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Abstract

Exploration by spacecraft of the outer solar system has revealed that the

moons of the giant planets are geologically active worlds. Some could sup-

port subsurface oceans, even life. Computer models have been designed to

emulate the geological evolution of these moons but, to make useful predic-

tions, reliable information about the likely layers of ice and rock within their

interiors is needed.

This thesis has investigated several high-pressure ice phases, namely

ices II, III, V and VI, which could occur in the regime of pressure and tem-

perature likely to exist in the mantle of an icy moon. Consequently, they are

good candidates as ’rock forming’ materials and are likely to form icy shells

surrounding a moon’s inner core.

Samples of both D2O and H2O ices II, III, V and VI were manufactured in

the laboratory by means of a piston-cylinder cell. Their high-pressure struc-

tures were preserved at ambient pressure by recovery and storage under liq-

uid nitrogen. The samples were then investigated by neutron powder diffrac-

tion (at ambient pressure and temperatures from 10-150 K) using the High

Resolution Powder Diffractometer (HRPD) at the ISIS facility in the UK, so

as to accurately determine both their crystal structures and thermal expan-

sion coefficients. All of these ice phases exhibit a ‘normal’ volume isotope

effect, “VIE”, with V(H2O) > V(D2O). The effect of hydrogen ordering at low

temperatures was also investigated and found to be isotope independent.

To compliment the experimental work, ab initio simulations of ices II, IX

and XI were made using density functional theory (DFT). These calculations
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broadly replicated the experimental values for thermal expansion and cor-

rectly predicted the VIE for ices II and III. However, for ice XI (an ordered

form of ice Ih) a normal VIE was predicted below 130 K, in conflict with ex-

perimental results for ice Ih.
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Impact Statement

Water can be found throughout the universe and even in its frozen form,

water-ice, it plays a major role in planetary evolution. This is apparent even

in the coldest parts of the outer solar system where, thanks to recent explo-

ration by space probes, the moons of the giant planets have been found to

be geologically active worlds and not just frozen masses of ice. They show

surface reforming processes taking place and some could support subsur-

face oceans, even life.

This revelation has increased the need to understand the geological

evolution of such icy bodies and the physical processes taking place inside

them. Under pressure, many forms of ice can exist, each with its own char-

acteristics and these attributes need to be accounted for when envisaging

the inside of a cold planetary body. Being so distant, however, evolutionary

models for these icy bodies can only be simulated by computer and to do

this, reliable information about the different high-pressure ices is necessary.

To obtain a better understanding of several high-pressure ice forms, this

work combines two approaches. Firstly, samples of several ices were man-

ufactured in the laboratory under pressure. Their high-pressure structures

are preserved by means of recovery and storage under liquid nitrogen. At

such low temperatures, they can’t transform back into ordinary water-ice.

Subsequently, accurate measurements of their structures at very low tem-

peratures and their thermal expansion characteristics were obtained exper-

imentally. This was done through the use of neutron diffraction at the ISIS

neutron source of the STFC Rutherford Appleton Laboratory.
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Secondly, the experimental structures were then used in computer sim-

ulations to model how these ices behave under different conditions of tem-

perature and pressure at the atomic level.

Having both practical observations and theoretical results, enables the

validity of the computer simulations to be checked and refined, while at the

same time extending our knowledge of the ices to pressures and tempera-

tures that are hard to replicate on Earth but are likely to be present in the

outer solar system.

This research, hence, is of use in several areas of science. For plan-

etary scientists, it will enable them to construct more realistic models for

outer solar system moons. These will help with the interpretation of new

data, which is expected to become available from both NASA and European

space missions over the next few years. For materials specialists interested

in simulating ice structures, it will provide useful data for their own calcula-

tions.
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Chapter 1

Introduction

As long ago as 1610 Galileo was able to observe the giant moons of Jupiter

with a simple telescope. They became known as the Galilean satellites and

were thought to be large inert bodies of rock and ice. Recent technological

advances, however, have made it possible for space probes to journey to

those distant parts of the outer solar system — and get a closer look.

1.1 Icy moons

Images from the Cassini, Galileo and Voyager missions revealed that the

moons of Jupiter, Saturn and Neptune were not all frozen, dead worlds.

Some showed signs of resurfacing, indicating recent geological activity

(Schubert et al., 2010; Sohl et al., 2010). There is evidence that both Ti-

tan (Iess et al., 2012) and Europa (Fortes and Choukroun, 2010), support

subsurface oceans. Furthermore, active cryovolcanism has been observed

on Europa (Sparks et al., 2017) and organic molecules have been observed

in plumes of ice grains erupting from Enceladus (Postberg et al., 2018). Evi-

dence from the Dawn space mission suggests that the dwarf planet Ceres is

an ocean world with reservoirs of salty water beneath its surface (DeSanctis

et al., 2020).

In the depths of these icy bodies, the increasing pressure causes water-

ice (designated as ice Ih) to undergo phase transformations into a variety

of high-pressure polymorphs (Salzmann et al., 2011). Some phases such

as ices III, V and VI, could co-exist in contact with water, at a regime of
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pressure and temperature likely to prevail within an icy moon. Thus, there

is an increased need to study higher-pressure ices to better understand the

geological activity that is observed to take place on such icy moons.

The motivation for this work is hence to obtain accurate crystal struc-

tures and lattice parameters for ices II, III (which is Rietveld refined as ice

IX), V, and VI which are the most likely phases to be present inside outer

solar system moons. For completeness, experiments have been performed

on both protiated and deuterated forms of each phase. The results in this

thesis will provide important information for those scientists studying the

mantle processes within these bodies, particularly through computer sim-

ulations. The remainder of this introductory chapter will be used to present

an overview of what is known about these ices and give justification for why

it is important to study them.

1.1.1 Planetary ices and the moons of the giant planets

Outer solar system moons range in diameter from just a few kilometres to

over 5200 km for the largest satellite of Jupiter, Ganymede, see Figure 1.1.

Figure 1.1: Jupiter’s moonGanymede taken by theGalileo spacecraft. The dark ar-

eas are older and more heavily cratered. The lighter areas are younger

and show evidence of tectonic deformation. Image NASA/JPL.

Ganymede’s size, when allied with the prevailing temperatures in that



1.1. Icy moons 27

region of space (80-120 K), makes it possible for the pressure within its inte-

rior to be great enough for several high-pressure ice phases to be present.

The flexibility to combine multiple phases makes ice an important planetary

building material (Kwok, 2015). For instance, a model proposed by Vance

et al. (2014) suggests that on Ganymede several ice phases and subsurface

oceans could be formed stacked, one upon another, see Figure 1.2.

Figure 1.2: Impression of Ganymede’s interior and the layered model of high-

pressure ice phases and salty liquid layers (Vance et al., 2014). The

model predicts salty liquids sinking to form a seafloor below a layer of

ice VI. Image NASA/JPL-Caltech.

The pressures below a frozen surface of ice Ih are great enough to

form high-pressure ice phases such as ices V and VI (Bezacier et al., 2014).

When salts (magnesium sulphate) are included in this model, dense liquids

are forced from the ices which sink, forming salty oceans below each ice

phase down to a depth of ∼800 km. Here it is predicted a seafloor will meet

a rocky mantle underneath a base layer of ice VI. Ice III could form as snow

at the boundary between salty liquid and ice Ih.

The effects of such stratification would be to influence internal heat

transfer (Goodman, 2016) throughout Ganymede and consequently this

could play a role in the geological evolution of similar bodies, including their

surfacemorphology (Durham et al., 2010). A good example of a moon show-
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ing surface activity is Europa.

The surface of Europa, illustrated in Figure 1.3, has undergone recent

resurfacing activity. The fractured regions formed by plains of water-ice bear

some similarity to icy surfaces on Earth (Bartels-Rausch et al., 2012).

Figure 1.3: Natural colour image of Europa taken by the Galileo spacecraft. The

crust is predominantly ice and the long dark lines are fractures which

can be up to 3000 km long. Image NASA/JPL-Caltech/DLR.

These icy plains can be divided into regions which have been described

as ’ball-of-string’, where grooved ridges run parallel to one another and to

the edges of cracks in the ice and ’chaos’, where features such as ridges,

cracks and surface portions appear disordered and jumbled together. Their

formation and movement across the Europa’s surface mimic tectonic activ-

ity (Prockter et al., 2010). The mechanism behind this resurfacing is likely

to involve the re-freezing of salt solution from a subsurface ocean (Fortes

and Choukroun, 2010; Goodman, 2014). Modelling this process requires

an understanding of pure ices, as well those with impurities, such as salts

(Frank et al., 2013). Numerical models of the thermal convection within the

subsurface ocean have been used to explain the distribution of the chaos ter-

rains across Europa’s surface (Soderlund et al., 2014). Other moons such

as Enceladus and Titan also display similar surface processes.

As a footnote, ‘planetary’ ices are not limited to the solar system – water
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is universal (Maggi and Pallud, 2012). Astronomers have now discovered

more than 4884 (December 2021) exoplanets (NASA Exoplanet Archive)

and estimations of their masses and positions relative to their host stars has

led to an increasing diversity of planetary types and in the process, has re-

fashioned the traditional model of a ’solar system’ (Kaltenegger et al., 2013).

As it is highly likely that the interiors of many of the large water-bearing

exoplanets will incorporate high-pressure ices, an understanding of these

phases will help better constrain their planetary evolution.

1.1.2 The higher-pressure phases of ice

The behaviour of ice under pressure has been of great interest over the last

100 years (Choukroun and Grasset, 2007). Figure 1.4 presents the phase

diagram and the regions of stability for some of the ices examined in this

present work.

Figure 1.4: Phase diagram for water at pressures up to 1 GPa; dashed lines are

extrapolations. Ice Ic is found within the stability field of ice Ih and

metastable ice IV is found within the field of ice V.

The phase boundaries were based on the triple points and references in

Petrenko and Whitworth (1999) and IAPWS (2011). Some of the metastable
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phases such as ice IV and XII are not marked. It is worth noting that ices

III, V and VI lie in contact with liquid water which makes them geologically

important materials for icy moons with subsurface oceans.

Early pioneers in studying water were Gustav Tammann who discov-

ered ices II and III (Tammann, 1900); later followed by Bridgman (Bridgman,

1912, 1937) who in 1911 devised the first phase diagram of water which

included high-pressure ices V and VI to pressures of 3 GPa. Since then,

numerous workers have extended the phase diagram to much higher pres-

sures; e.g. Pistorius et al. (1963), Mishima and Endo (1978) and more lately

Wang et al. (2011), del Rosso et al. (2016), Huang et al. (2016) and Salz-

mann et al. (2021).

To date 18 polymorphs of ice have been established experimentally

(Salzmann et al., 2021) and several others predicted computationally. It

should also be mentioned that several amorphous ice phases have also

been studied (Loerting et al., 2011), some of which have been linked to

supercooled liquids. That such a wide variety of ice phases can exist is

because water molecules join together through the formation of hydrogen

bonds.

1.2 The water molecule and hydrogen bonds

The water molecule is the third most abundant molecular species in the

galaxy, following molecular hydrogen H2 and carbon monoxide CO (Huang

et al., 2016). This simple molecule of just three atoms, can be built into

a multitude of stable crystalline and amorphous solid structures, some with

anomalous physical properties. All of this diversity is due to the unique prop-

erties of the molecule and its ability to form hydrogen bonds.

The concept of the hydrogen bond was first suggested more than a

century ago (Latimer and Rodebush, 1920). It occurs when a hydrogen atom

is bonded to two or more other donor and acceptor atoms, which can vary

(Gilli andGilli, 2000) but in the case of water are oxygen atoms. The structure

of the water molecule and how it creates a hydrogen bond is illustrated in
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cartoon form in Figure 1.5.

For a free water molecule Figure 1.5 (a) the two covalent bonds (O-H)

are ∼0.96 Å long (Petrenko and Whitworth, 1999). They are expected (but

not required) to be of a similar magnitude when molecules are frozen into icy

crystal structures. The two hydrogen atoms subtend an angle of 104.5°rela-

tive to the oxygen and this asymmetrical arrangement causes a redistribution

of electronic charge thereby creating a dipole moment across the molecule.

Each water molecule is electrically neutral but as a result of electrons being

drawn to the oxygen atom, each hydrogen atom is left with a small positive

charge. The oxygen atom gains a negative charge of about -0.7e and the

hydrogen atoms share the balancing positive charge, Figure 1.5 (b). The

charge redistribution can be described as forming four sets of electron pairs

surrounding the oxygen atom, with two of the pairs containing electrons from

the hydrogen atoms. The additional two ’lone pairs’ are positioned such that

all of them form a tetrahedral arrangement (Chaplin, 2020).

This configuration and the charge differences between covalently bonded

hydrogen atoms and the lone pairs on the oxygen atoms makes it possible

for water molecules to form longer range hydrogen bonds (H· · ·O) between

themselves. Such bonds depend on a hydrogen atom acting as a bridge

between two oxygen atoms and they are partially electrostatic and partially

covalent (electron sharing), (Isaacs et al., 2000).

Hydrogen bonds, can also be ‘bent’ i.e. the bridging hydrogen atom

does not lie along a straight line between two oxygen atoms (Sikka and

Sharma, 2008), see Figure 1.5 (c). The strength of the hydrogen bond de-

pends on both the (offline) angle and the distance between the atoms. The

size of the angle reduces or lengthens the distance between the two oxygen

atoms and hence, creates weaker or stronger bonds. The degree of offset

and the length of the (H· · ·O) hydrogen bond is also temperature dependent

(Modig, Pfrommer and Halle, 2003). The bond length increases with tem-

perature and decreases with pressure (Dougherty, 1998). Under pressure



1.2. The water molecule and hydrogen bonds 32

Figure 1.5: Cartoon illustrating hydrogen bonding between two water molecules.

(a) The water molecule is polar with a covalent bond of ∼0.96 Å; (b)

the strength of the hydrogen bond depends on its length and is due to

a combination of electrostatic attraction and electron sharing. The scale

of the hydrogen bond length is shortened for the purposes of this dia-

gram. The small charges ∆ result from the molecule’s polar structure;

(c) the hydrogen atom acts as a bridge between two oxygen atoms.

the covalent bond lengthens, the bridging hydrogen atommoves towards the

acceptor atom and the (H· · ·O) bond grows in strength. Eventually a posi-

tion arises when the bridging hydrogen atom is halfway between two oxygen

atoms and the hydrogen bond is at its strongest.

Such an arrangement occurs in ice X, a ‘symmetric ice’ with hydro-

gen protons located midway along the diagonal between two oxygen atoms

within a body centred cubic lattice, (Hemley et al., 1987). Single crystal X-ray

diffraction experiments performed at 300 K by Loubeyre et al. (1999) were
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able to observe symmetrised coordinates as pressure was increased on a

sample of ice VII. The reduction of the cell parameter length with increasing

pressure is illustrated in Figure 1.6. Proton centring was found to occur from

about 60 to 150 GPa. Work by Hemley et al. (1987) found that the body cen-

tred structure is retained to 128 GPa with a volume of 5.2 cm3 mol−1, giving

a lattice parameter of 2.24 Å. As in general, the length of the covalent bond

is less sensitive to pressure and temperature, changes in icy structures due

to pressure are mostly accommodated through changes in hydrogen bond

lengths.

Figure 1.6: Plot of ice VII unit cell parameters against pressure at a temperature

of 300 K, based on (Loubeyre et al., 1999). The solid red, brown and

blue points refer to several experiments and the solid line is a fitting to

a Vinet equation of state.

The flexibility in the hydrogen bond length is accommodated through

its lower energy of about 23.3 kJ mol-1 or ∼0.242 eV when connecting two

oxygen atoms, compared with the covalent bond energy of 492 kJ mol-1 or

∼5.1 eV (Chaplin, 2020). This means that a wide variety of structures can

be formed for only minor changes in energy, induced by the application of

temperature and pressure. This weakness in hydrogen bond energy allows

ices to be relatively compressible, with high thermal expansion coefficients,

when compared with silicate rocks (Fortes and Choukroun, 2010).
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1.2.1 The tetrahedral structures made by water molecules

As a consequence of their polar nature, water molecules have a propensity

to form tetrahedral networks of hydrogen bonds. In an ideal arrangement,

there would be an angle of 109.47° between the water molecules. This is

illustrated in cartoon form in Figure 1.7. An individual water molecule, how-

ever, is relatively ‘rigid’ and is reluctant to increase the angle between its

covalent bonds (Petrenko and Whitworth, 1999). This results in the offset-

ting of water molecules and the bending of the hydrogen bonds as they are

accommodated into such an arrangement. Each water molecule is bound

to four others, with the two covalently bonded hydrogen atoms and the two

hydrogen bonds associated with the lone pairs on the oxygen atom making

the connections to nearby molecules. It is these networks that give ices their

characteristic properties, some of which can be anomalous (Chaplin, 2007;

Sikka and Sharma, 2008).

Figure 1.7: Cartoon illustrating the tetrahedral arrangement between nearby water

molecules. Each accepts two hydrogen bonds from its neighbours and

donates two hydrogen atoms to nearby molecules.

An ice structure in which the water molecules take on a tetrahedral ar-

rangement also has to accommodate the positions of the individual hydrogen

atoms. Thus, the central water molecule in Figure 1.7 is able to rotate around
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six possible orientations that still maintain the tetrahedral shape (Bartels-

Rausch et al., 2012). These six possibilities are illustrated in Figure 1.8.

There are constraints to this arrangement, only one hydrogen bridging atom

Figure 1.8: The six possible orientations for a central water molecule within a fixed

tetrahedral structure. Each central oxygen atom has hydrogen bonds to

four nearest neighbours. Only one bridging hydrogen atom is allowed

on each bond (Bartels-Rausch et al., 2012).

can lie between two oxygen atoms and two hydrogen atoms must lie next

to each oxygen atom. These follow from what are known as the ‘ice-rules’

(Bernal and Fowler, 1933), where it is assumed that the water molecule in

ice resembles the water molecule in the gas phase. These ideas were cru-

cial in the determination of the structure of water-ice (ice Ih) first proposed

by Pauling (Pauling, 1935), see section 1.3.1.

In Pauling’s model, each oxygen has four nearest neighbours which

form a tetrahedral shape. No long-range ordering of each water molecule

takes place, but he assumed “that an ice crystal can exist in any one of a

large number of configurations each corresponding to certain orientations

of the water molecules”. This allows for different orientations to be present

simultaneously within the frozen structure.

This model creates a potential crystal structure where the oxygen atoms

are in stable positions but the hydrogen atoms can have multiple orienta-
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tions, all of which are equally likely. Such a structure is said to be orienta-

tionally disordered. This is the case for ice Ih and many of the other ices.

Ice II, however, is unusual in that it has a regular structure and is ordered.

For the crystal structure, there is a slight cost in energy for this disorder

and hence there is a possibility for ordering to change with temperature. In

general at low temperatures the ice phases contain ordered orientations of

molecules and these become more disordered at higher temperatures due

to increased entropy (Fortes and Choukroun, 2010; Bartels-Rausch et al.,

2012). At low temperatures, however, diffusion kinetic timescales are long

(Suga, 1997) and it is difficult to produce an ordered ice phase in a labora-

tory just by cooling (ice II being an exception). Table 1.1 presents the main

disordered phases of ice below 2.5 GPa and their ordered counterparts. In

this present work it was found that the degree of order played a role in the

experiments conducted on ice III and VI.

Disordered

ice phase

Molecules

per unit cell

Space

group

Ordered

counterpart

Molecules

per unit cell

Space

group

ice Ih 4 P63/mmc ice XI 8 Cmc21

ice Ic 8 Fd3̄m

ice II 12(36**) R3̄

ice III 12 P41212 ice IX 12 P41212

ice IV* 16 R3̄c

ice V 28 C2/c ice XIII 28 P21/a

ice VI 10 P42/nmc ice XV 10 P1̄

ice VII 2 Pm3̄m ice VIII 8 I41/amd

ice X 2 Pm3̄m

ice XII* 12 I4̄2d

Table 1.1: The main phases of ice below 2.5 GPa, showing the disordered phases

and their ordered counterparts (Petrenko and Whitworth, 1999), where

* designates a metastable phase and ** is a hexagonal setting

A secondary effect of disorder is to slightly shift each oxygen atom to

accommodate the nearby hydrogen atoms, (Kuhs et al., 1984b). These ef-

fects need to be accounted for when examining structures obtained using

neutron diffraction techniques. This is because the results of diffraction ex-

periments give a time and space average position for the oxygen atoms and
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the six orientations of the hydrogen atoms. For a fully disordered structure,

time averaging results in a tetrahedral structure where two hydrogen atoms

are present at either end of each hydrogen bond, with a probability of 50%

of finding a hydrogen atom at either site. This is referred to as the ‘half-

hydrogen’ model. By contrast, in a fully ordered structure the probability

becomes either zero or 100%. In general, ice phases can be found with

structures that are fully or partially ordered or completely disordered.

Many properties of ices depend upon the hydrogen bonding within their

structures. For example, at atmospheric pressure the density of liquid wa-

ter is greater than that of the solid – and ice Ih floats. At low pressures,

the angles between linked oxygen atoms are close to 109.4° which is found

in an ideal tetrahedral structure. As pressure is increased, however, the

molecules rearrange themselves and their hydrogen bonds bend to allow

increasing density. Eventually the bonds break and reform, creating a new

ice phase based on four connected water molecules which is stable under

the prevailing temperature and pressure conditions.

While in general, the structural forms of the ice phases are the same

for H2O and D2O molecules, there are detectable differences between their

bond lengths and some material characteristics (Petrenko and Whitworth,

1999). To take account of this, both protiated and deuterated samples were

examined in this present work.

1.3 The structures of ices Ih, II, III, V and VI

Water-ice, which will be referred to as ice Ih from here, is the main phase of

ice that exists on Earth. Whilst it was not directly the subject of this series of

experiments, its structure is important because many of the high-pressure

ices originate following the ‘distortion’ of the ice Ih structure. An understand-

ing of the properties of ice Ih is also beneficial when making observations of

other ice phases. In most cases, the high-pressure phases studied experi-

mentally in this work transformed back to ice Ih as temperatures approached

150 K, and so this phase change provided a useful reference point.
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1.3.1 The structure of hexagonal ice Ih

Early ideas on the structure of ice Ih were summarised by Lonsdale (1958).

The structure was studied initially using X-ray and latterly by neutron diffrac-

tion (Peterson and Levy, 1957). More recently the lattice parameters have

been studied in detail by Röttger et al. (1994) and by Fortes (2018). A view

of the structure seen along the c-axis is illustrated in Figure 1.9.

Figure 1.9: Ice Ih structure, looking along the c-axis, the unit cell is shown in blue.

All the hydrogen atom sites shown are half-occupied on average. The

structure was taken from (Goto et al., 1990).

Ice Ih is built around a hexagonal network of oxygen atoms, each with

four nearest neighbours positioned at the corners of a tetrahedron. The unit

cell contains four water molecules and its time averaged structure is repre-

sented by space group P63/mmc. The oxygen atoms are arranged in layers

parallel to the c-axis and can be described as forming ’puckered’ hexagonal

rings (Petrenko and Whitworth, 1999). The layers can be imagined as cor-

rugated sheets of atoms which are stacked vertically in an ABABAB pattern,

see Figure 1.10. The ABAB planes run perpendicular to the c-axis and hence

the hexagonal rings or ‘open channels’ are created when viewed along it.

The refinement of ice Ih obtained by (Goto et al., 1990) was based on

single-crystal X-ray diffraction techniques and they obtained lattice param-
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Figure 1.10: Cartoon illustrating the structure of ice Ih through ABAB layers of

atoms (Dutch, 2020). For ease, only oxygen atoms are displayed.

eter values of a = 4.506(3) Å and c = 7.346(3) Å at 243 K. The fractional

coordinates from their refinement are shown in Table 1.2. In this present

work, these values were used as the starting points for the refinements on

any back-transformed ice samples.

