /2 , bitmap_width /2+ resolution ,
resolution )
# create the diamond upside - down with the culet at 0
# height of profile
h = np . tan ( np . radians ( angle ))*( bitmap_width - culet_diam )/2
culet_z = np . zeros ( len ( culet_x ))
bevel_left_z = ( bevel_left_x - bevel_left_x . max ()
)*( h /( bevel_left_x . max () - bevel_left_x . min ()))+ h
slope = np . tan ( np . radians ( angle ))
bevel_left_z = -1* slope *( bevel_left_x - bevel_left_x . max ())
bevel_right_z = slope *( bevel_right_x - bevel_right_x . min ())
# merge all x and y into a 2 d map
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d i a m o n d _ p r o fi l e_ 2d = np . stack ([ np . concatenate (( bevel_left_x ,
culet_x ,
bevel_right_x )) ,
np . concatenate (( bevel_left_z ,
culet_z ,
bevel_right_z ))] , axis = 1)
# create 3 d map by rotating 2 d map
d ia mond _p rof il e = get_3D_map ( diamond_profile_2d , resolution = resolution ,
normalized = normalized )
if continuous :
# create continuous profiles for interpolation
d i a m o n d _ p r o f i l e _ 2 d _ i n t e r p = interp1d ( x = d ia m o n d_ p ro f il e_ 2 d [: , 0] ,
y = d i a m o n d_ p r o f i l e_ 2d [: , 1])
d i a m o n d _ p r o f i l e _ i n t e r p = interp2d ( x = d ia m on d _ p ro fi l e _ 2 d [: , 0] ,
y = d ia mo n d _ p ro fi l e _ 2d [: , 0] ,
z = diamo nd_pr ofile )
return diamond_profile_2d_interp , d i a m o n d _ p r o f i l e _ i n t e r p
else :
return diamond_profile_2d , diam ond_p rofil e
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"""
c r e a t e _ b i t m a p _ f r o m _ t a r g e t . py
Created on Thu Oct 3 09:45:12 2019
@author : Christian Storm , University of Edinburgh
"""
import numpy as np
import pandas as pd
from scipy . interpolate import interp1d
from PIL import Image
from c o n s t r u c t _ o r i g i n a l _ d i a m o n d _ p r o f i l e import (
c r e at e _ di am o n d_ p r of il e _ up s ide _do wn , get_3D_map )
# Read target profile from file and construct interpolated profile
folder = ( ’C :\\ Users \\ s1205159 \\ OneDrive ␣ -␣ University ␣ of ␣ Edinburgh \\ Projects \\ FIBing ’
+ ’ \\ Bitmaps \\ CS54 \\ ’)
t a r g e t _ p r o f i l e _ d f _ 2 d = pd . read_excel ( folder + ’ C u s t o m P r o f i l e _ C S 5 4 _ B . xlsx ’ ,
sheet_name = ’ Clean ’)
# output location
save_folder = ( ’C :\\ Users \\ s1205159 \\ OneDrive ␣ -␣ University ␣ of ␣ Edinburgh \\ ’
+ ’ Projects \\ FIBing \\ Bitmaps \\ ’)
# bitmap number for identification
num = 1
# unmilled culet diameter
culet_diam = 30
# width and resolution of unmilled diamond model
diamond_width = 120
d ia m o n d _ r e s o l u t i o n = 0.1
# bitmap width in microns
bitmap_width = 80
# bitmap resolution in microns
b i tm ap _r e s ol u t i on = 0.1
# #############################################################################
# define the Si calibration
Si_c alibrati on = 0.131355429
# first convert to x - z 2 - dimensional numpy array
t a rg et _p r o fi l e _ 2d = np . array ( t a r g e t _ p r o f i l e _ d f _ 2 d . drop ( columns = ’ Unnamed : ␣ 0 ’ ))
# create x -y - z 3 - dimensional numpy array by rotating the diamond ;
# normalized = True can be passed to get a bitmap normalized to 0 -255
targ et_profi le = get_3D_map ( target_profile_2d , resolution = 0.05 , normalized = False )
# define the x - range of the target profile
x_range = t a r ge t _ pr o f i le _ 2 d [: , 0]
# interpolate the 2 - d profile
t a r g e t _ p r o f i l e _ 2 d _ i n t e r p = interp1d ( t ar g e t_p rof il e _ 2d [: , 0] , t a r ge t_p rof i l e_ 2d [: , 1])
# Create original diamond profile
diamond_profile_2d_interp , d i a m o n d _ p r o f i l e _ i n t e r p = \
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c r e a t e _ d i a m o n d _ p r o f i l e _ u p s i d e _ d o w n ( culet_diam = culet_diam ,
resolution = diamond_resolution ,
bitmap_width = diamond_width ,
normalized = False )

# #############################################################################
# Create milling profile
# range over which the interpolate target and source profiles
r = np . arange ( - bitmap_width /2 ,
bitmap_width /2+ bitmap_resolution ,
bi tm ap _r e s ol ut i o n )
# create 2 - dimensional milling profile from the interpolated target
# and original profiles over range r
m il l i n g _ p r o f i l e _ 2 d = np . stack (( r , t a r g e t _ p r o f i l e _ 2 d _ i n t e r p ( r ) d i a m o n d _ p r o f i l e _ 2 d _ i n t e r p ( r ))). T
# if desired , output the x - z milling profile to excel
s a v e _ m i l l i n g _ p r o f i l e = False
if s a v e _ m i l l i n g _ p r o f i l e :
pd . DataFrame ( milling_profile_2d , columns =[ ’x ’ , ’z ’ ]). to_excel (
folder + ’ C u s t o m P r o f i l e _ D 5 _ C S 4 4 _ M i l l i n g _ P r o f i l e . xlsx ’)
# create 3 - dimensional milling profile from 2 - dimensional profile
# If you leave normalized = False here , you will have to do some manual
# normalization later
m illi ng_p r ofil e = get_3D_map ( milling_profile_2d ,
resolution = bitmap_resolution ,
normalized = False )
# calculate maximum milling depth in microns
max_depth = ( m ill in g_pr of ile + abs ( m illin g_pro file . min ())). max ()
# convert milling depth into Si depth using calibration from ramp calculations
Si_mill_depth = max_depth / Si_calibration
# normalize profile between 0 -255
m i l l i n g _ p r o f i l e _ n o r m = ( mil li ng_pr ofile +
abs ( mi lling _prof ile . min ()))/(
m illing _prof ile + abs ( milling_profil e . min ())
). max ()*255
# #############################################################################
# Save milling bitmap
# bitmap dimensions in microns
bitmap_dim = int ( m illi ng _pr of ile . shape [0]* b i t ma p_r e so l u ti on )
# create file name
file_name = ’ CS0 {: d } _ {: d } x {: d } _ {:.2 f } um_Si {:.2 f } um . bmp ’. format ( num ,
bitmap_dim ,
bitmap_dim ,
culet_diam ,
Si_mill_depth )
# save as . bmp file
bitmap = Image . fromarray ( m i l l i n g _ p r o f i l e _ n o r m . astype ( np . uint8 ))
bitmap . save ( save_folder + file_name )
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