Atom label Site Fractional coordinates (x,y,z) Occupancy

O1 4f 1/3 2/3 0.0618(3) 1.0

D2 4f 1/3 2/3 0.198(6) 0.5

D3 12k 0.437(4) 0.874(7) 0.028(3) 0.5

Unit cell a-axis (Å) c-axis (Å) volume (Å3)

At 243 (K) 4.506(3) 7.346(3) 129.17(2)

Table 1.2: Structure of ice Ih (space group P63/mmc) obtained at 243 K; (upper)

fractional coordinates, (lower) lattice parameters (Goto et al., 1990).

Ice Ih also exhibits two unusual properties; firstly, it has a negative ther-

mal expansion in the temperature range below 70 K (Röttger et al., 1994)

and, secondly, there is an anomalous volume expansion on substitution of

the hydrogen atoms for deuterium (Kuhs and Lehmann, 1986b). These will

be discussed in sections 1.4 and 1.5.
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1.3.2 The structure of ice II

Ice II is stable between about 0.2 GPa and 0.5 GPa at temperatures below

250 K (see Figure 1.4). Unlike ice Ih, the water molecules in ice II are ordered

throughout the full range of temperature (Whalley and Davidson, 1965).

The structure was first determined by Kamb (1964), using single crystal

X-ray diffraction and found to consist of 12 water molecules in a rhombohe-

dral unit cell with space group R3̄. This was later confirmed using neutron

diffraction (Kamb et al., 1971). Ice II is based on a primitive rhombohe-

dral unit cell with dimensions of 7.78(1) Å for the a-axis and an angle α of

113.1(2)°. The structure can also be described with a triply-centred hexag-

onal unit cell (this arrangement was used for the refinements in this work)

having an a-axis of 12.91771(15) Å and a c-axis of 6.22087(12) Å obtained

at 200 K and 0.28 GPa (Lobban et al., 2002). In this case there are 36 water

molecules in the non-primitive unit cell. As with ice Ih, each water molecule

is bound to four nearest neighbours forming a tetrahedron. The structure is

illustrated in Figure 1.11

Figure 1.11: Structure of D2O ice II viewed along the c-axis, the hexagonal unit cell

is shown in blue. The illustration shows columns of hexagonal rings

and is based on Finch et al. (1968).

The ice II structure forms hexagonal channels which are made up of wa-

ter molecules arranged into two types of hexagonal rings, these form layers



1.3. The structures of ices Ih, II, III, V and VI 41

running parallel to the c-axis (Fortes et al., 2005). The rings are numbered

6A and 6B in the cartoon illustration of Figure 1.12. Illustrations (c) and (d)

describe the stacking of the 6A and 6B rings within the vertical channels

when viewed perpendicular to the c-axis. Each individual A ring is stacked

relative to a B ring at a diagonal distance of about 2.8 Å. The structure has

been described as a ’bundle of hexagonal columns consisting of six mem-

bered rings’, which are stacked alternately, (Nakamura et al., 2016).

Figure 1.12: (a, b) Cartoon of the 6A and 6B rings in ice II, viewed parallel to the

c-axis; (c, d) perpendicular view showing the layered structure and

the relationship with the connected vertical columns. The illustration

is based on (Lobban et al., 2002; Fortes et al., 2005).

The hydrogen bonds that extend from the 6B rings are alternately di-

rected up and down and are responsible for bonding to 6A rings above and

below, and in the process creating the vertical channel. In a similar way,
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the bonds formed around the 6A rings point outward and are responsible for

joining neighbouring channels. This stacking arrangement allows the hexag-

onal rings to be bonded laterally (Lobban et al., 2002) and permits ice II to

retain the open rings of ice Ih whilst at the same time enabling the density to

increase upon compression.

A property of this structure is that regular spaces are created within the

vertical columns. This allows the inclusion of small impurity atoms and en-

ables the formation of so-called ‘stuffed ices’. The effect was noticed during

an experiment by (Arnold et al., 1968) which used helium gas as a pressure

medium. Any inclusions will alter the physical properties of pure ice II as well

as the regions of stability within the P-V phase diagram. This has implica-

tions for planetary ices, which are likely to have ice II layers several hundred

kilometres thick.

Table 1.3 lists the refined fractional coordinates for D2O ice II obtained

using a hexagonal unit cell (Lobban et al., 2002). They weremeasured under

a pressure of 0.28 GPa and at 200 K. These values were used as the initial

starting point for the GSAS refinements made on ice II during this present

work.

Atom label Site Fractional coordinates (x,y,z) Occupancy

O1 18f 0.2223(7) 0.1964(7) 0.0493(11) 1

O2 18f 0.1887(6) 0.2286(6) 0.4796(14) 1

D1 18f 0.1530(6) 0.2007(5) -0.0075(13) 1

D2 18f 0.2216(6) 0.2166(6) 0.1972(9) 1

D3 18f 0.1094(6) 0.2148(6) 0.4872(13) 1

D4 18f 0.2345(5) 0.3040(5) 0.5566(12) 1

Unit cell a-axis (Å) c-axis (Å) volume (Å3) density (kg m-3)

0.28(GPa) 200(K) 12.91771(15) 6.22087(12) 898.99(2) 1329.95(3)

Table 1.3: Structure for D2O ice II (space groupR3̄) at 0.28 GPa and 200 K; (upper)
fractional coordinates, (lower) unit cell parameters and volume, (Lobban

et al., 2002).

Computational studies using density functional theory (DFT) have ob-

tained a value for the density of D2O ice II at zero temperature and pressure
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of 1240 kg m-3 (Fortes et al., 2003). Those authors also noted a slight in-

crease in the lengths of the covalent bonds (O-H) with increasing pressure.

This coincided with a strengthening of the hydrogen bonds (H· · ·O) as these

lengths decreased. This occurrence has been established as a character-

istic of hydrogen bonding (Dougherty, 1998; Libowitzky, 1999) and will be

discussed further in connection with the volume isotope effect, see Section

1.5.2. In nature, ice II does not make contact with liquid water in the H2O

phase diagram (Figure 1.4) but it could still be an important ‘rock layer’ sup-

porting either ice Ih or ice III on an icy moon.

1.3.3 The structure of ice III or ice III(IX)?

Ice III is the least dense of the high-pressure ice phases, measuring 1165

kg m-3 at 245 K and 0.3 GPa (Londono et al., 1993) and spans the smallest

region of stability in the pressure, temperature phase diagram (see Figure

1.4). It is stable between pressures of 0.22 GPa and 0.34 GPa and at tem-

peratures of 240 K to 260 K (Tulk et al., 1997). It belongs to the tetragonal

crystal system, with space group P41212 and there are 12 water molecules in

the unit cell (Kamb and Prakash, 1968). The structure is based on five-sided

rings of water molecules, and is illustrated in Figure 1.13.

It had been assumed that ice III was disordered because a transition

to ice IX, which is an ordered version of the same structure, takes place at

low temperatures (Whalley et al., 1968). More recently, evidence for a par-

tial order was obtained by (Londono et al., 1993). The space group for both

phases is P41212 and the disordered structure for ice III is based on two dis-

tinct oxygen atoms and six distinct hydrogen atoms. The crystal structures

of disordered ice III and ordered ice IX are isosymmetric and differ only in

the occupancies of the hydrogen atoms, hence in this present work the form

is frequently referred to as ice III(IX).

Work on the structure and ordering of ice III within its stability field by

Lobban et al. (2000) has included experiments using neutron powder diffrac-

tion. Those authors used the structure of Londono et al. (1993) as their start-



1.3. The structures of ices Ih, II, III, V and VI 44

Figure 1.13: Ice III ring structure viewed close to the a-axis, the unit cell boundary

is in blue. All the hydrogen atoms are shown but they have fractional

occupancies. The illustration is based on Kamb and Prakash (1968).

ing point. The fixed position of the two oxygen atoms and use of the ‘ice-

rules’, which only allow 1 hydrogen atom to be placed along each hydrogen

bond (H· · ·O) thus created four possibilities for the occupation of hydrogen

atoms, which Lobban et al. (2000) were able to determine by the use of two

parameters α, and β. The determination of those two parameters is made

with reference to Figure 1.14, here deuterium substitutes for hydrogen.

If the likelihood of oxygen atoms O1 and O2 being connected by a hy-

drogen bond, where D3 is the bridging atom is α, then this makes the prob-

ability for the connection to be made through atom D7 to be (1 − α). If the

oxygen atom O1 also has another covalently bonded deuterium atom D4

with a probability of β making a connection to atom O1”, then the relation-

ship with α fixes the possibilities on the remaining bonds for the two oxygen

atoms and the proportions for β and (1− β).

Lobban et al. (2002) examined ice II (which is ordered) as a model and

reasoned that because its water molecules did not preferentially occupy ori-
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Figure 1.14: Cartoon illustrating the structure of ice III when viewed along the c-

axis. (a) shows the asymmetric unit with two oxygen atoms O1, O2

and their associated deuterium atoms; (b) places this into the unit cell.

The values α, β, are the possibilities for deuterium atoms D3 and D4

to occupy those sites and connect oxygen atoms O1 to O2 and O1 to

O1”. The illustration was based on Lobban et al. (2000).

entations with the least bond bending (Kamb et al., 1971), then the order-

ing process was not solely controlled by the need to create linear hydro-

gen bonds. Lobban et al. (2002) suggested that, while oxygen atoms will

move to accommodate the O· · ·O· · ·O tetrahedral angles and decrease any

strain on the (H· · ·O) hydrogen bonds, longer range forces from non-bonded

molecules were a likely mechanism influencing ordering.

Since the energy for each of the possible six orientations of a disor-

dered (tetrahedral) structure could differ, Lobban et al. (2000) argued some

orientations could be more energetically favourable and hence more occu-

pied, and therefore some ordering of the water molecules could take place.

Those authors determined values of 0.35 for α and 0.5 for β and the frac-

tional coordinates for the ice III structure are given in Table 1.4.

These fractional coordinates formed the initial basis for the structural
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Atom Label Site Fractional coordinates (x,y,z) Occupancy

O1 8b 0.113(3) 0.311(3) 0.287(3) 1.0

O2 4a 0.397(2) 0.397(2) 0 1.0

D3 8b 0.239(6) 0.321(5) 0.195(6) α

D4 8b 0.132(3) 0.437(4) 0.404 (4) β

D5 8b -0.004(5) 0.338(5) 0.243(7) (1− β)

D6 8b 0.109(3) 0.182(4) 0.318(3) (1− α)

D7 8b 0.290(3) 0.358(2) 0.102(3) (1− α)

D8 8b 0.383(5) 0.576(5) -0.037(2) α

Unit cell a-axis (Å) c-axis (Å) volume (Å3)

0.25(GPa) 240(K) 6.67596(21) 6.95500(33) 309.97(2)

Table 1.4: Structure of D2O ice III (space group P41212) taken at 0.25 GPa and

240 K; (upper) fractional coordinates, where the values α and β are ex-

perimental parameters that determine the occupancy of an individual

deuterium atom, (lower) lattice parameters and volume (Lobban et al.,

2000).

refinements used in this present work on both D2O and H2O ice III samples

measured at 10 K. However, during the refinement process using the GSAS

software, the fitting improved when the occupancy values for α and β were

unrestrained. The refinement converged towards the nearly ordered ice III

structure, labelled as ice IX which had been previously reported by La Placa

et al. (1973), (see section 4.2.3).

La Placa et al. (1973) used single-crystal neutron diffraction to examine

samples of D2O ice IX at 110 K that had been recovered to atmospheric pres-

sure. This is a procedure where the sample is cooled to liquid nitrogen tem-

peratures to prevent any phase transition and then released to atmospheric

pressure, samples examined in this present work were also recovered and

measured at atmospheric pressure. La Placa et al. (1973) obtained very low

occupancy values for D3, D8 and D4 ranging from 0.034 to 0.051. This was

interpreted as ice IX being a nearly ordered form (or 4% disordered) of low

temperature modified ice III. The transition from ice III to ice IX due to tem-

perature and speed of quenching, it was argued, allowed for the retention of

some disorder.
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Recovered samples of ice IX to atmospheric pressure were also ex-

amined by Londono et al. (1993). Using neutron powder diffraction, they

confirmed the incomplete ordering observed by La Placa et al. (1973) and

also observed that the phase transition from ice III to ice IX and not to ice

II, required a cooling rate of 1-2 K min-1. This is also a speed achieved dur-

ing the experimental procedure for the present work. For the refinements

of ice IX, Londono et al. (1993) eliminated the weakly occupied hydrogen

sites (D3, D8 and D4) from the starting arrangement used by La Placa et al.

(1973). The fractional coordinates thus obtained (data set IX3) are given in

Table 1.5.

Atom label Site Fractional coordinates (x,y,z) Occupancy

O1 8b 0.1070(5) 0.2962(6) 0.2843(6) 1.0

O2 4a 0.3950(5) 0.3950(5) 0 1.0

D3 8b -0.0158(6) 0.3310(3) 0.2160(4) 1.0

D4 8b 0.1135(4) 0.1517(6) 0.2948(4) 1.0

D5 8b 0.3005(4) 0.3583(5) 0.1061(5) 1.0

Unit cell a-axis (Å) c-axis (Å) volume (Å3)

110(K) recovered 6.7201(2) 6.8093(3) 307.51(2)

Table 1.5: Structure for D2O ice IX (space group P41212) measured at ambient

pressure and a temperature of 110 K; (upper) fractional coordinates,

(lower) lattice parameters, taken from (Londono et al., 1993).

In this present work, after seeking to find variations between the re-

finement models for partially disordered ice III and almost ordered ice IX; it

appeared to make very little difference to the values of the unit cell param-

eters. Hence, the ice IX structure from Table 1.5 was used as a basis for

F(calc) (LeBail) refinements of the diffraction measurements.

1.3.4 The structure of ice V

Ice V is one of the most complex of the high-pressure ice phases and is sta-

ble at pressures between 0.346 GPa and 0.625 GPa and at temperatures

roughly between 210-270 K (see Figure 1.4). The structure was determined

by Kamb et al. (1967) using X-ray powder diffraction techniques on samples
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recovered to atmospheric pressure. Those authors described this as being

built up from a ‘zigzag of chains’ of water molecules running parallel to the

a-axis and viewed it as an intermediate phase between the open ring struc-

tures adopted by the earlier ice phases and the more complex ‘self-clathrate’

structures of ice VI and VII. The structure is illustrated in Figure 1.15.

Figure 1.15: Ice V structure viewed along the b-axis, based on Kamb et al. (1967).

All the hydrogen sites are shown, resulting in two hydrogen atoms

being shown along some bonds. The unit cell boundary is in blue.

Ice V has a density of 1230 kg m-3 at atmospheric pressure and tem-

perature of 98 K. This is intermediate between densities for ice III (1160

kg m-3) and ice VI (1310 kg m-3) under similar conditions. It belongs to

the monoclinic crystal system, space group C2/c (No. 15) and has a unit

cell containing 28 water molecules. The structure was also investigated by

Hamilton et al. (1969) using neutron diffraction on a single crystal recovered

to ambient pressure at 110 K. Those authors observed a ’significant’ proton

ordering, which indicated the need for a variable probability of occupation

at each site. More recently the space group of C2/c was confirmed using

neutron diffraction on a sample of D2O ice V from within its stability field by

Lobban et al. (2000), who used the Kamb et al. (1967) structure as a starting
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point for their refinements.

Lobban et al. (2000) determined from refinements of the fractional oc-

cupancy parameters that the orientations of the water molecules in ice V

were not random, as had been previously assumed (Wilson et al., 1965).

Furthermore, calorimetric measurements by Handa et al. (1987) appeared

to show that ice V underwent an ordering transition at temperatures between

105-130 K. An illustration of the structure and occupancies is presented in

cartoon form in Figure 1.16.

Figure 1.16: Cartoon of the ice V structure viewed along the b-axis, based on Lob-

ban et al. (2000). The marked oxygen atoms are shown by open red

rings and their related deuterium atoms in blue. The numbering of

the atoms matches Table 1.6. Fractional site occupancies of the deu-

terium atoms are given in black.

Lobban et al. (2000) described the asymmetric unit (the smallest por-

tion of the crystal structure which after symmetry operations will produce the

unit cell) as consisting of four distinct oxygen atoms and fourteen deuterium

atoms. Numbered oxygen atoms are marked by open red circles, others are

solid. Deuterium atoms are blue and the labelling matches with Table 1.6.

By a similar method to that used for ice III, those authors determined that
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four parameters α, β, γ and δ could be used to describe the deuterium atom

occupancy for each distinct oxygen atom.

Atom label Site Fractional coordinates (x,y,z) Occupancy

O1 4e 1/4 -0.176(2) 0 1.0

O2 8f 0.466(2) 0.065(1) 0.157(1) 1.0

O3 8f 0.276(2) -0.349(2) 0.245(1) 1.0

O4 8f 0.391(1) 0.363(2) -0.019(1) 1.0

D5 8f 0.332(2) -0.108(3) 0.042(2) (1− α)

D6 8f 0.246(3) -0.245(3) 0.076(3) α

D7 8f 0.401(3) -0.021(3) 0.095(2) α

D8 8f 0.422(5) 0.059(5) 0.218(4) β

D9 8f 0.471(2) 0.161(3) 0.099(2) γ

D10 8f 0.566(2) 0.002(2) 0.205(2) δ

D11 8f 0.248(2) -0.304(2) 0.156(2) (1− α)

D12 8f 0.355(6) -0.444(6) 0.272(5) (1− δ)

D13 8f 0.331(2) -0.265(3) 0.317(3) (1− γ)

D14 8f 0.182(2) -0.388(2) 0.257(1) (1− β)

D15 8f 0.437(3) 0.269(3) 0.054(3) (1− γ)

D16 8f 0.299(2) 0.389(2) -0.005(2) 0.5

D17 8f 0.369(3) 0.312(3) -0.099(3) γ

D18 8f 0.467(3) 0.447(3) -0.021(3) 0.5

Unit cell a-axis (Å) b-axis (Å) c-axis (Å) volume (Å3)

0.5(GPa) 234(K) 9.0926(4) 7.5409(4) 10.2547(5) 664.24(6)

Table 1.6: Structure for ice V (space group C2/c) obtained at 0.5 GPa and 234 K,

(upper) fractional coordinates. The occupancies of individual deuterium

atoms are given by the parameters α, β, γ and δ; (lower) lattice param-
eters, taken from Lobban et al. (2000).

They argued that the symmetry of the space group constrains two of

the deuterium atoms, D16 and D18 which bridge the O1 and O4 oxygen

atoms to be fully disordered with an occupancy of 0.5. The refined parameter

values obtained by Lobban et al. (2000) were α = 0.37, β = 0.13, γ = 0.56

and δ = 0.94, these values were obtained from their data set D2B (Table

III) taken at 100 K and 0.5 GPa. They observed that the ordering of water

molecules increased gradually as temperature decreased. However, they

reported no dramatic change in ordering in the temperature range of 102 K

to 131 K. The fractional coordinates from their data are also highlighted in
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Table 1.6. These values along with the fractional coordinates were used for

the refinements of ice V in this present work.

It is worth noting that over the observed pressure and temperature range

highlighted in Table III of Lobban et al. (2000) there was a wide variation of

occupancy parameters. Those authors concluded that, in this instance, the

possible increase in ordering as a result of pressure was most likely due to

changes in non-bonded interactions and that the ordering seen in ice V was

both pressure and temperature dependent.

For any displacement of atoms or ordering to take place within an ice

crystal structure, some mechanism is needed. In ices, this is through the

influence of point defects (Petrenko and Whitworth, 1999). The two types

most likely to occur are rotational and ionic defects. Ionic defects are related

to faults in the correct number of protons associated with an individual oxy-

gen atom, i.e. H3O
+ or OH-. Rotational defects depend on the rotation of

an individual water molecule, which moves the hydrogen atoms causing a

distortion of the connecting hydrogen bonds. At temperatures below 150 K

Lobban et al. (2000) suggest that the mechanism allowing the reorientation

of water molecules appears to be the migration of ionic defects, these re-

quire only small amounts of activation energy. At higher temperatures they

suggest ordering is achieved predominantly through the diffusion of rota-

tional defects. The ability of water molecules to alter their alignments by the

movement of protons through the process of diffusion is, however, slower

at low temperatures. This slow rate of change was exploited in this present

work when high-pressure samples were quenched and then stored under

liquid nitrogen to preserve their structures.

1.3.5 The structure of ice VI

Ice VI has a region of stability roughly between pressures of 0.63 GPa to 2.2

GPa and temperatures of 130-366 K (Fortes et al., 2012), see also Figure

1.4. The crystal structure has been determined as tetragonal, P42/nmc, and

the unit cell contains 10 water molecules. This phase also lies in contact
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with liquid water in the phase diagram.

Ice VI achieves a higher density than ice V by incorporating two interpen-

etrating but disconnected ring structures (Dutch, 2020). This property has

been called ‘self-clathrate’ (Kamb, 1965), where a clathrate is a molecule

surrounded by a cage of water molecules. In ice VI, one ring is able to fill

the voids of the other but although individual water molecules are bonded

to each ring system, there are no bonds connecting the two interpenetrating

sets of rings (Tulk et al., 1997). The structure was determined using X-ray

diffraction by Kamb and Prakash (1968) using both powder and single crys-

tal H2O samples at ambient pressure and 98 K. The structure is illustrated

in Figure 1.17.

Figure 1.17: Structure of ice VI: (a) view along the c-axis; (b) view perpendicular

to the c-axis. To help show the links between the two interpenetrating

but disconnected rings, only the oxygen atoms are shown. The unit

cell is marked in blue and the illustration is based on Kamb (1965).

The ice VI structure is built from chains of hydrogen bonded water

molecules aligned parallel to the c-axis (Petrenko and Whitworth, 1999).

The tetrahedral structure in the centre of Figure 1.17(a) is independent of

the corners of the unit cell. Similar structures, however, are placed at the

corners of the unit cell but these don’t connect to the centre. The chains

at each corner are linked by hydrogen bonds in the a-b plane, the chain in

the centre is linked to other similar chains, with bonds passing though the



1.3. The structures of ices Ih, II, III, V and VI 53

cell sides. This structure has been ‘disassembled’ into chains of molecules

running parallel to the c-axis in a manner based on Kamb (1965), see Figure

1.18.

Figure 1.18: Cartoon illustration of the molecular chains from which ice VI is com-

posed, the unit cell is marked in blue; (a) the structure of the water

molecules running through the centre of the unit cell, viewed parallel

to the c-axis (only oxygen atoms are shown); (b) similar chains run

along the sides of the unit cell but are not connected to the centre; (c)

an extended chain connecting molecules outside of the unit cell. This

illustration was based on Kamb (1965).

The series of cartoons in Figure 1.18(a, b, c) shows the positions for the

oxygen atoms and their associated hydrogen bonds. Illustration (a) depicts

how a chain of water molecules runs parallel to the c-axis through the centre

of the unit cell. This chain connects with other central chains in nearby unit

cells but not with similar chains that run along the unit cell edges. Edge

chains are illustrated in cartoon (b), each edge chain is connected to four

other edge chains but these are not connected to chains in the centre of
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the cell. Cartoon (c) highlights an extended chain of molecules extending

through to the next unit cell and connecting them together.

This structure was confirmed by neutron powder diffraction experiments

on D2O samples of ice VI within its stability field (Kuhs et al., 1984b). Those

authors reported considerable distortions to the bond angles and reported

lattice parameters of; a = 6.1812(5) Å and c = 5.6980(4) Å, with the axial ratio

c/a = 0.9218. The fractional coordinates from their refinement were based on

observations made at 225 K and 1.1 GPa and these are presented in Table

1.7. No occupancy details were given and although Kuhs et al. (1984b) went

to great lengths to investigate this, they could not confirm partial ordering.

For this present work, the fractional coordinates of Table 1.7 coupled with

fully disordered deuterium atoms were used as the basis for the structural

refinements.

Atom label Site Fractional coordinates (x,y,z) Occupancy

O1 2a 3/4 1/4 3/4 1

O2 8g 3/4 0.526(4) 0.134(4) 1

D3 8g 3/4 0.463(10) -0.014(9) 0.5

D4 8g 3/4 0.370(6) -0.137(10) 0.5

D5 8g 3/4 0.687(7) 0.125(8) 0.5

D6 16h 0.133(4) 0.531(5) 0.784(6) 0.5

Unit cell a-axis (Å) c-axis (Å) volume (Å3)

1.1(GPa), 225(K) 6.1812(5) 5.6980(4) 217.7(1)

Table 1.7: Structure for D2O ice VI (space group P42/nmc) obtained at 1.1 GPa and

225 K; (upper) fractional coordinates, (lower) lattice parameters, (Kuhs

et al., 1984b).

The debate over partial ordering in ice VI began following a sugges-

tion by Kamb (1965), that possible ordering took place while cooling to the

temperature of liquid nitrogen (77 K). It was argued that ice VI approaches

a ferroelectrically ordered state at low temperatures (which would require a

change in space group) and that a reversible transition occurs at 125 K and

1 GPa (Johari and Whalley, 1979, 1976). Kuhs et al. (1984b) concluded,

however, that there were doubts over the validity of structural ordering data
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obtained from samples that had been recovered to ambient pressure, and

that at all temperatures, ice VI was disordered. Those authors noted it was

assumed that recovered samples were structurally similar to the original “sta-

ble” phases, but there was a possibility for structural changes or hydrogen

ordering to take place during recovery. These changes could be responsible

for any discrepancies between crystallographic data.

Studies using calorimetry have also detected a possible order-disorder

transition at temperatures within the range of 105-140 K (Handa et al., 1987)

and computer calculations have suggested both ferroelectric (Kuo and Kuhs,

2006) and antiferroelectric ordering (Fortes et al., 2012). Using neutron pow-

der diffraction, Salzmann et al. (2009) observed that on cooling, a sample

of ice VI which was doped with hydrochloric acid (DCl) and recovered to

atmospheric pressure, displayed a phase transition to a hydrogen-ordered

counterpart, ice XV. This phase is stable at temperatures below 130 K and

at pressures within the range of ∼0.8 to 1.5 GPa.

This finding was again tested using DCL-doped D2O ice VI at ambient

pressure (Salzmann et al., 2016). A sample was heated at 0.4 K min-1 over a

temperature range of 80-135 K and a sequence of phase transitions from ice

VI to ice XV and back to ice VI was indicated. The sample was then slowly

cooled back to 80 K from 135 K at 0.07 K min-1. It was observed that a

more ordered state was reached on slow cooling compared to that achieved

on heating. Further, the fully hydrogen-disordered state of ice VI appeared

to be the equilibrium state at 135 K and ambient pressure. The initial pre-

heated sample was also consistent with with hydrogen-disordered ice VI.

Slow-cooling ice VI under a pressure of 1.4 GPa and at similar temperatures

was found to present only a very weak ordering signal, which implied that

within its stability field, any ordering of ice VI is likely to be more difficult and

suggests that ice VI, within the mantle of an icy moon is unlikely to become

hydrogen ordered. This present work also assumed disorder while making

refinements to the ice VI experimental data.
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1.4 Thermal expansion within icy structures

One of the major macroscopic properties that describes a material is the way

it reacts to temperature through thermal expansion. In this present work, the

unit cell volumes of ice phases II, III(IX), V and VI were measured as a func-

tion of temperature, and from these results the volumetric and axial thermal

expansion coefficients were obtained. By fitting the volumes with a Debye

model, values for the bulk modulus was also obtained. This present work

also carried out first principles (ab initio) calculations using density functional

theory (DFT) methods on ices II, IX and XI to ascertain if thermal expansion

could be reproduced through theoretical means, see section 7.1. These pa-

rameters are critical to understanding and modelling the evolution of plane-

tary bodies (Fortes and Choukroun, 2010).

1.4.1 The thermal expansivity of ice

The crystal structures of ices are built around relatively weak hydrogen

bonds, and consequently they can be distorted easily by pressure or tem-

perature (Boldyreva, 2004). This gives them relatively large expansivities

compared with other solids. For example, the average linear (1
3
αv) expan-

sion coefficient of bulk ice Ih is ∼51×10-6 K-1 at 273 K, whereas the same

for pure iron or cement is about 12×10-6 K-1 and 11×10-6 K-1 at 298 K (En-

gineering Toolbox website). Furthermore, since hydrogen bonding can be

directional within the crystal structure and, other than ices Ic, VII and X,

none of the other ice phases have cubic symmetry, any expansion will be

anisotropic. The volume thermal expansion coefficient (expansivity) αv at

constant pressure is given in equation (1.1), where V is the volume and T is

the temperature (Wallace, 1972).

αV =

(
1

V

dV

dT

)
p

(1.1)

A direct way to obtain values of αv is by taking measurements of volume

against temperature and then differentiating a model fitted to the data. Work
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by Fortes (2018) is shown in Figure 1.19. He used neutron powder diffraction

to obtain measurements of volume against temperature for both H2O and

D2O ice Ih.

Figure 1.19: Volume thermal expansion coefficient of H2O ice Ih calculated using

neutron powder diffraction. The data was taken from Fortes (2018)

and the symbols are simple derivatives of the refined cell parameters.

The solid line is a fit to a model, see equation (5.3)

In Figure 1.19 a plot of point-to-point derivatives of the unit cell volumes

are shown as symbols, as well as a model fit. He noted that a transition to

negative thermal expansion took place in both ice forms at the same tem-

perature within the region of error, namely 59.6(2.3) K in H2O and 59.9(5)

K in D2O. The negative thermal thermal expansion also reached its largest

value with the same temperature and magnitude; 32.3(8) K, -1.27(8) ×10-6

K-1 in H2O and 32.6(2) K, -1.31(3)×10-6 K-1 in D2O. Negative thermal expan-

sion is a characteristic of ice Ih, as is an anomalous volume isotope effect,

where the volume of the H2O sample will increase on substitution with D2O.

Fortes (2018) observed an anomalous volume isotope effect of about 0.05%

at temperatures below 100 K which rose to 0.25% close to 270 K. These

anomalous effects in the context of other ices will be discussed in Sections

1.4.2 and 1.5.



1.4. Thermal expansion within icy structures 58

Expansivity can also be related to the thermal energy that is causing the

expansion in the structure. This connection can be achieved by use of the

thermodynamic Grüniesen parameter γ, given in equation (1.2) (Wallace,

1972), where KT is the isothermal bulk modulus and CV is the heat capac-

ity per unit volume; γ also measures the variation in pressure with internal

energy at constant volume.

γ =

(
V ανKT

CV

)
= V

(
∂P

∂U

)
V

(1.2)

In this explanation of expansion, the crystal volume changes in re-

sponse to thermal pressure which has been produced by a change in tem-

perature. This will be discussed in Section 2.4.1.

1.4.2 Negative thermal expansion (NTE)

Almost all materials will expand on heating, however as demonstrated by

Figure 1.19, at low temperatures ice Ih undergoes negative thermal expan-

sion (NTE). This, it turns out, is a common property of tetrahedrally bonded

materials such as silicon (Smith and White, 1975; Mary et al., 1996; Sleight,

1998). Materials that exhibit strong NTE generally have frameworks which

include corner sharing polyhedral units (Fornasini et al., 2009). A key as-

pect of this present work was to examine if any properties of NTE can be

observed in ices II, III(IX), V, VI.

The common model explaining NTE rests on competition between a

positive contribution to expansion, caused by bond stretching and a negative

contribution due to what are termed ‘tension effects’ (Barrera et al., 2005).

When the tension effects prevail, as in the case of NTE, the solid contracts

with increasing temperature. Sometimes, this expansion is not isotropic and

experiments on titanium have found NTE along the c-axis as well as different

expansivities along the other axes (Nizhankovskii et al., 1994). Similar axial

expansion behaviour has also been observed to take place in zinc, cadmium

and tin Munn (1969).
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The energy inside a crystal (see Section 2.5), can be described us-

ing models based on phonons and hence, expansion can be related to the

phonon spectrum in a material and how the spectrum develops whilst the

material undergoes a volume change as a result of increasing temperature

(Argaman et al., 2016).

For an individual mode of vibration, this energy can be related to the

mode Grüniesen parameter γi which changes for each mode i and where ωi

is the frequency of the ith mode, equation (1.3), (Petrenko and Whitworth,

1999).

γi =

(
−V
ωi

∂ωi
∂V

)
(1.3)

This assumes that the phonon frequencies are volume dependent and

that they can be related to thermal expansion αV , equation (1.1) through an

average thermal value of the Grüneisen parameter (Vočadlo et al., 2000).

This value is such that the coefficient of expansion αV results from an aver-

age of all of the γi (Cochran, 1973).

Argaman et al. (2016) argued that if expansion is controlled by phonons

within the crystal, then NTE needs at least one mode with a negative

Grüniesen parameter that is sufficiently large to dominate the others. This

is equivalent to an anomalous volume dependence which causes (∂ωi

∂V
) to

become positive. At low temperatures, most of the phonon spectrum is gen-

erated from the acoustic modes (Dolling and Cowley, 1966), hence, some

of these must have a connection to NTE.

1.4.3 Attempts to explain the causes of NTE in ice

Attempts to explain NTE have been made using both experimental observa-

tions and first-principles calculations. Experimentally, inelastic neutron scat-

tering experiments examining the phonon dispersion of ice Ih concluded that

NTE was caused by a softening of the transverse acoustic phonon branches

(Strässle et al., 2004). Calculations using the quasiharmonic approximation
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(QHA), see section 2.4, and density functional theory, see section 2.2, have

enabled theoretical models to be examined (Dove and Fang, 2016). In the

QHA approximation, the free energy of a structure is calculated using lat-

tice dynamics which evaluate atomic movements and phonon energies, it

assumes a model of crystal structure where the force constants are volume

dependent.

A numerical method very similar to the QHA was used by (Tanaka,

1998) to approximate the free energies of ices Ih and Ic and hence calculate

volume against temperature relationships, these results are shown in Figure

1.20.

Figure 1.20: First principles calculations on ice Ih: (a) the blue line plots the volume

of ice Ih against temperature, the orange line plots the same for ice

Ic; (b) calculated thermal expansivity of ice Ih. All calculations were

made at atmospheric pressure (Tanaka, 1998).

The NTE, which is signalled by the dip in the expansion curve, was ex-

plained by modes that exhibited a negative Grüniesen parameter γi, as sug-

gested by Argaman et al. (2016). These (negative) modes were calculated

to have a larger heat capacity than some of the others having a positive γi.

This meant that substantial lattice energy could be ‘stored’ in these modes.

Tanaka (1998) found that the frequency of these modes corresponded with

those of the phonon translational modes, which are associated with the vi-

bration of an entire water molecule and that at low temperature they con-

tributed a significant proportion of the heat capacity. The conclusion was

that it was the bending modes of the tetrahedrally hydrogen bonded water
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molecules, ie. the bending motions of three hydrogen bonded molecules

O· · ·O· · ·O that were responsible for the NTE. The calculated values for ex-

pansivity were in good agreement with earlier experimental measurements

obtained by Röttger et al. (1994).

Work by Bennington et al. (1999) examined the temperature depen-

dence of the low frequency acoustic modes in a crystal of ice Ih using inelas-

tic neutron scattering. Those workers also found that the transverse acoustic

modes gave a negative Grüniesen parameter, which through the QHA could

be linked to a negative expansion below 50 K. This was a similar effect to that

seen by Strässle et al. (2004) at temperatures below 60 K. Bennington et al.

(1999) concluded that NTE was caused by low energy transverse acoustic

phonons. This currently seems to be the consensus view.

1.4.4 Vibrational spectra in ice Ih

Experimental information about the hydrogen bond can be obtained through

the use of vibrational spectra and associating these with particular phonon

modes. In the vapour phase, a free water molecule has three vibrational

modes, which are illustrated by cartoons in Figure 1.21. The derived fre-

quencies are shown for each mode, for both H2O and D2O molecules (Pe-

trenko andWhitworth, 1999; Benedict et al., 1956). In the spectra 1000 cm−1

= 124.0 meV (milli-electron volts).

In an ice crystal structure, however, the range of available frequencies is

constrained (lower) because each water molecule is connected to its neigh-

bour. This connectivity also leads to interactions between vibrational modes

involving multiple molecules. For a coupled system, N atoms in the unit cell

will give rise to 3N normal modes of vibration and it is possible to probe these

vibrations experimentally using techniques such as infrared absorption, Ra-

man spectroscopy and inelastic neutron scattering (Petrenko andWhitworth,

1999).

Whalley (1977) explored the infrared and Raman spectra in H2O and

D2O ices Ih, VII and VIII. These spectra are obtained from the result of en-
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Figure 1.21: Cartoon showing three normal modes of vibration for a free water

molecule. The small arrows at the top of the molecules represent the

slight motion of the oxygen atom needed to keep the centre of mass

stationary. This illustration was based on (Petrenko and Whitworth

1999; Benedict et al. 1956).

ergy exchange, following the excitation of various vibrational modes within

the structure. He assumed that the spectrum of disordered ice Ih was re-

lated to that of ordered ice Ic, which was in turn related to that of ice VIII. He

also assumed that the spectrum of ice Ic could be predicted from that of ice

VIII because it is made up of interpenetrating ice Ic structures. One charac-

teristic he noted was an O-H stretching mode in the Raman spectra at 3083

cm−1 (382 meV). This he assigned to intermolecularly coupled ν1 stretching

vibrations, with several molecules moving in phase with one another. The

stretching mode ν3 was assigned to a frequency of 3209 cm
−1.

More recently Li et al. 1991, 1992; Li 1996 used incoherent inelastic neu-

tron scattering (IINS) to investigate ice Ih and several other high-pressure ice

phases. This technique is similar to Raman spectroscopy, however, in IINS

a beam of single energy neutrons is scattered by the target and the resulting

energy distribution is measured. This technique allowed those authors to ob-

serve a broader range of energy peaks in the spectra of both H2O and D2O

ices. A spectrum for ice Ih, accompanied by assigned stretching modes is

illustrated in Figure 1.22. The break in the curve occurs because data were

taken from different experiments. The frequency bands νT and νR are as-

signed to translational and rotational modes acting between molecules while
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ν1, ν2 and ν3 are vibrational modes associated with connected atoms.

Figure 1.22: Vibration spectrum of ice Ih obtained using inelastic neutron scatter-

ing. The vertical scale changes at // in the curve. Regions of the

spectrum have been assigned to frequencies νT , νR, ν2 and ν1 + ν3,
which relate to vibrational modes within the structure. The illustration

is based on Li et al. 1992; Li 1996 and Petrenko andWhitworth (1999).

The lower frequencies of vibration can be explained in terms of the

weaker (lower energy) hydrogen bonds which act between water molecules,

whilst the higher frequencies depend on the much stronger covalent bonds

(O-H) which act between connected atoms. The modes of vibration can be

placed into broad categories; internal vibrations between atoms, and transla-

tions and rotations betweenmolecules (Petrenko andWhitworth, 1999). The

frequencies of the internal vibrations of the water molecule, hence, depend

upon the mass of the hydrogen (or deuterium) atoms, while translations and

rotations will depend on the mass of the whole molecule.

The effect on the ice Ih spectrum, caused by the additional neutrons

in the deuterium isotope was observed by Li et al. (1992), see Figure 1.23.

They interpreted the spectrum as follows. The parts of the spectra below 40

meV correspond to the translational modes. This was determined because
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the peaks for both isotopologues have similar shapes and have a H2O/D2O

frequency ratio of 1.04, which roughly corresponds to (20/18)1/2 and is con-

sistent with a mass ratio, hence implying these vibrations were connected to

the whole water molecule.

Figure 1.23: IINS spectrum of polycrystalline ice Ih at 15 K with an incident energy

of 600 meV. The illustration is based on Li (1996).

The sharp peak at 7.1 meV and 6.8 meV for H2O and D2O and the

shoulders on their right hand sides respectively, were assigned to acoustic

modes. The nearby peaks were assumed to be optic modes. At higher en-

ergies, the bands between 68-125 meV for H2O or 49-88 meV for D2O are

similar in shape but shifted. Comparison of the peaks at the sharp edges,

leads to frequency ratio of 1.38, which is close to (2)1/2 and implies a con-

nection to either the hydrogen or deuterium atoms. These were associated

with librational or rotational modes. The width of this energy range, however,

is generated by many combinations of librational modes interacting between

nearby rotating molecules (Li, 1996). The small rounded peak at 200 meV

was associated with a combination of ν2 with librationmodes. Studying vibra-

tional spectra, hence, can shed important information on the different modes
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of vibrations that occur between the two isotopologues and will assist in the

explanation of anomalous volume isotope effect.

1.5 The volume isotope effect

From a physical point of view, there are differences between the masses

of the 1H and 2H(D) nuclei and compounds containing the two isotopes

(Wiberg, 1955). As a consequence of the extra mass, compounds contain-

ing the deuterium atom have a slightly lower bond energy at zero temper-

ature. This makes deuterium bonds more stable and increases the bond

dissociation energy causing deuterium bonds to be less reactive than those

of hydrogen atoms.

As is apparent from previous sections, the effect of substituting hydro-

gen by deuterium in ice Ih changes the unit cell parameters and vibrational

frequencies within the crystal. Normally the volume contracts from the ex-

change of lighter isotopes by heavier ones (Umemoto et al., 2015) and this

is due to differences in intermolecular separations. The lighter atoms can vi-

brate with greater amplitudes which leads to increased interatomic distances

(Lacks, 1995). This, however, is not the case for ice Ih where substitution

causes the volume of the D2O ice to be greater than that of H2O ice (Salim

et al., 2016) and hence an anomalous expansion is observed. This phe-

nomenon is known as the volume isotope effect (VIE) and this present work

investigated whether similar effects could be observed in other ice phases.

The physical differences between liquid H2O and D2O are small but

measurable (Némethy and Scheraga, 1964). Some of these, taken at at-

mospheric pressure, are highlighted in Table 1.8.

Property at 0 (GPa) D2O H2O

freezing point (K) 276.8 273.15

boiling point (K) 374.4 373.2

density (kgm−3) 298 (K) 1104 997

Table 1.8: Bulk properties of liquid H2O and D2O taken at atmospheric pressure

(Némethy and Scheraga, 1964).
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The thermal expansion of H2O and D2O ice Ih was measured using

using synchrotron X-ray powder diffraction at temperatures of 10-265 K by

Röttger et al. (1994). Those authors noted that at temperatures close to the

melting point, the ratio for the molar volume (V m(D2O)/V m(H2O)) of the ice

phase was smaller than in the liquid phase, 1.0033 at 273 K and 1.0061

at 277 K respectively. They concluded that compared with the structure in

ice Ih, the arrangement of the molecules in D2O water become more open

than those of H2O liquid, which was consistent with the view that the water

molecules in D2O were more structured. This was also the earlier finding of

Kuharski and Rossky (1985).

Isotope Unit cell volume (Å3) a-axis length (Å) c-axis length (Å)

D2O 128.332(15) 4.4982(2) 7.3233(6)

H2O 128.215(16) 4.4969(2) 7.3211(3)

Table 1.9: Zero-temperature extrapolation of unit cell parameter values for ice Ih

(Röttger et al., 1994).

The extrapolated zero-temperature values for the lattice constants and

the unit cell volumes for H2O and D2O ice Ih obtained by Röttger et al. (1994)

are given in Table 1.9. The D2O volume is the greater.

1.5.1 The magnitude of the volume isotope effect (VIE)

For any ice phase, the percentage volume difference between the two iso-

topologues, is given by VIE in equation (1.4), where V is a volume at a

specific temperature (Fortes, 2018).

V IE =
V(D2O) − V(H2O)

V(H2O)

× 100% (1.4)

Fortes (2018) used high precision neutron diffraction methods to mea-

sure the VIE in ice Ih and these results are presented in Figure 1.24. In this

illustration V(D2O) > V(H2O) and the VIE is positive and hence anomalous.

Fortes notes that his values are systematically smaller than those seen

by Röttger et al. (1994) but the trend was the same. The anomalous VIE
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Figure 1.24: Magnitude of the anomalous volume isotope effect for ice Ih as a func-

tion of temperature. Taken from Fortes (2018), the errors are within

the size of the open circles and the solid black line is a power law fit

to the data. The red symbols are values obtained from Röttger et al.

(1994).

was found to take a value of about 0.05% at temperatures below 100 K

which increased to 0.25% on nearing the melting point. The shape of the

curve also produced a shallower minimum at 70 K than that observed in the

Röttger et al. (1994) data, which Fortes attributed to those authors observing

a steeper change in their a-axis measurements.

Umemoto et al. (2015), however, claim that the effect of temperature on

VIE is limited. Their computational work using first-principles calculations on

ice XI and ice VIII suggested that pressure has the greater effect and that

normal and anomalous VIEs can be produced by the application of pressure.

Their calculated VIE for ice XI is given in Figure 1.25.

Ice XI is an ordered form of ice Ih, which displays an anomalous VIE,

this was seen as evidence for the nature of the VIE to be independent of

ordering (Umemoto et al., 2015). The magnitude of the VIE displayed in

Figure 1.25 does indeed show a greater dependence upon pressure than
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Figure 1.25: Plot of the VIE, ∆V (%) = [V(D2O) − V(H2O)/V(H2O)], for ice XI against

pressure at fixed temperature (Umemoto et al., 2015).

upon temperature; however, at 0 GPa (green line) the calculated value is

much greater than the value obtained experimentally. At zero pressure and

temperature Figure 1.25 shows ∆V /V ∼ 0.3, whereas the observed value

was ∆V /V ∼ 0.05. At negative pressure, the VIE is decreased and tends

towards normal behaviour (V(H2O) > V(D2O)). At temperatures greater than

100 K, both Fortes (2018) and Röttger et al. (1994) show that temperature

dependence becomes significant (Figure 1.24). Furthermore, the VIE in ice

Ih increases with temperature and persists into the liquid phase Salim et al.

(2016).

The experiments in this present work sought to observe the VIE in ices

II, III(IX), V and VI and to compare the results with what is known for ice Ih.

The VIE magnitudes were also compared with those predicted by some of

the theoretical models.

1.5.2 Attempts to explain the cause of the VIE

Attempts to understand the VIE in various ice phases through ab initio cal-

culations have been made by several workers, including Umemoto et al.
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(2015); Salim et al. (2016) and Herrero and Ramírez (2015). However, it

has proved difficult to reproduce experimental measurements of ice struc-

tures through theoretical simulations (Pamuk et al., 2012).

The structural properties of a crystal can be related to the phonon spec-

trum within the material (Umemoto and Wentzcovitch, 2017). The phonon

dependence on volume, in terms of temperature and isotope was ascribed

by Salim et al. (2016) as being related to both quantum and anharmonic ef-

fects within the structure, and those authors described anharmonicity (the

non-parabolic shape of the potential well, see section 2.5) as causing the

frequencies of lattice vibrations to decrease as expansion occurs. This was

explained by atoms placed at larger bond distances being influenced by a

softer part of the potential well binding them. This softening enables more

vibrational states to become thermally accessible to the crystal structure,

which in turn leads to further expansion.

Salim et al. (2016) suggest that because the opposite happens in ice

Ih, some components of the thermal lattice vibrations must have a reverse

anharmonicty. This in turn leads to an increase in vibrational frequency upon

expansion, resulting in negative thermal expansion (NTE). As was achieved

in the case of NTE, these potentials could be described through the QHA.

This approximation by itself, however, would suggest that a common volume

expansion or compression should be the same in all ice phases, which is not

the case for the VIE. As a consequence, more complex behaviour needs to

be considered other than just the low frequency stretching modes associ-

ated with the negative Grüneisen parameters responsible for NTE (Umem-

oto et al., 2015).

Attempts have been made by Salim et al. (2016) to explain the anoma-

lous VIE in terms of the different librational modes that were being excited

during expansion and that these were isotope dependent. Those authors

separated the phonon modes involved in the volume expansion of a crystal

into groups. These involved; (i) interactions between molecules over longer
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distances (inter-molecular bonds): hydrogen bond bending, hydrogen bond

stretching and hydrogen bond librational modes and (ii) interactions within a

molecule at short distances: (intra-molecular) or covalent bond bending and

stretching modes.

On the formation of a hydrogen bond, the covalent bond (O-H) stretch

frequency relative to that of a free water molecule is lowered, depending on

the distance Roo between two hydrogen bonded oxygen atoms, see Figure

1.5(c). The distance Roo also becomes shorter for a greater hydrogen bond

strength as the bridging hydrogen becomes more shared, and hence an in-

verse correlation exists between the covalent bond length r and Roo (Sikka

and Sharma, 2008) and the corresponding frequencies of vibration. As the

covalent bond lengthens, the proton becomes nearer to, or more shared

with, the oxygen acceptor atom and the hydrogen bond is strengthened.

The bridging hydrogen atom between two oxygen atoms, however, can also

be offset (bond bending) and this weakens the bond. Such bond bending is

also associated with negative expansion and a lowering of the frequency of

vibration as the bond length increases. The length of a hydrogen bond of

ice Ih lies at such a distance, that it is at the ‘crossover point’ between these

two competing effects (Ceriotti et al., 2016). Which one of the two effects

dominates depends on the distance between the two oxygen atoms. A car-

toon illustrating how the hydrogen bond length and angle are linked to the

phonon modes, is presented in Figure 1.26.

The bridging hydrogen atom in Figure 1.26 (a, b) is represented by a

pink ellipse, since it depends on where it is positioned between the two oxy-

gen atoms. On compression, the H· · ·O stretching modes increase in fre-

quency and have positive Grüniesen parameters. This is because the water

molecules find it harder to push one another apart. In contrast, as the hy-

drogen bonds become more bent, the strength of the bond is weakened,

the frequency of vibration is reduced and this is associated with negative

mode Grüniesen parameters responsible for NTE. Since the strength of the
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Figure 1.26: Cartoon illustrating two contributions to the vibrational energy in a wa-

ter molecule: (a); two bending vibrational modes, one in the plane and

another perpendicular to the plane; (b) O-H stretch vibrations, as R in-

creases the contribution from the stretch decreases. The illustration

is based on Ceriotti et al. (2016).

covalent bond (O-H) has an inverse relationship with that of the hydrogen

bond, on compression the covalent bond stretching frequencies decrease

with pressure.

Thus longer hydrogen bonds (H· · ·O) lead to shorter and stronger cova-

lent (O-H) bonds, with higher stretching mode frequencies and less negative

stretching mode γi’s (Umemoto et al., 2015). The phonon frequencies of the

translational modes between H2O and D2O molecules are similar because

their masses are similar. However within an individual molecule, the bend-

ing and stretching modes depend on intramolecular bond angles and bond

lengths (O-H, O-D), which will change with the isotope because these have

different masses. Consequently, for those modes involving covalent bonds

there is a significant isotopic difference (Umemoto andWentzcovitch, 2017).

Umemoto and Wentzcovitch (2017) used their analysis of the phonon

frequencies to make predictions about the VIE for various ices. They sug-

gested that in ice Ic, II, III, V, IX and XIII the VIEs are likely to be anomalous

because these structures depend on a single network of hydrogen bonds
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(unlike ice VI), as does ice Ih. For ices VI and XV, however, the VIE could be

normal because this consists of two interpenetrating networks of hydrogen

bonds. Qualitatively they suggested that longer and shorter O· · ·O bonds

tend to result in normal and anomalous values for the VIE, but that more

quantitative work is needed to be able to explain its precise nature.

Fully determining which modes are responsible for the VIE, however, is

a complex issue and is not fully understood but Salim et al. (2016) suggest

that the anomalous VIE is the result of closely competing isotope effects be-

tween all the fundamental lattice vibrations. An aspect of this present work

was to determine experimentally the magnitude of the VIE and its tempera-

ture dependence for the ices II, III, VI and so be able to test the predictions

made through ab initio calculations.

1.6 Summary

This introductory chapter has discussed the importance of ice as a build-

ing material for icy bodies, such as the moons of the outer solar system.

It has highlighted the active geological processes taking place on some of

these and hence the need for information about high-pressure ices to create

realistic computer models and thereby broaden our understanding of their

planetary evolution.

The crystal structures of ices Ih, II, III, V and VI have been illustrated,

since they are the most likely phases to be found on these icy bodies. A gen-

eral background has been given to the expansion characteristics of these

materials, including an explanation for the anomalous NTE and VIE prop-

erties of ice Ih and how first principles calculations have been used in an

attempt to explain them.

In this present work, these ice phases have been studied experimentally

to obtain structural information and to examine their thermal expansion char-

acteristics. Neutron powder diffraction experiments, which were performed

on ices II, III(IX), V and VI using the High Resolution Powder Diffractometer

beamline at ISIS are described in Chapter 3. The experimental results are



1.6. Summary 73

presented in chapter 4 and these are discussed in chapters 5 and 6.

For comparison first principles calculations have been performed on

ices II, IX and XI. Chapter 2 provides the theoretical framework for ab initio

calculations using density functional theory and subsequently lattice dynam-

ics, which was used simulate their expansion characteristics. The results are

discussed in Chapter 7. The conclusions that can be drawn from the exper-

imental work and the ab initio simulations are presented in chapter 8.
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Chapter 2

Computational Methods: DFT and PHON

To compliment the experimental data obtained in this present work, ab initio

calculations were performed to obtain thermodynamic quantities, such as the

volume expansion coefficients for ices II, IX and XI. These calculations re-

quired two separate techniques, quantummechanics and its implementation

in lattice dynamics. First-principles methods regard materials from a funda-

mental atomistic perspective, they employ the use of quantum mechanics

and in this present work, the Helmholtz free energies of ice structures were

calculated as a function of temperature and pressure through density func-

tional theory (DFT). Lattice dynamics were then used in conjunction with

DFT to establish an energy-temperature relationship. This relationship is

illustrated in cartoon form in Figure 2.1, where the equilibrium volume of

Figure 2.1: Cartoon illustrating the minimum free energy F0, of a crystal structure,

as it expands at zero pressure from V0 due to temperature increase.
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a unit cell at zero pressure is determined as a function of temperature and

hence, values for thermal expansion can be found. At equilibrium a structure

will adopt the lowest Gibbs free energy, which at zero pressure is equal to

the Helmholtz energy F (V, T ), and this is a quantity that can be obtained

through ab initio calculations. The Helmholtz energy can be written using

three terms, given in the volume-dependent quasiharmonic approximation

(QHA), equation (2.1) (Salim et al., 2016).

F (V, T ) = E0(V ) +
1

2

∑
n,k

}ωn,k(V ) +
∑
n,k

kBT ln

[
1− exp

(
−}ωn,k(V )

kBT

)]
(2.1)

Here } is the reduced Plank’s constant, kB is Boltzmann’s constant, T is

the temperature, E0 is the zero pressure internal energy (electronic en-

ergy without vibration) for the relaxed structure at zero temperature, k is

a wave vector and ωn,k is a volume dependent harmonic frequency for the

nth phonon branch. The second term represents a zero-point energy (a vi-

brational energy that molecules will have at zero temperature) which is in-

dependent of temperature and the third term brings a temperature depen-

dence, (more details on lattice dynamics are given in section 2.4). Values for

E0 were obtained using DFT within the Vienna Ab initio Simulation Package

(VASP) as described in Kresse and Hafner (1993, 1994); Kresse and Furth-

müller (1996a,b). The DFT calculations used the projector augmented wave

method (PAW), (Blöchl, 1994; Kresse and Joubert, 1999) and a Perdew,

Burke and Ernzerhof (PBE) generalised gradient functional (Perdew et al.,

1996, 1997) was used to approximate the exchange-correlation energy, see

section 2.3. The vibrational terms in equation (2.1) were calculated using lat-

tice dynamics within the PHON package (Alfè, 2009b), see section 2.5. The

remainder of this chapter will briefly describe the theoretical basis for the

calculations, what approximations were involved and how they were used to

explore the energy landscape of the ice structures.
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2.1 Calculations from first principles

Ab initio calculations are in general computationally demanding, however,

since the early 1990’s computing power has dramatically increased and now

they are routinely used in the simulation of materials. These methods con-

sider the interactions between atoms and their electrons at the atomic level,

in which only fundamental constants of physics are used. The following his-

torical perspective is based on reviews by Gillan (1997); Alfè (2009a); Burke

(2012) and Jones (2015) and describes how DFT has grown out of the need

to find numerical methods that enable the electronic ground-states for multi-

electron atoms and molecules to be calculated.

The basis for such calculations is that systems of atoms are considered

as a collection of electrons and nuclei and that quantum mechanics is used

to calculate the energetics of the system and the forces between particles

and thus is able to describe how the atoms move as a result of these forces.

Through the simulation of a system, properties such as bond energy, bond

length and crystal structures can be determined.

For example, in a simple two particle system, the binding energy (bond

energy) of a diatomic molecule is illustrated in cartoon form in Figure 2.2.

Figure 2.2: Cartoon illustrating the change in binding energy EBIND against sepa-

ration for a diatomic molecule, based on Burke and Wagner (2013).
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The energy between the two atoms EBIND at a distance R can be cal-

culated from equation (2.2), (Burke and Wagner, 2013),

EBIND = E0(R) +
ZAZB
R

− EA − EB (2.2)

where E0(R) is the ground-state energy of the electrons separated by a dis-

tance R and EA and ZA are the atomic energy and charge for atom A. The

energy minimum will occur at the bond length R0 and the depth of the po-

tential well gives the dissociation energy D0 needed to split the molecule

and the bond. Quantum mechanics adds a zero point energy 1
2
}ω to correct

the electronic energy depth DE of the well. The calculation of E0(R) using

quantum mechanics, hence, gives information about the bond length and to

do this, requires employing the wavelike properties of the electrons, which

is achieved by use of the Schrödinger wave equation.

2.1.1 The Schrödinger wave equation

The description of a quantum mechanical system is achieved through the

use of operators acting on a wave function Ψ(x, t), where the wave function

is said to contain all the information needed to specify the state of the system.

The wave function is postulated such that the probability of finding a particle

(electron) between r and r+dr is ΨΨ∗dr where Ψ∗ is the complex conjugate

ofΨ. Given that in general at equilibrium a system would reside in the lowest

energy state, or ground-state, it is reasonable to assume this will be time

independent. Consequently, a physical system can be fully described by

the non-relativistic time independent Schrödinger equation:

ĤΨi(r1, r2...rN ,R1,R2...RM ) = EiΨi(r1, r2...rN ,R1,R2...RM ) (2.3)

Here, Ĥ is the Hamiltonian operator acting on the wave function Ψi for a

system of N electrons at positions r and M nuclei with positions R in a

state i. The Hamiltonian combines the kinetic and potential energies of all
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the constituent particles in a particular state i and the resulting Ei is the total

energy of the system in that particular state.

The Schrödinger equation can be solved exactly for the hydrogen atom

(one electron and one proton) but for a larger system this becomes impossi-

ble. This is because electrons exhibit a spin and they also repel each other,

hence they don’t move independently, their motion is correlated. This corre-

lation makes the wave function for a multi-electron system very complicated

with no exact solution. Consequently some simplifications and approxima-

tions have to be made to the Schrödinger equation for larger systems to be

simulated.

One of the first simplifications that can be made rests on the large differ-

ence in mass between a nucleus and its electrons. Since the hydrogen nu-

cleus is about 2000 times heavier than an electron, an approximation made

by Born and Oppenheimer (1927) was that the kinetic energy of the nuclei

could be removed as they were assumed stationary compared with the much

lighter electrons, which are also assumed to be in the ground-state (Gillan,

1997). The system can be visualised as electrons rapidly moving around a

field of fixed nuclei which have zero kinetic energy and a constant potential

energy. This approximation enables the wave functions of electrons to be

treated separately from those of the nucleons and allows a simpler electronic

wave function ψelec to be solved. The electronic Hamiltonian Ĥelec is given

by:

Ĥelecψelec = Eelecψelec

Ĥ = T̂ + V̂ee + V̂Ne

(2.4)

where T̂ is the kinetic energy operator, V̂ee represents the repulsive force

between electrons, V̂Ne is an attractive potential between the nucleus and

the electrons and Eelec is the electronic energy.

The total energy of the system can be determined by adding the Eelec

energy obtained by solving for the electronic wave function and including
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that of the fixed potential of the nuclei which can be solved classically;

ETot = Eelec +
M∑
A=1

M∑
B>A

ZAZB
|RA −RB|

(2.5)

where ZA, ZB and RA, RB are the respective electronic charges on each nu-

cleus and the distances between them. Calculation of the electronic wave

function can be simplified further by the approximation used by Hartree-

Fock.

2.1.2 The Hartree-Fock approximation

To investigate the properties of a large atom or molecule, a multi-electron

wave function ψ(r1, r2...rn) where ri includes both coordinates and spins,

needs to be considered (Jones and Gunnarsson, 1989). An approximation

that can be used in this situation was formulated by Hartree (1928). He sug-

gested a multi-electron wave function for N electrons could be represented

by a product of N single-particle wave functions, equation (2.6).

Ψ(r1, r2...rN) = ψ1(r1)ψ2(r2)...ψN(rN) (2.6)

Each of the functions ψi(ri) are able to satisfy a one-electron Schrödinger

equation. The issue of correlation is simplified by assuming that each elec-

tron is influenced by a symmetric external potential due to the nuclei and

additionally an average potential arising from the remaining electrons. In

this sense, each electron behaves independently but also as though acted

upon by the repulsion from the others (Gillan, 1997). In this approximation,

each electron orbital has its own independent solution and hence the prob-

lem of a multi-electron wave function is replaced by that of many single wave

functions. In this approximation, however, the correlation energy is not fully

accounted for.

There is another problem that arises from the form of the wave functions

used in the Hartree formulation. This is due to the fact that electrons are
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indistinguishable particles with spin±1/2, and must obey the Pauli exclusion

principle. This principle does not allow two electrons to be in the same spin

state in the same electronic orbital. Swapping electrons could result in a

violation of this, if by chance the exchange led to both electrons having the

same spin state. Electrons of opposite spin however, can be in the same

orbital. An effect of this is that the wave function for a system of electrons

must change sign (is asymmetric) if any two electrons are exchanged. This

is termed exchange symmetry and results in a reduction in the energy of the

system called exchange energy. The difference for a multi-electron system

between the energy calculated if this effect is ignored and any true ground-

state energy is termed the correlation energy Ec.

An improvement that included exchange energy was formulated in the

Hartree-Fock approximation (Fock, 1930; Slater, 1930). This is achieved by

substituting the simple product of one-electron wave functions for an anti-

symmetric product, one that did exhibit exchange symmetry. This improved

wave function could be devised because any linear combination of solutions

must also be a solution and this was achieved by Slater using ‘Slater’ deter-

minants.

One further aspect of this approximation is that the electron orbitals are

dependent on the average potential, which is itself also determined by the

position of the electrons and so the two are interdependent. This interde-

pendence creates the need for solutions to the electron orbitals that are self-

consistent. A strategy to solve for this starts with a trial wave function for

one orbital and then uses this to build the others and in so doing, the aver-

age external potential that all the electrons must be subject to is determined.

This is then fed into the Hamiltonian. The Hartee-Fock system is then solved

and new wave functions are calculated. These are then substituted back to

create another new Hamiltonian and a new external potential and the calcu-

lation is repeated. Through an iterative process, self-consistency is reached

when input orbitals and the output orbitals match. This self-consistent ap-
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proach hence partially compensates for the incorrect correlation energy by

modifying the general potential of the atom during the multiple iterations in

the calculation for the electronic energy.

2.1.3 The variational principle

The Hartree-Fock approach is, however, not very accurate (Gillan, 1997).

It employs the Variational principle to find the ground-state energy. This

states that the energy calculated from any trial wave function Etrial must be

greater than, and hence be an upper bound to the true ground state energy

E0, equation (2.7).

Ĥψtrial = Etrialψtrial

minEtrial ≥ E0

(2.7)

By finding trial wave functions that minimise the expectation value of the en-

ergy for the system of N-electrons, these will eventually approach the true

ground state energy E0 and also the ground-state wave function. In gen-

eral, the process of finding the ground-state wave function can be achieved

through this minimisation process, (Burke and Wagner, 2013) represented

by equation (2.8),

E0 = minψ〈ψ|Ĥ|ψ〉 (2.8)

Here, Dirac notation has been used to describe a minimisation over all trial

wave functions. This iterative method has many parallels in DFT which,

incidentally, does include the correlation energy.

2.2 Electron density as the basic variable

Calculating many electron orbitals is, however, very demanding on comput-

ing time. The advantage DFT brings is that it simplifies the multi-coordinate

problem of solving the Schrödinger equation for many electrons, each with

wave functions depending on individual spin and position coordinates, to that

of solving an equation which is reduced to a single variable, the electron den-
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sity n(r) with only one position coordinate. The idea of using density as the

single variable goes back almost to the time when quantum mechanics was

established, once it became apparent that the solution of the Schrödinger

equation was in most cases impossible (von Barth, 2004). In conjunction

with the Born–Oppenheimer approximation, DFT greatly reduces the com-

plexity of the computations and treats the energy E[n] as a functional of

electron-density.

2.2.1 The Hohenberg-Kohn Theorems

The variational principle was used by Hohenberg and Kohn (1964) to de-

velop the relationship between the external potential, the electron-density

and the ground-state wave function. Those authors proposed two theorems

that have since formed the basis for modern DFT.

The first theorem proposed that the external potential Vext which acts

on the electrons could be determined (to within a constant) by the electron

ground-state density n(r). This in effect suggests that the external potential

will determine the ground-state of the system since this potential sets the

Hamiltonian (in a similar fashion to the Hartree-Fock formulation). Those

authors argued that it was impossible for two external potentials to give the

same ground state electron density distribution and as a result the electron

density will determine the number of electrons N and properties such as

kinetic energy, the external potential and the ground-state energy E0. The

number of electrons N must depend on the ground-state energy density n(r)

by equation (2.9).

N =

∫
n(r)dr (2.9)

Hohenberg-Kohn defined a universal functional FHK [n], which ac-

counted for the electron energy but excluded the external potential, such

that the energy of the system could be formulated by equation 2.10, (Alfè,

2009a);
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FHK [n] = T [n] + Eee[n]

E[n] = T [n] + Eee[n] + Vext[n] = FHK [n] +

∫
n(r)Vext(r)dr (2.10)

where T [n] is the kinetic energy functional and Eee[n] represents electron-

electron interaction and Vext[n] represents electron-nuclear energy. Then

using the variational principle the ground-state energy density could be found

by minimising the energy E[n] and the ground-state energy E0 is, hence, the

minimum of E[n].

2.2.2 The Kohn-Sham equations

A practical method to minimise the universal functional FHK [n] from equa-

tion (2.10) and so obtain the ground-state energy was developed by Kohn

and Sham (1965) and this date is widely accepted as heralding the start of

modern DFT (Becke, 2014).

In a method similar to Hartree, Kohn-Sham (KS) approximated the N-

electron system by a collection of N non-interacting electrons. The electrons

were placed into auxiliary orbitals known as KS-orbitals which would have

the same charge density as that of interacting electrons. This results in a

new formulation for the energy functional E[n];

E[n] = T [n(r)] + EHar[n(r)] +

∫
Vext(r)n(r)dr + EXC [n(r)] (2.11)

where the first term describes the kinetic energy of a system of non-

interacting electrons. The next term is the Hartree energy EHar, which rep-

resents the electron-electron repulsive energy based on an average exter-

nal field and a new term is added, called the exchange correlation energy

EXC [n(r)]. In DFT the reduction in energy caused by exchange and correla-

tion is lumped together (along with anything not accounted for) in EXC [n(r)]

(Gillan, 1997). The exchange correlation energy is consequently the sum of
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the errors made by the approximations for Kohn-Sham electrons and treating

the electron-electron repulsion as an effective potential. The minimisation

to find the ground-state energy now becomes a sum over individual Kohn-

Sham electron Hamiltonians, each representing a one-electron Schrödinger-

like equation. These Hamiltonians have a similar form to the Schrödinger

equation, see equation (2.3) but the Φi are KS-orbitals and are formulated

through equations (2.12).

ĥKSΦi = εiΦi[
}2

2m
∇2 + VKS

]
Φi = εiΦi

(2.12)

The exchange correlation functional EXC [n(r)], which depends on charge

density, is not known exactly and so is approximated. There are many forms

for this approximation (Brázdová and Bowler, 2013) and one of the most suc-

cessful is the Generalised Gradient Approximation (GGA). This incorporates

the density gradient as well as a local value into the calculation of charge

density. In this present work the Perdew, Burke and Ernzerhof (PBE) gen-

eralised gradient functional (Perdew et al. 1996, 1997) is used and this is

justified in section 2.3.

2.2.3 Solving the KS-equations

To be able to solve the KS-equations efficiently, the auxiliary KS-orbitals can

be expanded into simpler functions known as basis functions.

Φ(r) =
∑
i

ciφi(r) (2.13)

In equation (2.13) ci represents a coefficient of proportion for each of

the basis functions φi(r) that are used to build the function Φ(r). Several

varieties of basis functions are available but in this present work plane waves

are used. Many plane waves are summed in order to build a representation

of the KS-orbital (as a Fourier series can represent a function). Plane waves
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make a good basis, since the solution of the Schrödinger equation with a

potential term set to zero represents a free particle and has the form of a

plane wave, φ ∝ exp(ik.r), where k represents a wave vector (for a particle

with momentum p) and r is the particle position.

Since a large crystal structure with many electrons can be built from

smaller repeating patterns of atoms (in a unit cell) this leads to the concept

of a periodic potential formed from the ‘stationary nuclei’ operating within the

structure which then acts on the surrounding electrons. The Bloch theorem,

which is described more fully in Ashcroft and Mermin (2020), can be used to

represent the wave function of a periodic system as a product of a wave-like

term and a periodic term, (Payne et al., 1992) equation (2.14);

φi(r) = exp(ik.r)fi,k(r) (2.14)

where fi(r) represents the periodic term and k are wave vectors. This has

the effect of making the Hamiltonian in the Schrödinger equation also peri-

odic. The periodic function can itself be expanded by a sum of plane waves,

in this case using wave vectors that are reciprocal lattice vectorsG, equation

(2.15);

fi(r) =
∑
G

ci,G exp(iG.r) (2.15)

where the reciprocal lattice vectors G are given by G.l = 2πm, for values of

l which are the lattice vectors of the structure, m is an integer and ci,G is a

coefficient. The reciprocal lattice vectors can in turn, be built from unit cell

vectors a, b, c via equation (2.16),

Gx = 2π
b× c

a.(b× c)
Gy = 2π

c× a

b.(c× a)
Gz = 2π

a× b

c.(a× b)
(2.16)

such thatG is periodic. This leads to each electronic orbital being expressed

as a sum of plane waves, equation (2.17).
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φik(r) =
∑
G

c(i,k+G) exp[i(k +G).r] (2.17)

The entire collection of basis functions needed to describe the KS-orbital

is, however, infinite. This can be restricted to a finite value, if a cut-off is

imposed which limits the kinetic energy of the plane waves such that;

Ecut ≥ Epw =

[
}2

2m
|k +G|2

]
(2.18)

The rationale for this is that very high energy k vectors have very short wave-

lengths and account for only the finest details in the shape of the wave func-

tion and these can be limited without too much loss in accuracy (Brázdová

and Bowler, 2013). By adjusting the energy cut-off, the accuracy of the plane

wave representation can be tested until convergence to a particular toler-

ance is achieved. In this present work the Ecut used was 875 eV.

2.2.4 The use of pseudopotentials

The electrons at the centre (core) of most atoms are tightly bound to the

nucleus and this leads to a situation where representing them by sums of

plane waves (free-particles) will be inappropriate. The use of a pseudopo-

tential helps to alleviate this problem by removing the core electrons from

the calculation. This is justified by arguing that only the outer valence elec-

trons are important for the chemical properties of the material. By ‘freezing’

the core electrons around the nucleus, the atom can be re-imagined as ions

plus core electrons surrounded by valence electrons (Alfè, 2009a).

The use of a pseudopotential enables the true potential of the nucleus

and its core electrons to be replaced by a much simpler potential and this is

illustrated in cartoon form in Figure 2.3.

Here the pseudopotential and the pseudo-wave function are arranged

to coincide with those of the all-electron system at the core radius. The

core electrons are expected to behave as they would in an isolated atom

but in this approximation their wave functions are replaced by pseudo-wave
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Figure 2.3: Cartoon showing the electron (solid blue line) and pseudo-electron (or-

ange dashed line) potential and the corresponding wave function. The

distance rcore is where the electron and pseudo-electron values are

equal. The illustration is based on Payne et al. (1992)

functions. This reduces the number of electrons to be modelled and hence

the computational requirements (Brázdová and Bowler, 2013).

For some lighter atoms, for instance carbon, nitrogen and oxygen, hav-

ing fewer core electrons brings valence electrons inwards andmore localised

around their nuclei. Hydrogen, for instance, has no core electrons. This cre-

ates a problem for the pseudopotential model because inner electrons have

a higher kinetic energy and so need a larger basis set to describe their wave

functions.

A modification to the pseudo-wave functions by augmenting them with

a proportion of core like wave functions was introduced by Blöchl, 1994;

Kresse and Joubert, 1999, who developed what’s termed the Projector Aug-

mented Wave method (PAW). The PAWs behave like pseudo wave func-

tions but enable the full wave functions of the valence electrons to be ap-

proximated in the core region. This is achieved by transforming the valence

wave functions onto auxiliary wave functions, which can be expanded by
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plane waves and augmenting them by a proportion of the atomic wave func-

tion. The combination of the PAWmethod and the ‘frozen core’ idea enables

an accurate model for the atomic structure to be represented whilst at the

same time enabling efficient use of computing power.

2.2.5 Brillouin Zone sampling

A crystal structure can be represented by repeating its unit cell, with the

lattice vectors spanning its volume. This periodicity was exploited by the

Bloch theorem to generate wave functions in terms of simpler basis functions

which were dependent on k wave vectors. These take values of 2π/λ and

exist in reciprocal space. By analogy, reciprocal space can be built from

reciprocal lattice vectors where a ’unit cell’ of the reciprocal lattice is referred

to as a Brillouin zone (Kratzer and Neugebauer, 2019).

To calculate the energy of a unit cell, however, requires solving the KS

equations for orbitals built with a large number of k wave vectors within re-

ciprocal space across the First Brillouin Zone (BZ). It is possible to approx-

imate this by sampling only at specific points in the BZ; these are known

as k-points. This is justified by an argument along the lines that the wave

functions generated by nearby k-point values will be similar and a weighting

can be applied to one wave function that will take account of those nearby

and thus reduce the number in the sum. A mesh of so-called k-points can

be generated (within reciprocal space) and the summations only calculated

at these grid points, with the density of the mesh determining the overall ac-

curacy of the calculation. Since the mesh is periodic, values between points

can be interpolated.

It is worth mentioning, that by inspection of equation (2.16) the greater

the volume of the unit cell, the smaller the reciprocal space vectors become

and hence for a larger simulation cell, fewer k-points are needed to achieve

the same sampling density. In a similar manner to that used to determine the

plane wave cut-off energy, the number of k-points can be increased until the

error in the calculated energy has converged to within a certain tolerance.



2.3. Vienna Ab-initio Simulation Package (VASP) 89

Several methods are available to generate the sampling mesh, including that

of Monkhorst and Pack (1976), which is used in this present work.

2.3 Vienna Ab-initio Simulation Package (VASP)

In practice, electronic structure simulations using DFT are achieved through

the use of high-speed computers. In this present work the VASP software

package was employed to manage this process and executed on the Archer

hardware of the UK national supercomputing service. VASP was used to

perform static calculations to obtain the electronic ground-state energies and

perform structural relaxations of ices II, IX and XI.

To operate VASP, four input files are needed; POSCAR, POTCAR,

KPOINTS and INCAR. These contain information about the simulation struc-

ture and what operations are to be applied to it. The POSCAR file lists the

atomic positions of the structure, its volume and the lattice parameters. The

POTCAR file contains information about the type of atoms in the structure,

their mass, valence and the particular pseudopotential to be applied during

the calculation.

The PBE GGA functional was chosen for this work, as it has been used

successfully by other workers, such as Pamuk et al. (2012) and (Umem-

oto et al., 2015). Longer range influences between atoms, van der Waals

interactions known as dispersion forces, however, can play a role in the sim-

ulations of ice structures, which the PBE functional does not account for. In

tests by Gillan et al. (2016), those authors noted that an error of 3.9% in the

calculated volume for ice Ihmight be expected. The PAWmethod was used

to simulate the behavior of the electron-core interactions and in a simulation

of ice Ih, Brandenburg et al. (2019) found that the best estimates for the lat-

tice energy were achieved using hard potentials with a minimum cut-off of

700eV. Hard PBE PAW potentials were used for all the ice simulations in

this work (Perdew et al., 1996).

The KPOINTS file sets the density of k-points that will be sampled in

the Brillouin zone. Generally an increase in this number will provide a more
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accurate result but this will come at a cost of more computing time. Conver-

gence testing was carried out to determine an acceptable balance.

The last input file, the INCAR file consists of a series of user defined

tags that tell VASP the settings and tolerances for the calculation. These

include the energy cut-off value and the minimisation algorithm to be used.

A higher energy cut-off (ENCUT) will increase the number of basis functions

and hence increase computing time. The value of ENCUT was determined

though convergence testing and this is illustrated using ice II as an example,

see Figure 2.4. Where in (a) the cut-off energy was varied with a

Figure 2.4: Ice II unit cell energy convergence tests: (a) for energy cut-off Ecut ; (b)

for the number of irreducible k-points
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fixed set of 3x3x3 k-points.

The threshold of acceptable accuracy was set in conjunction with an

EDIFF tolerance of 10−6 eV between iterations. From the shape of the curve,

convergence occurs when the cut-off energy is 800 eV or greater, depending

on the accuracy required for the unit cell energy. In this work, the blocked

Davidson iteration scheme and the RMM-DIIS algorithms were used.

The convergence of the k-points Figure 2.4(b) is independent of the

cut-off energy and is achieved separately. Examination of chart (b) confirms

convergence at values greater than 10 irreducible k-points, where the sym-

metry of the unit cell allows the number of k-points to be reduced to those

in the irreducible Brillouin zone. In this present work, the convergence toler-

ance for the unit cell is 1 meV or better between iterations.

2.3.1 The BMEOS equation of state

The VASP code enables the equilibrium energy of a simulation structure to

be calculated under various conditions. In this work, the atoms of the unit cell

were allowed to move at constant volume until their final positions coincided

with the minimum energy for the simulation and at this point the cell was said

to be relaxed. The pressure of the simulation structure was varied though

changing the volume and a series of relaxations was performed over a range

of fixed volumes. This enabled the equilibrium volume (one of minimum

energy) to be established and the total energy of the system to be calculated.

The relationship between energy and volume for a material can be de-

scribed through an isothermal equation of state (integrated Birch-Murnaghan

Equation of State), see equation (2.19), which directly connects theminimum

energy to the simulation cell volume,

F (V ) = F0 +
9V0K0

16


[(

V0
V

) 2
3

− 1

]3

K ′
0 +

[(
V0
V

) 2
3

− 1

]2 [
6− 4

(
V0
V

) 2
3

]
(2.19)
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where F0 is the energy at V0 and K0 is the bulk modulus at zero pressure,

K ′
0 is its first derivative with respect to pressure and V0 is the volume at zero

pressure. This relationship was used to fit minimum energy data from the

simulations and, hence, obtain values for these parameters.

The thermodynamic relationship P = (∂F/∂V )T (Anderson, 1995) en-

ables the fitted EoS parameters to determine the pressure as a function of

volume through a third-order Birch-Murnaghan Equation of state (BMEOS3),

equation (2.20) (Poirier, 2000), where P is the pressure inside the simulation

cell.

P =
3K0

2

[(
V

V0

)7/3

−
(
V

V0

)5/3
]{

1 +
3

4
(K ′

0 − 4)

[(
V

V0

)2/3

− 1

]}
(2.20)

This relationship also enables the quality of the simulation to be tested

against experiment. A value for the isothermal bulk modulus KT (incom-

pressibility) can be obtained which can be defined as,

KT =

(
V
dP

dV

)
T

(2.21)

which can be compared to experimental data.

The integrated form of the BMEOS was used to fit the simulation cell

energy data, and the latter form to fit the internal pressures on the unit cell

calculated by VASP. To calculate thermal expansion, however, temperature

must be accounted for. This can be done using molecular dynamics (MD)

but this is very demanding on computer time. There is however, another

approach which this present work uses - lattice dynamics (ie. the dynamics

of atoms in crystals) and the QHA mentioned earlier, equation (2.1). This

method, however, also becomes more demanding on computer time when

a large number of atoms is being simulated, which is the case in this present

work.
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2.4 The dynamics of atoms in crystals

High temperature simulations are expensive because as temperature in-

creases, the energy of the simulation cell is increased and to determine this

accurately requires sampling many k-points in the BZ, which becomes ex-

pensive in computer time (Alfè, 2009a). Ices however, never approach high

temperatures and hence it is possible to simulate their Helmholtz free en-

ergy (F), from small changes in vibrational energy (due to temperature) by

the thermodynamic approximation within the QHA. This considers the mo-

tions of atoms as coordinated harmonic oscillators. The QHA approximation

expands the potential energy between nearest neighbour atoms in terms of

a second order parabolic displacement from their equilibrium positions.The

approximation is called ‘quasi’ because the dynamics of the system are de-

pendent on volume.

2.4.1 The Harmonic approximation

The harmonic approximation provides the foundation for the explanation of

the interactions between atoms (Dove, 1993). Lattice vibrations are an im-

portant means to enable crystals to store and transport energy (heat). A

simple model of thermal expansion is illustrated through Figure 2.5(a) which

depicts atoms along a linear chain.

In this simplest model, each atom only feels a force f from its nearest

neighbours which is dependent on their separation (r − r0) and small dis-

placements of each atom are represented by un. Figure 2.5(b) represents

the potential energy between two atoms with increasing separation. This

potential is not symmetrical, and at temperature T = 0 and in the absence

of zero-point motion the atoms are at rest at the bottom of the well at r0. As

temperature (energy) is increased expansion can occur because one side of

the well is shallower and hence atoms can be displaced further away from

their at rest positions. The restoring force can be approximated by Hooke’s

Law and is proportional to the displacement through a spring constant f.

At low energies, however, the potential well can be approximated by the
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Figure 2.5: Cartoon illustrating a model for thermal expansion: (a) a linear chain

of atoms with interactions represented by springs with spring constant

f, the unit cell has length a, the atomic displacements are Un; (b) an

asymmetrical potential well, allowing an increase in the separation dis-

tance between the atoms as temperature rises, the orange line is an

harmonic approximation. The illustration is based on Dove (2011).

orange parabolic curve. Using a Taylor expansion, the energy around the

equilibrium distance r0 is given in equation (2.22) (Dove, 2011);

E(r) = E0 +
1

2

∂2E

∂r2

∣∣∣∣
r0

(r − r0)
2 + ... (2.22)

where E(r) is a harmonic energy approximation and E0 is the energy at

equilibrium. In the harmonic approximation, terms higher than quadratic are

ignored and the linear term is zero since this is the minimum of the well. If

(r− r0) represents a displacement un, the force F between near neighbours

will be,

F = − ∂E

∂un
; with f =

∂2E

∂u2
(2.23)

and the force (spring) constant f can be expressed in terms of ∂2E/∂u2.

For a linear chain of atoms, the use of Newton’s Law and Hooke’s Law
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gives a relationship for the force, (2.24),

F = m
dun
dt

= f(un−1 − 2un + un−1) (2.24)

where f is the (spring) force constant and m is the mass of the atom

(Cochran, 1973). This has a wavelike solution of the form of equation (2.25),

u(x, t) = u0 exp(i[kx− ωt]) (2.25)

where u0 is an amplitude, which can be complex, k is a wave vector parallel

to the direction of the wave where (k = 2π/λ), x = na is a distance along the

chain and ω is an angular velocity (Dove, 1993). The displacements are only

valid at the atomic positions, which puts a restriction on the unique values

of k. Substitution of equation (2.25) into equation (2.24) will satisfy for the

force when:

ωk =

[
4f

m

]1/2
| sin (ka/2)| (2.26)

which is periodic and the relationship between ωk and k is known as the dis-

persion relation (Cochran, 1973). The value of ωk repeats every 2π/a and

has a maximum frequency of 2(f/m)1/2. Assuming periodic boundary con-

ditions the values of k are restricted so that a whole number of wavelengths

are fitted into the length of the chain, Na, and consequently k = 2πn/Na

where n is an integer and N is the number of atoms.

The dispersion relations between ωk and k is illustrated in Figure 2.6 (a)

where the wave vector k is shown over a region of ±π/a which is chosen

so that the all the distinct (first period) values of k will occupy a unit cell in

reciprocal space, the Brillouin Zone (BZ). The value for k = 0 corresponds to

a wavelength of infinity, so low frequency waves (acoustic waves) are easily

charted. Each dispersion relation is known as a branch.

Wave vectors k = ±π/a lie at the BZ boundaries which are half-way

between reciprocal lattice points. Any two k vectors that differ by a reciprocal

lattice vector k
′
= k +G will have the same effect on atoms in the chain.
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Figure 2.6: (a) Illustration of the dispersion relation for the 1D chain of atoms of

Figure 2.5, the maximum value for w = (4f/m)1/2 where f is the force

constant; (b) the dispersion relation for a diatomic chain of atoms with

different mass but the same force constant f . Illustration (a) is based
on Tsymbal (2019), (b) is based on Dove (2011).

Extending the model to three dimensions, an atom in a crystal can be

displaced in three directions, so for each atom n there will be three possi-

ble displacement directions and associated vibrations; with u1, u2 perpen-

dicular to the chain (transverse modes) and u3 along it (longitudinal mode).

Hence, for every wave vector k there will be three independent modes of

vibration Cochran (1973). In some crystals of high-symmetry, the two trans-

verse modes can have the same frequencies along some directions but this

is not always the case. However, each value of the wave vector k will have

3 values of ω, one for each branch in the dispersion curve.

For a primitive unit cell containing n atoms, there will hence be 3n

displacement components (branches) that need to be represented on the

dispersion chart and each wave vector k will then generate 3n values of

ω. The modes of vibration for multi-atom unit cells can be separated into

lower frequency acoustic modes, where all the atoms vibrate in the same

direction, as if a sound wave was passing through the cell and higher fre-

quency optic modes, where atoms vibrate in alternate directions. The split

in these branches is illustrated in Figure 2.6(b). Higher frequency modes

are termed optic because opposite movements between the atoms in ionic
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crystals enables the formation of a dipole moment which can interact with

electromagnetic radiation (Putnis, 2003). Since acoustic modes require all

the atoms throughout the crystal to vibrate in the same directions, only 3

acoustic branches are allowed.

The speed of the wave (phase velocity) is Vp = ω/k but the gradient of

the dispersion curve gives the group velocity of the wave, Vg = dω/dk. The

fact that two velocities can be calculated is indicative of a wave-particle dual-

ity that exists with such vibrational waves, where the wave ’packet’, which is

used in the description of photons, can be used to represent the phonon (a

vibrational particle) which carries vibrational energy throughout the crystal.

2.4.2 Phonons and thermal energy

By an analogy with light waves, phonons have energy E = }ω and carry

a momentum p = }k. Typical phonon energies are similar to those of ther-

mal neutrons (∼10 meV) and consequently both particles are able to interact

strongly (Li, 1996). The exchange of energy through inelastic neutron scat-

tering (INS) provides one method by which accurate measurements can be

made of phonon dispersion curves. A recent example for ice Ih is illustrated

in Figure 2.7, which shows lower energy acoustic modes with data points

(red circles) taken at a pressure of 0.05 GPa and fitted to a dynamical model

(solid line). The positions A, Γ, K and M are points of interest within the Bril-

louin zone and provide directions along which measurements were taken.

The vibrational energies E(k, ν) associated with phonons are quantised

(Dove, 1993),

E(k, ν) =

(
n(k, ν) +

1

2

)
}ω (2.27)

where } is the reduced Planck constant. For integer values of n(k, ν) the

energy of each vibrational mode E(k, ν) has an associated vibrational fre-

quency ω and n(k, ν) is the number of phonons in a particular branch ν with

a wave vector k. The extra energy generated by the }ω/2 term is called

the zero-point energy. That a harmonic oscillator will still vibrate with no
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Figure 2.7: Phonon dispersion measurements for ice Ih taken at T = 140 K and

P = 0.05 GPa, the solid lines are fits from a lattice dynamical model,

illustration taken from Strässle et al. (2004)

phonons present is a quantum mechanical result (Dove, 2011).

The vibrational energy for a simulation cell will hence be the sum of

the energies of all the phonons. This sum will depend upon the number of

states in the system with an energy Ei and the probability of the state being

occupied and the value of that state’s energy. The probability of a state

being occupied is determined from Bose-Einstein statistics, since phonons

are bosons. The probability of a state with energy E = }ω being occupied

pE(ω) is given by equation (2.28).

pE(ω) = [exp (}ω/kBT )− 1]−1
(2.28)

The actual number of states available with a vibrational frequency ω will vary

with energy (or frequency) and this number is referred to as the density of

states g(ω), ie. how many states are available at a particular frequency. The

total vibrational energy can hence be summed as an integral as;

E =

∫
g(ω) [exp (}ω/kBT )− 1]−1 }ω dω (2.29)
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The value of the density of states g(ω) is related to the dispersion curve,

such that for one dimension g(ω) = G(k)[dk/dω] (Cochran, 1973). The value

of G(k) will depend on the number of modes of vibration the atoms can have

which will depend on the number of atoms in the crystal. To obtain a value

of g(ω) requires the gradient of the dispersion curve and in practice finding

the density of states for a real material is difficult.

2.4.3 The Debye Approximation

A way to determine the energy of a crystal was proposed by Debye (1912)

in his theory on the specific heat of crystals. He approximated the frequency

distribution g(ω) for a three dimensional system by a function of ω2 such that;

gD(ω) = Bω2, where theD subscript implies the Debye approximation andB

is a constant. The upper limit on the integral for the energy, equation (2.29)

was determined by a cut-off frequency ωD, known as the Debye frequency,

which is chosen to account for the correct number of vibrational states;

∫ ωD

0

gD(ω) = 3N where gD(ω) = Bω2 (2.30)

such that for a crystal of N unit cells of one atom, equation (2.30) is 3N .

Through this approximation Debye determined that gD = 9N(ω2/ω3
D). The

Debye frequency is usually expressed as an equivalent temperature, the

Debye temperature θD, which can be evaluated through its energy, }ω =

kBθD.

The Debye approximation for the energy of a crystal is hence,

E(T ) = 9nkBT

(
T

θD

)3 ∫ ΘD/T

0

x3dx

ex − 1
(2.31)

where n is the number of atoms in the unit cell, kB is Boltzmann’s constant,

θD is the Debye temperature, and x is a dummy variable for the integra-

tion. Through the thermodynamic relationship Cv = (dE/dT )v differentiating

equation (2.31) with respect to temperature provides the specific heat at con-
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stant volume, equation (2.32),

Cv(T ) = 9nkB

(
T

θD

)3 ∫ θD/T

0

x4exdx

(ex − 1)2
(2.32)

The Debye model was successful in predicting the specific heat of many

materials, including the correct T 3 dependence at low temperatures (Dove,

2011). It is used throughout this present work to estimate the internal energy

of the experimental ice samples, in a fashion similar to that used by Lindsay-

Scott et al. 2007; Pamato et al. 2018.

2.5 Phonons and PHON

Considering the dynamics of a system of atoms in terms of phonons, each

with characteristic vibrational frequencies, provides a way to calculate the

energy in a crystal. For an ab initio simulation, a less drastic approximation

than that of Debye can be used. This present work employs the PHON

software package to determine the Helmholtz energy of ices II, IX and XI

and the following discussion is based on Alfè (2009a,b) and Ashcroft and

Mermin (2020).

The PHON software provides phonon frequencies through a calculation

involving the force constants between individual atoms through a procedure

which is based on, ’the small displacement method’. In a real crystal, the

vibrations of the atoms are coupled together and each atom is not fully in-

dependent, however, the harmonic approximation for the potential between

them can apply at low energies for small displacements. The potential en-

ergy for a system when each atom i is moved from its equilibrium position

r0i to a new position ri, can be estimated by a three dimensional form for the

Taylor expansion about the equilibrium positions {r0} for a small displace-

ment of ui = ri − r0
i by each atom i.

As was the case with the one dimensional chain, equation (2.22), higher
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order terms are ignored giving the energy U(r) as;

U(r) = U0 +
1

2

∑
i,j

ui ·Φ(r0
i − r0

j) · uj + ... (2.33)

where ui and uj are the displacement vectors for atoms i, j, the equilibrium

energy is U0 = U({r0}) and Φ is a force constant matrix (FCM) such that;

Φ(r0
i − r0

j) =
∂2U({r})
∂r0

i∂r
0
j

(2.34)

where ∂/∂r0
i is the derivative of with respect to ri but evaluated at the points

when ri = r0
i and rj = r0

j . (Ashcroft and Mermin, 2020). The FCM has 9

elements and can be written as equation (2.35);

Φ(r0
i − r0

j) =


φxx
ij φxy

ij φxz
ij

φyx
ij φyy

ij φyz
ij

φzx
ij φzy

ij φzz
ij

 ; φαβ
ij =

∂2U({r})
∂αi∂βj

(2.35)

where each atom i, j has three cartesian coordinates represented by

αi and βj. Using the FCM, the force fi acting on atom i at a position r0
i

due to the movements of all the other atoms is the sum of the forces gener-

ated from all the individual displacements uj given in equation 2.36

f i = − ∂U

∂ui

= −
∑
j

Φ(r0
i − r0

j) · uj (2.36)

By applying Newton’s Law to a wave equation solution similar to (2.25)

a new quantity called the Dynamical matrix D(q) can be defined;

mω2εi =
∑
j

exp[−iq.(ri − rj)]Φ(r0
i − r0

j) · εi

D(q) =
1

m

∑
j

exp(iq · r0
j)Φ(r0

j)
(2.37)
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where q is a phonon wave vector, εi is a polarisation vector and ri is taken

at the origin. This contains the FCM and a wavelike term. The Dynamical

matrix has the same periodicity as the reciprocal lattice because of q and

importantly has a relationship to the vibrational frequencies of the phonons,

ω2ε = D(q) · ε.

2.5.1 The small displacement method

If the phonon frequencies are known, then the Helmholtz free energy can be

calculated through equation (2.38),

F (V, T ) = U0(V ) +
3∑
s=1

∑
q

}ωq,s(V )

2
+ kBT

3∑
s=1

∑
q

ln

(
1− exp

(
}ωq,s(V )

kBT

))
(2.38)

where s is an index over the three branches per mode and the frequen-

cies ωq,s(V ) depend on volume. The internal energy U0 is the energy of the

system at zero pressure in the athermal limit calculated by VASP during a

relaxation. This is the form of the QHA, equation (2.1). In this formulation

the energy is infinite as it covers the whole crystal, but the energy per atom

can be found by using a finite grid of Nq points and dividing by the number

of terms present in the summation (Nq). The energy obtained from this sum

has to be approximated through the convergence testing.

The phonon frequencies can be obtained from the dynamical matrix,

which will give three solutions s = 1,2,3 for each dynamical matrix containing

a wave vector q. The dynamical matrix, however, is dependent on the FCM

and this is calculated using the small displacement method. The method as-

sumes a starting point where all the atoms are in their equilibrium positions,

(so the forces are initially zero) and a single displacement u is made in one

direction on an atom assumed to be at the origin ie. r0
j = 0. Using equation

(2.36) the FCM provides the components of force on atom i as;
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(fxi , f
y
i , f

z
i ) = −

∑
j

Φ(r0
i ) · u (2.39)

where u = (u, 0, 0) is a displacement along the x-axis. The first column of

the force constant matrix can be determined by;

φxx0i = −f
x
i

u
; φyx0i = −f

y
i

u
; φzx0i = −f

z
i

u
(2.40)

where the atom 0 was at the origin and was displaced by u and the force

on atom i results. To obtain the other columns requires displacements for u

in the [0,u,0] and [0,0,u] directions. The use of symmetry within the crystal

allows the number of calculations to be reduced, for a cubic system only one

displacement is needed.

The VASP package (section 2.3) was used to relax the atoms in a crys-

tal structure to their the equilibrium positions, giving E0. By using VASP

again but additionally changing the POSCAR coordinates to include a small

displacement in one atom of the structure, then a new ground-state energy

will result from the induced forces on the atoms, and the induced forces can

then be determined through that relaxation. This enables the FCM to be

generated for one atom associated with that displacement.

2.5.2 Supercells

In principle the FCM is needed for any value of i (each atom) because the

Dynamical matrix depends on the sum over all the atoms within the crystal,

hence j could be an infinite number. At large distances, however, the po-

tentials between atoms will become smaller and so too will the magnitude of

the FCM. At some stage, adding more distant atoms into the simulation of

the crystal will only make minimal changes, as the FCM tends to zero.

By way of example, this can be observed in the case of ice II, see Figure

2.8(a, b), where the magnitude of the forces (obtained from the norm of the

FCM) are plotted against the width of the simulation cell. The forces in plot
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(a) still have elements at 1.0 ev/Å at the edges of primitive simulation cell

at 4.5 Å. By increasing the size with a 2x2x2 supercell, chart (b), the forces

tend to zero towards the edges at 9 Å. Although more atoms are added to the

simulation, symmetry operations significantly reduces the number of atoms

that need to be displaced in order to construct the Dynamical matrix.

Figure 2.8: Ice II FCM magnitude (Norm) for (a) the primitive unit cell where the

forces are still significant at the edges; (b) the forces tend to zero and

are converged within the supercell; (d, e) the density of states for the

ice II primitive cell and the supercell.

Further evidence for the convergence of the FCM in the supercell, is

the reduction in imaginary (negative) frequencies that are present in the ice

II primitive cell Figure 2.8(c), these occur close to zero THz but are absent in

the supercell (d). The presence of imaginary frequencies would impair the

calculation of the Helmholtz energy. A further advantage of using a supercell

is that the reciprocal lattice vectors becomes smaller and fewer q-points are

needed to achieve the same sample density compared with the primitive cell.



2.5. Phonons and PHON 105

2.5.3 PHON operation

PHON is operated through an input file INPHONwhich works in a similar way

to the INCAR file used by VASP. It has multiple tags that perform specific

functions, such as building supercells or finding thermodynamic quantities.

In phonon calculations, PHON samples the BZ at vibrational q-points, which

are similar to k-points used by VASP. The vibrational energies obtained from

PHON are converged in a similar way and the same energy tolerance of

1meV or better for the vibrational energy per atom was used. Testing on all

the ice samples suggested that q-point values of 6x6x6 were sufficient for

convergence but 10x10x10 were actually used.

To generate the FCM requires a good initial VASP relaxation of the prim-

itive simulation cell. This relaxed structure and the same parameters used

by VASP for cut-off energy etc. are required in the PHON calculation to

obtain accurate phonon frequencies, even when a supercell is simulated.

Further, since the construction of the dynamical matrix requires many atoms

to be displaced, the PHON calculation quickly becomes very expensive in

computer time if very high cut-off energies are used. This constraint required

making various compromises in setting up the simulations of the ices in this

present work, where 2x2x2 supercells were initially chosen.

Another factor to be considered was the hexagonal ring structures of

the ices. This had the effect that in some directions within the simulation

the forces between atoms could decline rapidly, while in others near neigh-

bours meant that some forces could persist. This required using the central

differences option in PHON, where atoms are displaced in 3 directions, and

then again in the inverse directions and an average value for the FCM is ob-

tained. This requires twice as many displacements in total and again adds

to the computational cost.

PHON also requires a value for the displacement [u,0,0] to be set. Test-

ing on an ice III 2x2x2 supercell at a fixed volume found that halving the

displacement from the value suggested by PHON yielded a cell energy to
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within 0.4% of the standard displacement and doubling the value resulted in

a cell energy to within 0.2% of the standard displacement. This suggested

that the PHON recommended displacement value of 0.04Å was within the

range above noise and below large errors for the harmonic approximation

and hence was used in all the calculations.

Taking into account the above factors, each of the ice simulations re-

quired three relaxations of the primitive unit cell prior to use with PHON. As

accurate forces were required from the VASP calculations, they were per-

formed at high precision. This setting (in the case of the hard potentials

being used) fixes the Ecut energy to 875 eV, which was within the cut-off

energy convergence tolerance. The small displacement method was then

employed by PHON with the central differences option on 2x2x2 supercells

to calculate the vibrational contributions to the cell energies.

The first simulations on ice II highlighted the ramifications of this com-

promise as Figure 2.9 illustrates; where (a) is a static relaxation with a cut-off

energy (Ecut) of 2000 eV and (c) is the same cell but with a much lower Ecut

of 875 eV.

In both cases the energy is well fitted by a third order BMEOS curve.

Figure 2.9(b) confirms the convergence of the relaxation as the calculated

pressures (purple circles) are well fitted by the BMEOS curve when deter-

mined by fitting to the free energy (integrated form). At values of Ecut less

than 2000 eV (d) the purple data points always follow the BMEOS curve but

don’t lie on it, implying more energy is required for the cell to be fully con-

verged. A constant additional pressure C, however, will bring the data (red

points) onto the curve. This implies that the additional energy supplied by

increasing Ecut did not change the relative energy values at each volume,

so the relative energy differences are converged and hence relative thermo-

dynamic quantities are valid, even though the simulation appears not to be

absolutely converged. This reduced value of Ecut (875 eV) enables a huge

saving in the computer time for a full PHON calculation which involved 108
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Figure 2.9: Convergence testing on ice II;(a) with a cut-off energy of 2000 eV the

data points (purple circles) lie on the BMEOS fit (solid line); (b) the

equivalent calculated pressure within the cell (purple cirlces) also lie on

the fitted curve; (c) the same cell but with a cut-off energy of 875 eV;

(d) the calculated pressures (purple circles) are offset from the BMEOS

curve - the same points (red) with a constant pressure (+C) added.

individual displacements to generate the Dynamical matrix of ice II.

In this work, the PHON calculations enabled the Helmholtz free energy

for the primitive unit cells of ices II, IX and XI to be calculated as a func-

tion of temperature. By using the BMEOS, equation (2.19) values for the

equilibrium volume, bulk modulus and other thermodynamic quantities were

obtained as a function of temperature. The volume thermal expansion αV

was then obtained and the simulations were also used to explore if the vol-

ume isotope effect could be detected.

2.6 Summary

This chapter has provided an overview of the two ab initio techniques used

throughout this work, namely DFT and lattice dynamics. These methods en-
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abled the volume thermal expansion coefficients and other thermodynamic

quantities to be calculated for simulation cells of ices II, IX and XI.

It has given a brief historical and mathematical insight into the tech-

niques of DFT and lattice dynamics, as well as providing some explanation

of the operation of the VASP and PHON software packages which were

employed to perform the calculations. The wave and particle duality of the

phonon has also been discussed along with how this concept was exploited

to obtain the Debye approximation for the energy of a crystal which is used

in chapters 5 and 6.

This chapter has detailed how DFT was used to obtain relaxed struc-

tures for the simulation cells of the ices and hence find their equilibrium en-

ergies and volumes. Following on from these calculations, it explains how

the small displacement method was next used to obtain thermal vibrational

energies as a function of temperature from which the thermal expansion co-

efficients were elicited, see chapter 7.

The following chapter will provide details of the experimental methods

and techniques used in this present work to measure the coefficients of ther-

mal expansion of the various ice samples.
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Chapter 3

Experimental Details

The experiments described in this present work involve the production of

both deuterated and protiated polymorphs of ices II, III(IX), V and VI at low

temperatures. Individual samples were made under pressure and following

their manufacture, recovered to atmospheric pressure at liquid nitrogen tem-

peratures (77 K), on the presumption that reversion to ice Ih would not take

place due to the slow reaction kinetics. The samples were subsequently in-

vestigated using high-resolution neutron powder diffraction with the HRPD

instrument at the ISIS facility. The observed diffraction patterns enabled

identifications of the ice phases to be confirmed whilst also allowing accu-

rate and precise determination of the unit cell parameters of the samples.

3.1 Sample preparation

All the ices were prepared using a piston-cylinder device which was held in

a Paris Edinburgh press, as described in Wang et al. (2018). The apparatus

could be operated at pressures of up to 2 GPa and at temperatures rang-

ing from 77-300 K. Cooling is controlled by regulating the flow of nitrogen

vapour, which has been sucked from a reservoir of liquid nitrogen into two

copper cooling jackets surrounding the sample. The apparatus is presented

in Figure 3.1(a) which includes a schematic (b).

Once made, the ice samples were cooled at a rate of about 1.6 K per

minute to around 77 K. They were then recovered from the piston-cylinder

cell by pushing them out and quenching them into liquid nitrogen at atmo-
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Figure 3.1: (a) The Piston-Cylinder Cell without its insulation jacket; (b) schematic

cross-section (Wang et al., 2018).

spheric pressure. Normally, medium-pressure ices are not stable at atmo-

spheric pressure but at temperatures below 150 K and certainly at liquid

nitrogen temperatures, they become strongly metastable. This is because

the kinetics for transformation back to a thermodynamically stable phase be-

come very slow at 77 K.

The recovery procedure enabled samples of various polymorphs of

ice to be stored (under liquid nitrogen) and then later examined at atmo-

spheric pressure. This provided several advantages, including examination

at HRPD without the need for a pressure cell which could interact with the

neutron beam and complicate the observed diffraction patterns. This method

has been used successfully with other neutron diffraction experiments in the

past, for example; Kamb et al. (1971); Klotz et al. (1999) and Salzmann et al.

(2003).

Prior to compression, liquids were placed into a cylindrical PTFE cap-

sule approximately 12 mm in diameter and 35 mm long which had been

previously inserted into the pressure cell to check the fitting. Samples of
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D2O ices were prepared using Sigma-Aldrich Deuterium Oxide 99.9% and

H2O samples using deionised water of resistivity 18.2 MΩ×cm. The cell was

placed into a cold room at ∼250 K, along with the piston and various acces-

sory plugs which would enable the application of pressure to the capsule.

Once the liquid had frozen; the plugs were assembled into the cylin-

der which was then placed into the copper cooling jacket. The jacket was

surrounded by plastic foam insulation and the whole assembly was inserted

onto the press. Cooling vapour was gently sucked through the jacket pre-

venting the water-ice from thawing and the temperature was monitored.

Once operational, the temperature of the sample could be maintained to

within ±1 K by increasing or restricting the flow of cooling vapour.

Prior to the application of pressure, a linear variable displacement trans-

ducer (LVDT) which pressed against a plate connected to the cooling jacket

was attached to the load frame. This enabled the stroke of the piston to be

measured whilst pressure was applied and provided a means of observing

any changes in volume resulting from phase transitions in the ice samples.

Pressure was applied by means of a hand-operated hydraulic oil pump and

measured using a digital gauge measuring to 0.01 bar. Individual ice sam-

ples were manufactured by targeting the temperature and pressure inside

the press, to values broadly within the middle of the appropriate stability

field for that polymorph, seen in conjunction with the phase diagram of wa-

ter, Figure 1.4. A description of these conditions is presented in Table 3.1,

the same values were used for the manufacture of both the deuterated and

the protiated ice forms.

Ice Phase Temperature (K) Oil pressure (bar) Sample pressure (GPa)

Ice II 220 45 0.40

Ice III 250 36 0.32

Ice V 250 60 0.53

Ice VI 250 120 1.06

Table 3.1: Pressure and temperature conditions for manufacturing the ice samples,

neglecting friction in the piston-cylinder cell.
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Before compression began, a selected temperature was maintained for

at least 15 minutes to allow for equilibrium across the cylinder. Following this

and depending on the desired target pressure, force was slowly increased

over a period lasting for up to an hour. This gave time for any phase changes

to be fully established and allowed phases to be easily identified on charts

generated from contemporaneous LVDT and oil-pressure measurements.

The temperature was logged on a Pico Technology system (TC-08) and the

oil pressure and LVDT readings were recorded and plotted using the Lab-

View package.

Once the final temperature and pressure had been reached, a further

30 minutes was allowed for the entire sample to equilibrate. If necessary,

pressure was ‘topped-up’ to maintain the sample in the correct region of the

phase stability field. On the assumption that the correct ice polymorph had

been manufactured, the system was cooled at the maximum rate of approx-

imately 1.6 K per minute to liquid nitrogen temperatures. Once at base tem-

perature (77 K) for a period of ten minutes, the pressure was slowly reduced

to ambient pressure over a duration of about 10-15 minutes. The ices were

recovered from the cylinder via a swinging arm arrangement which manoeu-

vred the piston-cylinder assembly into another press which was used to force

the piston, plugs and sample capsule into a collection vessel containing liq-

uid nitrogen. The sample (sometimes in several pieces) was then removed

and stored in a liquid nitrogen filled Dewar flask until needed for examination.

Through experience, it was found that samples could be stored for periods of

several weeks to a month without any apparent back-transformation taking

place.

3.2 Validation of the ice samples

Prior to any powder diffraction experiments, the logged temperature and

pressure data obtained during the manufacturing process for each ice phase

was examined. Plots of the LVDT readings against pressure enabled any

phase changes in the ice Ih samples to be identified during the procedure.
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These phase changes were observed by way of alterations to the gradients

of the extension curves which are presented in Figures 3.2 to 3.5 below.

At the onset of applying pressure, the initial effect was to compress the

sample into a consolidated form within the cylinder. This was interpreted as

the initial shoulder in the extension curves below about 10 bar of oil pres-

sure. The onset of ice Ih compression was represented by a shallow, more

linear gradient, as incompressibility by the ice increases. The onset and

development of a phase change was observed during a region of steeper

gradient. At such points the sample experienced a greater volume change

taking place for a similar increase in pressure. The phase transformation

becomes complete following the onset of more gradual gradient which is in-

dicative of greater incompressibility as pressure was applied. The shapes of

the figures were hence used to provide some reassurance that the correct

phases had indeed been produced.

By way of example, examination of the charts for the manufacture of

H2O ice VI which was made at a temperature of 250 K is illustrated in Figure

3.5(a). Several phase transitions are seen as the oil pressure was applied to

a maximum of 120 bar. Changes were observed to begin at approximately;

35 bar for the transition between ice Ih and ice III, 47 bar for ice III to ice V and

86 bar for ice V to ice VI. Oncemanufactured, the samples were stored under

liquid nitrogen and subsequently transported to the ISIS neutron facility for

investigation.

3.3 Using neutron powder diffraction

The experiments described in this section were all carried out at the ISIS

Neutron andMuon Source facility located at the Rutherford Appleton Labora-

tory in Oxfordshire. They were performed using the High Resolution Powder

Diffractometer (HRPD), (Ibberson et al., 1992), over several days in October

2017, December 2017 and March 2018. A separate experiment, ice V series

2 was performed in September 2019 (the temperature and pressure charts

for the manufacture of series 1 ice V are given in Appendix Figure B.2). The
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aim was to measure the changes in the lattice parameters of the various

ice samples against temperature and to obtain structural information at very

low temperatures. These cell parameter measurements were subsequently

used to determine values for the coefficients of thermal expansion and via

modelling, to estimate the incompressibility.

3.3.1 The advantages of using neutrons

The distances involved in the crystal structures of ices are of the order of

Angstroms between atoms and to probe these length scales diffraction tech-

niques provide a powerful tool. Whilst X-rays are of an appropriate wave-

length for thesemeasurements, they depend on a significant electron density

to produce a strong diffraction pattern. This makes it difficult to determine

positional information for the hydrogen atoms within ice crystals because

only a single electron is associated with the hydrogen atoms.

Neutrons, however, have no charge and scattering takes place through

a direct interaction with the atomic nucleus. This allows good penetration

into the sample because of the small collision cross-section involved. The

nuclei of hydrogen atoms also interact strongly with neutrons at thermal en-

ergies, so they provide suitable wavelengths with which to interrogate the ice

samples. These qualities make neutron diffraction a highly effective method

for investigating ice crystal structures. The parameters obtained can be used

as a basis either for, or in conjunction with, ab-initio molecular calculations

of crystal structures (David et al., 1992).

HRPD uses a neutron spallation source to provide a pulsed beam of

moderated thermal neutrons along its beamline of 96 m, see Figure 3.6. The

neutrons are generated by means of an 800 MeV Synchrotron which sends

a 50 Hz proton beam with an average current of 230 µA or approximately 2.9

×1013 protons per pulse, onto one of two target stations (Williamson, 2018).

Target Station 1 (TS1) receives 40 pulses per second out of the 50 available

and HRPD is located on one of the TS1 beamlines.

The pulses of protons impact a tantalum coated tungsten target at TS1
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Figure 3.6: Schematic illustration of the HRPD beamline (orange), and other instru-

ments on Target Station 1 (TS1) at the ISIS neutron spallation source.

Image (ISIS STFC).

and the neutrons produced are then moderated in a tank of methane held at

110 K before they enter the HRPD guide tube. Ultimately, only a fraction of

the neutrons created reach the diffractometer and consequently the beam

current and duration of each measurement is monitored to ensure that an

appropriate number of neutrons pass through each sample under test, suf-

ficient to generate a reliable diffraction pattern.

The neutrons act with wavelike properties and are collimated in a poly-

chromatic beam to HRPD. Their wavelength λ which is proportional to mo-

mentum through de Broglie’s postulate, can be measured using a time-of-

flight method. The relationship between the speed of the neutron and the

accurately known distance to the detector is provided though equation (3.1),

λ =
hT

mL
(3.1)

where h is Planck’s constant, m is the neutron mass and T is the time of

flight (in µs) over the measured beamline length L. The relationship between
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wavelength and the arrival time T , for a neutron at a detector along the HRPD

beamline gives a value of λ = 0.003955T/L Å, (Ibberson et al., 1992). Con-

sequently, measurements of different d-spacings can be obtained following

the application of Bragg’s Law and accurate knowledge of the neutron’s time

of flight, see equation 3.2. Here θ is the fixed angle of the detectors and hkl

represent the Miller indices for the Bragg planes, d is the d-spacing in Å.

λhkl = 2d sin θ

Thkl = 505.5568Ldhkl sin θ
(3.2)

The HRPD instrument was chosen because of its high resolution which

in backscattering mode (2θ = 168° nominally) is capable of a resolution

∆d/d ≈ 4 × 10−4. The value of ∆d represents the width of an individual

Bragg reflection and this can be related to the uncertainty in the distance

travelled by a neutron, see equation (3.3). The errors on the distance are

largely down to flight time measurements and additionally to errors in the

beamline length, both of which can be improved by a long flight path. The

scattering angle uncertainty is generally the major contributor to the resolu-

tion, however, on this instrument it is fixed such that this is minimised and

for bank 1 on HRPD this is nominally set at 168°. The advantage of this

method is that, for a given flight path, the resolution is effectively constant

and wavelength independent across the diffraction pattern. This minimises

peak overlapping at short d-spacings and allows accurate and precise cell

parameters to be determined from the strong low index Bragg reflections

with large d-spacings.

∆d

d
=

[
∆θ2 cot2 θ +

(
∆T

T

)2

+

(
∆L

L

)2
]1/2

(3.3)

Scattering between a neutron and an atomic nucleus also depends on

whether there is an exchange of energy. In the experiments performed in

this present work, no energy exchange is assumed and the scattering is elas-
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tic. The strength of the interactions are determined by the scattering cross-

section σ, an area with units of barns (b), (where 1 barn = 10−28 m2). Through

convention, the cross-section is related to a scattering-length b, measured

in femtometres (where 1fm = 10−15 m) and σ = 4πb2.

Themeasured intensity of a Bragg peak Ihkl is proportional to the square

of the structure factor Fhkl which depends on the atomic positions in the unit

cell, see equation (3.4).

Fhkl =
N∑
i=1

biexp(2πi[hxi + kyi + lzi])× exp

(
−Bi sin

2θ

λ2

)
(3.4)

Where bi is the scattering length for atom i; x, y, z are the fractional

coordinates of each atom, h, k, l are the miller indices of the lattice planes

and Bi is the Debye-Waller temperature factor, which takes into account

thermal vibration. Intensity is measured by the rate of scattered neutrons

arriving at a particular detector.

Another factor is that the scattering by neutrons can be either coher-

ent or incoherent, depending on the average spin of the nucleus (which is

isotopically dependent) and as a result, the value of b is composed of both

a coherent and an incoherent scattering length (bcoh) and (binc). These val-

ues are specific to the atomic number, including isotope type and do not

have a systematic relationship with increasing atomic mass, see Figure 3.7

(Bennington, 2004). In this set of experiments however, the intention was to

ascertain if and by how much, the substitution of D for 1H affected the lattice

parameters and crystal structures of the sample ices.

Coherent scattering results from interference effects and provides infor-

mation for diffraction, it depends on a good correlation between the positions

of similar nuclei. Incoherent scattering is connected to the movements (vi-

brations) of atoms, and depends on the cross-section of individual atoms. It

can be considered as random scattering which will add a background to any

coherent effects.
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Figure 3.7: The distribution of the neutron scattering lengths with increasing atomic

number (Bennington, 2004)

It should be noted that hydrogen has the largest neutron incoherent

scattering cross-section (σinc) for any element in the periodic table, and this

is because both the hydrogen nucleus and the neutron have comparable

size and spin values. Neutrons and protons have spin 1/2 which will give a

total value of 1 or 0 depending if the spin values are aligned. These produce

scattering lengths (b) of 10.4 fm when parallel and -47.4 fm when antipar-

allel, however, several arrangements are possible and these generate an

average of σinc = 80.27 barns. Some scattering cross-sections relevant to

the experiments in this work are presented in Table 3.2.

Element bcoh (fm) binc (fm) σcoh (b) σinc (b)

Hydrogen -3.7406 25.274 1.7583 80.27

Deuterium 6.671 4.04 5.592 2.05

Vanadium -0.0382 0.0184 5.08

Aluminium 3.449 0.256 1.495 0.0082

Gadolinium 7.288 6.675 0.16

Table 3.2: Neutron scattering lengths, coherent bcoh (fm) and incoherent binc (fm)
and scattering cross-sections σcoh, σinc (Barn, b) (Sears, 1992).

A large incoherent signal has the effect of masking any coherent sig-
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nals created in the diffraction pattern, making measurements on protiated

ice samples more difficult. To compensate for this, the time allowed for ex-

periments in this work using 1H samples was increased, this enabled more

neutrons to be counted which formed a clearer diffraction pattern.

Gadolinium has a high scattering cross-section and absorbs neutrons

strongly, gadolinium foil was used as a shielding material around the sample

and to cover components such as screws in the slab-can arrangement. The

material Vanadium generates almost completely incoherent scattering with

very small Bragg peaks. Foils from thismetal were used aswindows allowing

neutrons onto the ice samples. All the samples were held in aluminium slab-

cans with vanadium windows.

As previously mentioned, the HRPD is a time-of-flight diffractometer and

the range of neutron energies passing through the sample can be adjusted

by using ‘beam choppers’ which select the width (or window), in terms of the

wavelengths, of the neutron pulse that passes along the beamline. Chopping

the beam has two effects, firstly it enables only a specific width of energies to

be incident on the sample and secondly it eliminates overlap between suc-

cessive pulses due to the dispersion of neutron velocities. Since lower en-

ergy neutrons take a longer time to reach the detectors (ignoring any effects

of detector geometry and beam angle), these are consequently responsible

for diffraction peaks further along the time of flight pattern and so measure

longer d-spacings. The 30-130 ms window, which detects d-spacings of

0.65< d <2.6 Å was predominantly used for this set of experiments but some

data from the 100-200 ms window, detecting d-spacings of 2.15< d <4 Å

were collected for ices V and VI.

3.4 The diffraction experiments at HRPD

The diffraction experiments reported in this work were conducted over a pe-

riod of two years and based on a method described in Fortes (2018). The

finer details of the method, though comparable, evolved slightly over time.

Most notably was the way that silicon was introduced into the ice samples.
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The experiment which instigated this work, a study of D2O ice III, was ac-

complished in 2017. At that time, it was realised that no consistent high

resolution data was available for the early high-pressure phases of ice (i.e.

those existing below 1 GPa) and this programme of work began. Since then,

a silicon standard has been mixed with the samples prior to measurement,

the intention was to use this as a means of calibrating the different sets of ex-

perimental results. The actual way silicon was mixed with the ice however,

did vary and is described below.

3.4.1 Sample loading at HRPD

All the experiments were performed at atmospheric pressure on metastable

ice phases. To avoid them undergoing any phase transitions during prepa-

ration for powder diffraction, the ices had to be ground to a powder under

liquid nitrogen. This was achieved using a pre-cooled stainless steel mor-

tar and pestle, see Figure 3.8(b), prior to loading the ice powder into the

diffractometer ‘slab-can’ sample containers, Figure 3.8 (a, c).

Each sample container was attached to a long cryostat centre stick, see

Figure 3.8(b) which located it in the centre of the neutron beam. A calibrated

Rh-Fe resistance thermocouple was inserted into the aluminium frame to

enable accurate temperature measurements to be made, Figure 3.9(b). The

sample could also be warmed through a cartridge heater inserted into the

other side of the frame. The use of a silicon standard powder inside the

sample chamber enabled the data from different ice samples to be placed

on the same consistent length scale, by acting as an internal standard to

calibrate each diffraction pattern. For the experiments with H2O and D2O

ice V, 0.7g of NIST silicon powder, SRM640e, was placed into a rectangular

pouch of aluminium foil and loaded into the sample containers Figure 3.9(a).

For the experiment with D2O Ice II, a ‘sausage-shaped’ pouch was tried,

while for D2O ice VI silicon SRM640c powder was added to the ice. On later

examination of the results using the ‘sausage shaped’ pouch, it was seen to

have moved during the experiment and the rectangular shape then became
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Figure 3.8: Stages in the preparation and mounting of ice samples at HRPD

customary. No silicon was used in the D2O ice III experiment.

Figure 3.9: Aluminium slab-can arrangement (a) with rectangular silicon pouch; (b)

can mounted at the end of the centre stick with a heater and thermo-

couple attached.

The aluminium sample container consisted of a slab-shaped frame with

a sample space of 18 mm by 23mm. Steel framed Vanadium foil windows

were attached to the front and back to allow good neutron penetration. For
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the D2O samples a depth of 15 mm was used but for H2O the depth was

reduced to 5 mm. The thinner cans helped to mitigate the effects of the large

incoherent scattering of 1H by ensuring good neutron penetration through the

sample. To compensate for the smaller sample size, longer counting times

were used. Any exposed aluminium or attaching screws on the front face of

the sample can were masked by using Gadolinium foil. The windows were

sealed to the frames by soft indium wire which fitted into a groove around the

frame. Once a good loading of the ice sample was accomplished and sealed,

the container was cooled again in liquid nitrogen before being lowered into

the HRPD cryostat chamber which had been precooled to about 100 K.

Once inserted into the chamber, the system was cooled from just above

80 K to a base temperature of 10 K. An initial measurement during the cool-

ing cycle was taken at 80 K followed by observations at intermediate tem-

peratures. It was on this initial cooling cycle that checks were made on the

observed diffraction patterns, to ensure that the respective ice was indeed

of the correct phase. Measurements were taken at each temperature after

allowing 8 minutes for the sample to equilibrate, then the cryostat was held

constant for a fixed period, determined by a beam current of long enough

duration to enable a high-quality diffraction pattern to be measured.

Some samples were held for a longer duration (termed soak) in the neu-

tron beam at the base temperature of 10 K. This enabled a more detailed

diffraction pattern to be obtained because of the increased neutron count.

The most detailed patterns were obtained by using the 30-130 ms window

which allows the detection of d-spacings from 0.65-2.6 Å. This setting was

used for the most detailed structural information. Following the ‘soak’, the

samples were warmed in steps of 5 K or 10 K to enable observations of

their thermal expansion. Eventually, at high enough temperatures a phase

change to ice Ih would result. The various combinations of sample condi-

tions pertinent to the complete set of ice experiments conducted at HRPD

is presented in Table 3.3. There were two series of experiments on ice V,
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Ice Experiment

details

Time-of-flight

window (ms)

Temperature

range (K)

Temperature

steps (K)

Neutron

beam (µA h)

Beam time

(minutes)

D2O Ice II 30-130 80 15 22

10 (mm) can 10 K soak 80 115

15×20 jaws 15-230 5 K 10 15

Si (sausage) 230-270 10 K 10 15

D2O Ice III 30-130 80 K soak 90 120

5 (mm) can 70 K soak 80 190

15×20 jaws 10 K soak 80 145

No Silicon 15-100 5 K 10 15

110-210 10 K 10 15

D2O Ice V (S1)* 100-200 80-20 10 K 20 30

10 (mm) can 10 K soak 80 120

15×20 jaws 30-130 10 K soak 160 250

Si powder 100-200 15-130 5 K 20 30

90-10 10 K 20 30

D2O Ice V (S2)* 30-130 70 9 12

10 (mm) can 10 K soak 160 235

15×20 jaws 100-200 10 K soak 80 110

No Silicon 80-120 10 K 15 20

125-135 5 K 15 20

30-130 130 K soak 80 110

100-200 130-120 5 K 15 20

110-80 10 K 15 20

10 K soak 80 110

30-130 10 K soak 160 250

100-200 30-60 30 K 15 20

30-130 200 6 10

D2O Ice VI 30-130 80-20 10 K 10 15

10 (mm) can 100-200 10 K soak 60 90

15×20 jaws 30 -130 10 K soak 80 120

Si powder 15-150 5 K 10 15

160-210 10 K 10 15

H2O Ice II 30-130 80-20 20 K 40 60

5 (mm) can 10 K soak 120 160

20×40 jaws 20-150 10 K 35 48

Si pouch 160 15 20

H2O Ice III 30-130 80-20 20 K 40 60

5 (mm) can 10 K soak 160 225

15×40 jaws 15-70 K 5 K 35 48

Si pouch 80-150 K 10 K 35 48

H2O Ice V (S2)* 30-130 80 K soak 80 120

5 (mm) can 10 K soak 80 120

20×40 jaws 20-100 20 K 40 60

Si powder 110-120 10 K 40 60

125-135 5 K 40 60

135 K soak 90 220

130-100 10 K 40 60

80-20 20 K 40 60

10 K soak 80 120

80-140 50 K 40 60

H2O Ice VI 30-130 80-20 20 K 40 55

5 (mm) can 10 K soak 160 226

20×40 jaws 15-80 5 K 35 48

Si pouch 90-140 10 K 35 48

Table 3.3: HRPD experimental log, (*) ice V series 1, 2.
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these are listed as S1, S2.

3.4.2 GSAS Refinements on the initial data

Once the experiments were completed, the neutron powder diffraction pat-

terns were normalised and exported using Mantid (Arnold et al., 2014), in

readiness for analysis with the GSAS/Expgui (graphical user interface for

the General Structure Analysis System) refinement package (Larson and

Von Dreele, 2004; Toby, 2001. Refinements were performed initially on the

10 K soak measurements using the Rietveld method (Rietveld, 1969). This

enabled confirmation that the correct ice phase had been manufactured and

allowed an accurate crystal structure to be obtained.

Following this, a GSAS F(calc) weighted refinement was generally

used to obtain unit cell parameters. The F(calc) refinement programme

works in a similar way to the Le Bail refinement method (Le Bail, 2005)

but is initiated from intensities calculated on the basis of a structural model.

For consistency, the F(calc) method of refinement was used to generate

the lattice parameter values described in the experimental results, except

where stated. This method also provides higher precision lattice parame-

ters (Fortes, 2018). It was found however, that within the ranges of errors,

both the Rietveld and the F(calc) methods typically produced very similar

values for the lattice parameters.

By way of examples, typical diffraction patterns obtained from the re-

finements of ice II samples using the GSAS F(calc) method are presented in

Figure 3.10. The calculated diffraction pattern (a) marks a set of sharp Bragg

peaks (red curve) from the D2O isotopologue, these are set upon a flat back-

ground (green curve). In comparison, the highly curved background shape

below the Bragg peaks in sample (b) are the result of the large incoherent

scattering produced by the H2O ice II sample.

There is also a much-reduced vertical scale relative to the former figure

and this results in a weaker signal being generated against a large back-

ground of noise. To compensate for this and to obtain a usable diffraction
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Figure 3.10: (a) D2O diffraction pattern of ice II at 10 K and P = 0 obtained using

the backscattering bank (30-130ms window, 2θ = 168°) of HRPD. The

cross symbols represent measured data, the red curve is the result of

Rietveld F(calc) refinement and the difference profile is shown in blue.

The tick marks give the expected position for each Bragg peak; purple

for ice II, light blue for Si. and black for Al. (b) H2O diffraction pattern

using Rietveld refinement, the increase in background scatter (green

line) can be seen by the arched shape.
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pattern, a longer counting time was required. For H2O samples a duration

of up to 30-60 minutes was found to be required (Fortes, 2018), ‘even to

achieve refined lattice parameters of three or four times poorer than for D2O

ice’.

The relationship between the neutron time-of-flight and the d-spacing of

a Bragg peak measured by HRPD is dependent on the geometry of the sam-

ple within the cryostat, which can vary slightly when each sample is placed

into it. This flight time t (µs) is represented in GSAS by equation (3.5) (Larson

and Von Dreele, 2004),

t = DIFC × d+DIFA× d2 + zero (3.5)

where DIFC and DIFA are diffractometer parameters. The value DIFC

relates the calculated neutron time-of-flight for a measured Bragg reflection

to its d-spacing (Å) in the diffraction pattern, hence DIFC = 505.56L sin θ

when DIFA and zero are zero.

The number of neutrons absorbed while passing through the sample

has a wavelength dependency. Longer wavelength (lower energy) neutrons

take longer (aremovingmore slowly) to pass through and consequently have

a higher chance of being absorbed. As a result, the average penetration into

the sample and the time of flight for a longer d-spacing will have a slightly

smaller value than DIFC alone. This is compensated for by DIFA. The

zero constant accounts for any small differences in the timing signals mea-

sured at HRPD. The GSAS settings for the peak-profile coefficients were

modelled by function 3 in the GSAS settings. The background to the diffrac-

tion pattern was represented by a shifted Chebyschev polynomial of six (or

more) terms. After the initial refinements of the peak shapes and background

coefficients, DIFA was refined and then subsequently a second round of

GSAS fitting was undertaken.

The lattice parameters obtained were then subjected to a further stage

of calibration using a similar method to that of Fortes (2018). This was
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achieved bymeasuring the times of flight of nominated diffraction peaks from

the silicon standard NIST powder, which had been incorporated into the ice

samples. Generally, the 220 peak was used and a comparison was made

with the equivalent flight time, calculated from the data collected by (Fortes,

2018), during his calibration of the silicon standard at HRPD. The resulting

chart of silicon lattice parameters from his data is compiled in Figure 3.11

and the points were fitted with a sixth order polynomial. The resulting equa-

tion was then used as a means of calculating certified values for the silicon

unit cell length at any given temperature.

Figure 3.11: Silicon SRM640e calibration chart based on data taken from Fortes

(2018). The fitted curve is indicative only.

This procedure enabled any systematic errors in the HRPD diffractome-

ter to be corrected (such as differences in sample position) because sili-

con had been accurately measured in the same instrument and calibrated

against national agreed standards.

The silicon referencematerial SRM640c has a certified lattice parameter

value of 5.431195 Å at a temperature of 295.65 K. This value was used by

Fortes (2018) to fix a data set and determine the change in the silicon lattice

parameter with temperature on an absolute scale.

The certified lattice parameter was then converted into a d-spacing (dhkl)
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for the nominated silicon Bragg peak, using the relationship in equation (3.6),

where hkl are the Miller indices for a Bragg plane and a is the unit cell pa-

rameter. This equation applies because silicon has a cubic structure (Ladd

and Palmer, 2013).

d(hkl) = a/
√
h2 + k2 + l2 (3.6)

An expected value for the time-of-flight (texp) of the silicon 220 peak was

calculated using the refined value for DIFA and the diffractometer constant

DIFC using equation (3.5). This was repeated for each temperature and

compared with the actual observations (tobs). The value of DIFC was then

varied such that the difference (texp − tobs)
2 was minimised. This approach

established a value ofDIFC that best matched the silicon lattice parameters

with the calibrated values obtained by Fortes (2018). Finally, using the new

modified values for DIFC, all the data points for each set of experiments

were re-refined, producing a standardised set of unit cell parameters for each

ice sample. The set of calibration charts can be found in Appendix C. The

calibrated lattice parameters were then used to explore each ice sample’s

temperature dependency and hence thermal expansion.

The stackplot in Figure 3.12 illustrates how the ice II Bragg peaks

change in width and intensity as the sample undergoes a phase change to

ice Ih. Peak intensities change, decline and reappear as the phase change

progresses, resulting in a fresh set of peaks with different d-spacings.

The lattice parameters of the transformed ice Ih were also be used

as means of calibration, when used in conjunction with values obtained by

Fortes (2018). This was necessary since the measurements on D2O ice III

had no silicon added to the experimental sample. The reason for this is that it

was the first experiment of the series. Only later, once the idea for the wider

investigations of other ices was accepted, adding silicon became standard

practice. Therefore, for the D2O ice III dataset, the calibration procedure was

achieved using lattice parameters from the back-transformed experimental
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Figure 3.12: A stackplot of ice II diffraction patterns at various temperatures. It can

be seen that between 165-195 K the ice II pattern has declined and

a phase transition is taking place. This is completed by about 205 K

and a new set of Bragg peaks have appeared.

ice Ih data points. These were compared with the calibrated ice Ih values

obtained by Fortes (2018). In this way, the connection to the silicon standard

was re-established.

3.5 Summary

This chapter has explained the manufacturing process for the various ice

samples investigated in this present work and how they were validated prior

to transfer to ISIS. The programme of work is briefly outlined in the HRPD

experimental log.

A justification for the use of neutron powder diffraction and the HRPD
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instrument was given for the analysis of the ice samples. The chapter also

describes how the resultant diffraction patterns were refined using the GSAS

software and the calibration method used to determine the lattice parame-

ters. The results for the measurements of the unit cell parameters against

temperature for each ice sample are described in Chapters 4, 5 and 6.
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Chapter 4

Experimental Results

This chapter presents the results of the neutron powder diffraction experi-

ments on ices II, III (IX), V and VI. All the results are based on refinements of

data collected from Bank 1 (backscattering bank) of the HRPD at ISIS using

either the 30-130 ms or the 100-200 ms windows. The experiments were

performed at ambient pressure and the results were calibrated using the sili-

con standard as described earlier. The aim of the experiments was to obtain

structural information at low temperature, gather thermal expansion coeffi-

cients, αv, and investigate the behaviour of the ices under the substitution

of hydrogen for deuterium. In the case of ice V two separate experiments

were performed. The follow-up investigation with ice V was prompted after

an anomalous relaxation in the sample was observed during the warming

cycle of the first experiment and it was necessary to ascertain if this was

reproducible.

4.1 Diffraction experiments with ice II

Ice II is an ordered phase with a rhombohedral structure, space group R3̄.

It was refined with hexagonal axes and a triply-centred unit cell, which had

the effect of increasing the number of molecules in the unit cell from 12 to

36.

4.1.1 Structure refinement for D2O ice II

The Rietveld refined diffraction pattern for the ice II structure, taken at 10

K and atmospheric pressure using data obtained from the HRPD 30-130
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ms window, is presented in Figure 4.1(a). The resulting structure (b) was

examined using the CrystalMaker software. Ice II is ordered, so in this rep-

resentation only one deuterium atom lies between two oxygen atoms.

The fractional coordinates for D2O ice II are presented in Table 4.1(up-

per). The lattice parameters were obtained using GSAS F(calc) refinement.

The refined values are in agreement with those measured by Fortes et al.

(2005) (series 1) taken at a temperature of 10 K at ambient pressure, al-

though the absolute differences are much greater than might be expected

from their reported estimated uncertainties. Those authors reported values

for of 12.9038(3) Å for the a-axis and 6.2334(2) Å for the c-axis giving a unit

cell volume of 898.86(4) Å3 at 10 K. It is worth noting that the a-axis param-

eter in this work is slightly longer and the c-axis parameter is slightly shorter

than those of Fortes et al. (2005). An explanation could be that the sample

examined by those authors was under a small amount of deviatoric stress,

as it was contained in the gas-pressure vessel in which it had been made.

Lobban et al. (2002) reported a unit cell volume of 898.99(2) Å3 when taken

in its stability field under a pressure of 0.28 GPa at 200 K.

The sample in this present work, however, had been ground to a powder

under liquid nitrogen at atmospheric pressure, hence any deviatoric stress

would be removed. The fractional coordinates presented in Table 4.1(upper)

were refined using the Rietveld method, which gave a reduced χ2 = 5.323

and wRp = 0.0355 for 50 variables.

Atom label Site Fractional coordinates (x,y,z) Occ Uiso (Å2 )

O1 18f 0.2220(1) 0.1963(1) 0.0486(2) 1 0.0028(1)

O2 18f 0.1892(1) 0.2305(1) 0.4806(2) 1 0.0028(1)

D3 18f 0.1530(1) 0.2013(1) -0.0065(2) 1 0.0118(1)

D4 18f 0.2226(1) 0.2170(1) 0.2006(2) 1 0.0118(1)

D5 18f 0.1075(1) 0.2154(1) 0.4856(2) 1 0.0118(1)

D6 18f 0.2370(1) 0.3054(1) 0.5614(2) 1 0.0118(1)

Unit cell a-axis (Å) c-axis (Å) volume (Å3)

At 10 (K) 12.90645(2) 6.23226(2) 899.062(3)

Table 4.1: Structural information for D2O ice II (space group R3̄) taken at 10 K and

atmospheric pressure; (upper) Rietveld refined fractional coordinates,

(lower) unit cell parameters
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Figure 4.1: Structure of D2O ice II taken at 10 K and atmospheric pressure; (a)

Rietveld refined diffraction pattern obtained using the backscattering

banks (30-130) ms window. The cross symbols represent measured

data, the red curve is the result of Rietveld refinement and the difference

profile is shown in blue. The tick marks give the expected position for

each Bragg peak; purple for ice II, light blue for Si. and black for Al; (b)

refined structure viewed along the c-axis. The blue surround shows the

unit cell and the oxygen and deuterium atoms have been colour coded

to help clarify the relationships.
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A constraint was placed upon the values for Uiso such that all of the

deuterium atoms were made equal, and similarly for the oxygen atoms. The

fractional coordinates are in agreement with values obtained by (Lobban

et al., 2002)(Table II) for ice II under pressure of 0.28 GPa and 200 K. The

values obtained for selected bond lengths which are presented in Table 4.2,

are also comparable to values obtained by those authors.

Bond Length (Å) Bond Length (Å)

O1-D3 0.9856(15) D3· · ·O1 1.8110(16)

O1-D4 0.9835(13) D6· · ·O1 1.8287(17)

O2-D5 0.9727(15) D4· · ·O2 1.8263(17)

O2-D6 0.9863(13) D5· · ·O2 1.7875(18)

Table 4.2: Selected bond lengths for the structural refinement of D2O ice II taken

at 10 K and atmospheric pressure.

4.1.2 Thermal expansion of D2O ice II

The experimental results for the series of measurements on D2O ice II which

were performed at atmospheric pressure, are presented in Figure 4.2. No

values were collected on the initial cooling of this sample; this was because

the neutron beam failed at the beginning of the experiment and consequently

some measurements were omitted. Unless highlighted, all the estimated

errors in measurements lie within the solid circles.

The volume expansion of D2O ice II, Figure 4.2(a), shows a smooth in-

crease with temperature and is in good agreement with the findings of Fortes

et al. (2005), though see the comment in the previous section regarding the

small systematic differences in lattice parameters between the two experi-

ments. From the shape of the volume expansion curve, ice II does not show

any anomalous volume expansion, which is a characteristic of ice Ih.

As noted previously, there is a slight offset between the a-axis and c-

axis values obtained by Fortes et al. (2005) and the current experimental

data in curves (b, c). This offset is not easily explained as a difference in the

sample position during measurement, though the experiments were con-

ducted several years apart. Sample position would affect both axes in the
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Figure 4.2: (a) D2O ice II volume against temperature, including a comparison with

data from Fortes et al. (2005) series (2), all errors are within the widths

of the circles; (b, c) lattice parameters against temperature; (d) axial

ratio c/a against temperature; (e) relative axial expansions, with the

zero value taken at 10 K; (f) molecular expansion including calibrated

data for ice Ih taken from Fortes et al. (2005), the vertical dashed line

signals the onset of the phase transition to ice Ih.
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same way, as would any residual experimental pressures. The likely ex-

planation is residual deviatoric stress remaining in the gas-pressure vessel

during measurement. The effect of the relative expansions in the a-axis

and c-axis, however, seem to compensate one another and there is a good

agreement between both experiments for the volume against temperature.

The experimental points for the back-transformed ice Ih in Figure 4.2(f)

are in good agreement with values obtained by Fortes (2018). This suggests,

firstly, that the experimental values are reliable and, secondly, that the cal-

ibration of the data using the silicon standard will allow good comparisons

between different sets of experimental results.

The variation in the axial ratio (c/a); Figure 4.2(d) shows a smooth, fairly

linear increase at low temperatures but saturates towards the onset of back-

transformation to ice Ih. The effect of temperature on the c/a ratio for all

the ices studied in this present work will reflect the anisotropy of the thermal

expansion within the crystal structure. A constant c/a ratio will characterise

isotropic expansion. Fortes (2018) reported a ratio of 0.483(1) for all their

experimental points and concluded that the thermal expansion was isotropic.

Values for the relative expansion of the axes, 4.2(e) are in good agreement.

The refined unit cell parameters are presented in Appendix Table C.1.

4.1.3 Structure refinement for H2O ice II

The refined diffraction pattern for the H2O ice II structure was obtained at 10

K and atmospheric pressure using data from the 30-130 ms window. It is

presented in Figure 4.3(a). The illustration of the structure (b) was obtained

using the CrystalMaker software and displays a view along the c-axis, the

blue quadrilateral marks the extent of the unit cell. This illustration is in good

agreement with that of Figure 4.1 (D2O).

The GSAS structure refinements for H2O ice II were made using the

Rietveld method and initiated using the fractional coordinates obtained from

the D2O sample at 10 K. These are presented in Table 4.3 (upper). The final

unit cell parameter values (lower) were obtained with a χ2 of 2.645 and a
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Figure 4.3: Structure of H2O ice II at 10 K and atmospheric pressure; (a) Rietveld

refined diffraction pattern obtained using the backscattering banks (30

-130) ms window. The cross symbols represent measured data, the

red curve is the result of Rietveld refinement and the difference profile

is shown in blue. The tick marks give the expected position for each

Bragg peak; purple for ice II, light blue for Si and black for Al; (b) refined

structure viewed along the c-axis. The blue surround shows the unit cell

and the oxygen and deuterium atoms have been colour coded to help

clarify the relationships.
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wRp of 0.0103 for 31 variables.

Atom label Site Fractional coordinates (x,y,z) Occ Uiso (Å2 )

O1 18f 0.2197(4) 0.1977(3) 0.0551(6) 1 0.0026(4)

O2 18f 0.1895(3) 0.2322(3) 0.4790(5) 1 0.0026(4)

H3 18f 0.1577(5) 0.2025(6) -0.0125(11) 1 0.0190(7)

H4 18f 0.2232(7) 0.2144(6) 0.1966(9) 1 0.0190(7)

H5 18f 0.1077(5) 0.2160(7) 0.4820(14) 1 0.0190(7)

H6 18f 0.2377(6) 0.3037(6) 0.5683(12) 1 0.0190(7)

a-axis (Å) c-axis (Å) Volume (Å3)

12.92011(7) 6.23322(5) 901.105(8)

Table 4.3: Structural information for H2O ice II (space group R3̄) at 10 K and atmo-

spheric pressure; (upper) Rietveld refined fractional coordinates, (lower)

unit cell parameters.

The H2O ice II unit cell parameters have slightly greater values than

those of the D2O polymorph. As there is no anomalous volume effect (see

section 4.6) this is reflected in a larger unit cell volume. Selected bond

lengths are presented in Table 4.4

Bond Length (Å) Bond Length (Å)

O1-H3 0.935(10) H3· · ·O1 1.892(9)

O1-H4 0.904(7) H6· · ·O1 1.866(6)

O2-H5 0.969(8) H4· · ·O2 1.856(6)

O2-H6 0.988(8) H5· · ·O2 1.814(7)

Table 4.4: Selected bond lengths for the structural refinement of H2O ice II at 10 K

and atmospheric pressure.

4.1.4 Thermal expansion of H2O ice II

The experimental results for the series of measurements on H2O ice II are

presented in Figure 4.4 and a table of lattice parameters is compiled in Ap-

pendix Table C.2. There were no measurements taken in this experiment

at temperatures where the sample would have transformed back to ice Ih

because of a lack of beamtime.

Data points obtained during the cooling process at the start of the ex-

periment are in good agreement with the main warming series. This sug-

gests that the sample was behaving in a reliable manner with reproducible
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Figure 4.4: (a) volume of H2O ice II against temperature at atmospheric pressure,

all errors are within the widths of the circles unless marked; (b, c) lattice

parameters against temperature; (d) axial ratio c/a against temperature;

(e) relative axial expansions with the zero temperature taken at 10 K;

(f) molecular expansion, the vertical dashed line highlights the onset of

the phase transition to ice Ih.



4.2. Diffraction experiments with ice III (IX) 144

measurements and showing no hysteresis. The errors of measurement are

within the solid areas of the markers.

As was the case with the deuterated isotopologue, this series shows

none of the negative expansion characteristics associated with ice Ih. The

like-for-like volumes for individual temperatures are greater than those of

the deuterated series and this will be discussed in the section on the volume

isotope effect (section 4.6).

The c/a ratio is of a similar value (as expected) to the deuterated se-

ries and the shape of the trend is linear for most of the range. This series

did not display the flattening of the c/a ratio as was the case with D2O ice

II because of the deterioration of the diffraction patterns after 150 K. The

errors of measurement increased substantially at this temperature. The ef-

fects of temperature on the c/a ratios for all the ices reflects the anisotrophy

of thermal expansion within the crystal structure. A constant c/a ratio will

characterise isotropic expansion.

Fortes et al. (2005) reported a c/a ratio of 0.483(1) for D2O ice II and

concluded that its thermal expansion was isotropic. This is borne out by

Figure 4.4(d) which shows only a very slight, though measurable change in

c/a with temperature.

4.2 Diffraction experiments with ice III (IX)

Ice III is a partially disordered ice phase with a tetragonal unit cell, space

group P41212, containing 12 water molecules. It has an ordered counterpart,

ice IX with the same space group, hence the structures of ices III and IX differ

essentially only in the occupacncies of the hydrogen or deuterium atoms.

In this present work, the GSAS refinements of both D2O and H2O ice

III samples were found to improve, if fitted as though they belonged to the

ordered phase ice IX. This ordering was thought likely to be the result of

cooling during the manufacturing process (see section 4.2.2) and as a con-

sequence ice III was effectively treated as ice IX. This decision is justified in

the next section.
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4.2.1 Using a partially ordered structure for ice III(IX)

An initial refinement using the Rietveld method was made on the well-

counted data set from D2O ice III(IX) at 10 K using the partially (ordered)

disordered unit cell. The starting structure was taken from (Lobban et al.,

2000), which provided values for occupancy parameters α and β of 0.35

and 0.5 respectively. The α and β represent the orientation occupancy for

an atom in the sample (while meeting the requirements of the ice-rules), 0.5

represents a fully disordered structure and 0 or 1 is fully ordered (see Sec-

tion 1.3.3). Those authors suggest that the positional disorder within the ice

III structure results in a wide variation in the hydrogen bond lengths.

The Rietveld refinement resulted in a χ2 value of 2.998 and a wRp of

0.0304 for 39 variables. The unit cell parameters and fractional coordinates

are presented in Table 4.5.

Atom label Site Fractional coordinates (x,y,z) Occ Uiso (Å2 )

O1 8b 0.1109(2) 0.3115(2) 0.2885(2) 1 0.0051(1)

O2 4a 0.39272(2) 0.3927(2) 0 1 0.0051(1)

D3 8b 0.3135(8) 0.3523(10) 0.1135(8) 0.35 0.0121(2)

D4 8b 0.1708(7) 0.4898(7) 0.4565(5) 0.5 0.0121(2)

D5 8b -0.0154(7) 0.3345(7) 0.2275(5) 0.5 0.0121(2)

D6 8b 0.1144(4) 0.1536(4) 0.2862(3) 0.65 0.0121(2)

D7 8b 0.2915(4) 0.3615(5) 0.1037(4) 0.65 0.0121(2)

D8 8b 0.3854(8) 0.6618(7) -0.0656(6) 0.35 0.0121(2)

a-axis (Å) c-axis (Å) Volume (Å3)

6.72330(2) 6.77066(3) 306.052(1)

Table 4.5: Initial GSAS refinements of the D2O ice III structure (space group

P41212) at 10 K and atmospheric pressure ; (upper) Rietveld refined

fractional coordinates, (lower) unit cell parameters.

A selection of bond lengths obtained from this refinement is presented

in Table 4.6. The wide ranges of bond lengths and the distances between

several of the deuterium atoms suggested that this structure was not satis-

factory; in particular the very short bond lengths for atom pairs D3 and D7,

D4 and D5 and D6 and D8 suggested that they could be effectively merged,

which would lead to an ordered structure.
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Bond Length (Å) Bond Length (Å)

O1-D4 1.003(5) O2-D7 1.000(3)

O1-D5 0.970(5) O2-D8 1.863(5)

O1-D6 0.995(3) D3· · ·O2 0.974(6)

O1-D8 0.958(5) D6· · ·O2 1.772(3)

O1-D3 1.813(4) D3 to D7 0.173(7)

D7· · ·O1 1.790(3) D4 to D5 0.151(7)

Table 4.6: Unsatisfactory Rietveld refinement of bond lengths for the partially or-

dered structural of D2O ice III at 10 K.

4.2.2 The ordering of ice III(IX) during cooling

As an explanation for how the ordering might have occurred, earlier observa-

tions obtained by dielectric measurements showed that when ice III is cooled

to below 165 K a progressive ordering of the water molecules takes place

Whalley et al. (1968). The order-disorder transition between ice III and ice

IX was investigated by La Placa et al. (1973) by using single-crystal neutron

diffraction to examine the arrangement of deuterium atoms. Those authors

demonstrated that ice IX had an almost completely ordered structure and this

is illustrated in Figure 4.5, where all the oxygen atoms are coloured red and

the deuterium atoms in pink. The numbers for individual atoms are marked

to correspond with those of the refinement, see Table 4.5. Deuterium atoms

marked with a dashed circle represent those with a very low occupancy num-

ber. The occupancies calculated by La Placa et al. (1973) are given in Table

4.7. These show a value of almost unity for D5 to D7 and a very small value

for D3, D4 and D8.

Deuterium atom occupancies

D5 D6 D7 D3 D4 D8

0.949(9) 0.966(7) 0.966(7) 0.034(7) 0.051(9) 0.034(7)

Table 4.7: Table of deuterium atom occupancies obtained from refinements of ice

IX by La Placa et al. (1973).

These findings led the authors to assume that ice IX was very nearly

ordered and that the small partial disorder could be an effect of quenching

or be an inherent feature of the structure that was achievable experimentally.
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Figure 4.5: Illustration of a structure for ice IX based on La Placa et al. (1973). The

view is along the c-axis. The major hydrogen atoms for the ordered

structure have no circle whilst the minor atoms corresponding to those

with a low occupancy value are circled. The blue square shows the unit

cell boundary.

4.2.3 Refinements using an ordered ice (IX) structure

To test that the ordered structure was a good model for the ice III(IX) sam-

ple, further GSAS refinements were made using the partially ordered struc-

ture. After refining for the atomic positions, the occupancies of the deuterium

atoms were then allowed to vary freely. This enabled another structural solu-

tion to be found where several of the deuterium atoms had ‘merged’ or were

removed while for others, their occupancies tended to unity. This resulted

in an ordered structure similar to that of ice IX obtained by Londono et al.

(1993), which was based on prior work by La Placa et al. (1973).

The refined diffraction patterns for the ice III(IX) sample using both the

partially ordered and ordered structures are presented in Figure 4.6.

The partially ordered refinement (a) appears (with a visual inspection)
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Figure 4.6: Rietveld structural refinements for ice III(IX) (space groupP41212) at 10

K and atmospheric pressure; (a) using the partially ordered unit cell; (b)

using the ordered unit cell. The tick marks give the expected position

for each Bragg peak with purple for ice III and III(IX).
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to work as well as that of the ordered structure (b), which refined in GSAS

giving a χ2 of 4.54 and a wRp of 0.0375. Based on that assumption and

checks using Fourier maps (see section 4.2.5), the sample was refined as

ice IX.

4.2.4 Structural information for D2O ice III(IX)

The following values for the structure for D2O ice III(IX) were obtained from

refinements where the occupancies of the deuterium atoms associated with

α and β ie., D3, D4 and D8 (as illustrated previously in Table 4.5) were

set to zero. The GSAS structure refinements using the Rietveld method for

the D2O sample at 10 K and atmospheric pressure are presented in Table

4.8(upper), a χ2 value of 4.542 was obtained for 33 variables and wRp was

0.0342. The Uiso values for the deuterium atoms were set equal. Table

4.8 shows unit cell parameters. These values are comparable with those

Atom label Site Fractional coordinates (x,y,z) Occ Uiso

O1 8b 0.1109(2) 0.3017(2) 0.2890(2) 1 0.0044(2)

O2 4a 0.3932(2) 0.3932(2) 0 1 0.0044(2)

D5 8b -0.0129(2) 0.3316(1) 0.2172(2) 1 0.0147(2)

D6 8b 0.1144(2) 0.1568(2) 0.2960(2) 1 0.0147(2)

D7 8b 0.2995(2) 0.3585(2) 0.1071(2) 1 0.0147(2)

a-axis (Å) c-axis (Å) Volume (Å3)

6.72331(2) 6.77075(3) 306.057(2)

Table 4.8: Refined crystallographic structure determined by GSAS for the D2O or-

dered ice IX structure (space group P41212) at 10 K and atmospheric

pressure ; (upper) Rietveld refined fractional coordinates, (lower) unit

cell parameters.

obtained at ambient pressure by Londono et al. (1993). A selection of bond

lengths obtained from the ordered refinement is presented in Table 4.9.

Bond Length (Å) Bond Length (Å)

O1-D5 0.985(2) D5· · ·O1 1.777(2)

O1-D6 0.976(2) D7· · ·O1 1.808(2)

O2-D7 0.989(2) D6· · ·O2 1.800(2)

Table 4.9: Selected bond lengths for the ordered structural refinement of D2O ice

IX at 10 K and atmospheric pressure.



4.2. Diffraction experiments with ice III (IX) 150

4.2.5 Examining the Ice III(IX) structure with Fourier maps

As mentioned previously, the experimental sample of D2O ice III (which is a

partially ordered phase) was refined as ordered ice IX. To test the validity of

this approach, the structure obtained from the ordered refinement was used

to create Fourier FOBS and DELF maps using GSAS. A Fourier ’observed’

(FOBS) map is an indicator of the nuclear scattering density within the unit

cell, any large deviations such as an atom being omitted incorrectly would

become apparent.

The ordered structure was superimposed over the FOBS map using the

VESTA structural visualisation software, the aim was to find the location(s)

of any missing atom(s) by virtue of high density regions in the map that did

not equate to the ordered structure. The Fourier FOBS map is illustrated

in Figure 4.7(a); where the oxygen atoms appear as red/orange and the

deuterium atoms appear grey/green because of the overlay. The nuclear

scattering density is shown as a green surface. The overlap of the atoms

with the green isosurface indicates a good correlation, suggesting that there

are no missing atoms. This structure is similar to the configuration described

by Kuo (2005).

In a similar way the ’difference’ (DELF) map takes the difference be-

tween the ’observed’ and calculated scattering densities. If these are very

similar then the map will exhibit an empty unit cell, with regions of high den-

sity only occuring where a ’missing’ atom was placed. This is illustrated in

Figure 4.7(b), where the partially ordered structure of D2O ice III was super-

imposed onto a DELF map. The numbers of the low occupancy deuterium

atoms; D3, D4 and D8 are highlighted and appear generally surrounded by

empty space or possibly noise. This indicated they were not missing from

the structure and hence the ordered structure was a good fit to the sample.

There was a suspicion, however that D8 might be a partially missing

atom. To test for this, the ordered structure was again refined in GSAS but

with D8 added. Initially the structure was allowed to relax with the occupan-
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Figure 4.7: D2O ice III(IX) fourier maps; (a) fourier observed map (FOBS) illustrat-

ing that the nuclear density (green) fits well with the deuterium atoms

of the ice IX structure; (b) difference (DELF) map with low occupancy

atoms D3, D4 D8 marked, indicates that there are no obvious missing

atoms.
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cies of D8 and its companion D6 fixed by values obtained in La Placa et al.

(1973).

When the occupancies of D6 and D8 were allowed to change, the re-

finement fit improved slightly as the D6 value approached unity. After each

refinement for FRAC the structure was relaxed. This was repeated until the

fit had converged and D6 had an occupancy of 0.998. This was interpreted

as evidence that the refinement improved as the structure shifted towards

the ordered phase. When coupled with the illustrations of the Fourier maps

this was convincing evidence that the ordered structure provided the better

refinements of the ice III(IX) sample.

4.2.6 Thermal expansion of D2O ice III(IX)

This experiment was the first to be performed in this series and on this oc-

casion no silicon standard was added to the sample. Calibration was per-

formed using the measurements for back-transformed ice Ih as a reference

against the standard values obtained by Fortes (2018). The unit cell param-

eters were obtained using the Le Bail F(calc) refinement method.

The plot of volume against temperature, Figure 4.8(a), shows a smooth

curve which is superficially similar in shape to that of ice II. The points ob-

tained during the cooing and warming suggest the measurements are repro-

ducible with no hysteresis.

The expansion along the a-axis, Figure 4.8(e), however, exhibits a re-

semblance to that of ice Ih where negative expansion occurs. This effect is

more clearly demonstrated in the insert, plot (f) which shows negative ex-

pansion taking place within a region of about 20-50 K.

This is not apparent for the c-axis shown in Figure 4.8(b). This “anoma-

lous” negative expansion hence takes place in the a-b plane below 60 K but

not along the c-axis. The minimum in the plot of a-axis against temperature

occurs at 43 K. Fortes (2018) observed that in ice Ih, the a-axis dipped to

a minimum against temperature close to 60 K. This suggests that a similar

mechanism could be responsible for this effect in both ices.
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Figure 4.8: (a) D2O ice III(IX) volume against temperature; (b) c-axis unit cell pa-

rameters; (c) c/a axial ratio; (d) molecular volume against temperature;

(e) a-axis unit cell parameters; (f) insert chart highlighting a-axis nega-

tive expansion.
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The c/a ratio, Figure 4.8(c) displays a very slight temperature depen-

dence, which could be expected given the observed different axial expan-

sions. The estimated errors in the values are of the order of the width of each

solid circle. The c/a ratio of about 1.01 is in a similar range to that of 1.044 at

240 K and 0.25 GPa observed by Lobban et al. (2000). Those authors also

noted that this ratio changed with pressure and temperature, which indicated

that ice III displayed both anisotropic compressibility and expansivity.

4.2.7 Structure refinement for H2O ice III(IX)

The structure of H2O ice III(IX) at 10 K and atmospheric pressure was refined

in GSAS using the Rietveld method. The initial model was based on the

corresponding ordered ice IX structure used in the D2O sample. The fitted

diffraction pattern is presented in Figure 4.9 and gave a χ2 of 2.707 and wRp

of 0.0112 for 34 variables. The arch to the pattern highlights the greater

Figure 4.9: Rietveld refined diffraction pattern of the well-counted H2O ice III(IX)

sample at 10 K and atmospheric pressure. The red curve is the result

of Rietveld refinement and the tick marks give the expected position for

each Bragg peak; light blue for ice III(IX), purple for Si and black for Al.
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background caused by the incoherent scattering from the hydrogen atoms.

The Rietveld refined fractional coordinates are given in Table 4.10. The

fractional coordinates for the H2O structure have moved slightly from those

of D2O structure, as the oxygen atoms have accommodated to the slightly

changed atomic bond lengths. The lattice parameters (refined using the

LeBail F(calc) method) for H2O ice III(IX) were slightly larger than those for

D2O, as was the unit cell volume. A selection of bond lengths obtained from

the ordered refinement is presented in Table 4.11.

Atom label Site Fractional coordinates (x,y,z) Occ Uiso (Å2 )

O1 8b 0.1050(6) 0.3012(5) 0.2856(4) 1 0.0034(6)

O2 4a 0.3897(7) 0.3897(7) 0 1 0.0034(6)

H5 8b -0.0106(11) 0.3277(10) 0.2146(8) 1 0.019(1)

H6 8b 0.1132(10) 0.1616(10) 0.2985(8) 1 0.019(1)

H7 8b 0.2986(9) 0.3557(10) 0.1002(9) 1 0.019(1)

a-axis (Å) c-axis (Å) Volume (Å3)

6.72856(5) 6.76277(10) 306.175(5)

Table 4.10: Refined crystallographic structure determined by GSAS for H2O ice

III(IX) at 10 K and atmospheric pressure; (upper) Rietveld refined frac-

tional coordinates, (lower) unit cell parameters.

Bond Length (Å) Bond Length (Å)

O1-H5 0.931(9) H5· · ·O1 1.810(9)

O1-H6 0.945(8) H7· · ·O1 1.846(7)

O2-H7 0.941(9) H6· · ·O2 1.857(7)

Table 4.11: Selected bond lengths for the ordered structural refinement of H2O ice

III(IX) at 10 K and atmospheric pressure.

4.2.8 Thermal expansion of H2O ice III(IX)

The experimental results for the volume against temperature for H2O ice

III(IX) are presented in Figure 4.10(a). The plot shows a smooth curve which

is comparable with that of its D2O counterpart. The points obtained during

the cooling phase are similar to those obtained during warming, though they

are noisier and the error bars lie within or on the border of the solid circles;

this again suggests the measurements are reproducible.
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Figure 4.10: H2O ice III(IX) expansion, errors are the size of the solid circles; (a)

volume against temperature; (b) c-axis against temperature; (c) c/a

axial ratio; (d) molecular volume against temperature, the dashed

brown line marks the phase transition to ice Ih; (e) a-axis length

against temperature; (f) insert to highlight negative expansion.
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As was the case with the D2O polymorph, there is evidence of anoma-

lous expansion in the a-b plane. The c/a axial ratio obtained in Figure 4.10(c)

was again comparable with that of D2O ice III(IX). The similarity of the ex-

panded region 4.10(f) with that of 4.8(f) is further evidence that the negative

expansion in the region of 40 K is likely to be an inherent characteristic of

this ice phase.

4.3 Diffraction experiments with Ice V

There were two series of experiments with ice V conducted over a year

apart. This was because midway through the first experiment on D2O ice

V an anomalous expansion became apparent in the volume data. As a re-

sult, the experimental procedure was altered and the warming cycle of the

sample was halted. On cooling back to 10 K a form of hysteresis was subse-

quently observed because the return path was slightly different (see Figure

4.12). Subsequently some measurements planned for this first experiment

were omitted. The follow-up experiment was later performed to ascertain

the reproducibility of the observations.

4.3.1 D2O Ice V series 1 structure refinement

Ice V has monoclinic symmetry with space group C2/c. There are 28 water

molecules in the unit cell, some of which are totally disordered and some

have partial order. In this structure there are four distinct oxygen atoms and

fourteen distinct deuterium atoms present.

The refined crystallographic structure determined by GSAS for D2O

ice V series 1, was made at a temperature of 10 K and obtained from a

well-counted measurement using the 30-130 ms window with the HRPD

backscattering bank. For this refinement the occupancy values were fixed

at α = 0.37, β = 0.13, γ = 0.56 and δ = 0.94, (see Section 1.3.4), which were

obtained by Lobban et al. (2000) from an experiment performed at a pres-

sure of 0.5 GPa and a temperature of 100 K. The Rietveld refined diffraction

pattern is presented in Figure 4.11(a), for which during this refinement the
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Uiso of the deuterium atoms were set equal. Later refinements allowing

the movement of occupancy values were carried out on D2O ice V series 2

datasets, (see Section 4.3.3).

The GSAS statistics for the refinement of D2O ice V series 1 were a χ2

of 5.445 and wRp of 0.0278 for 86 variables. The Rietveld refined fractional

coordinates are presented in Table 4.12 (upper). The refined lattice parame-

ters for all temperatures were obtained using the LeBail F(calc) method with

measurements taken from the 100-200 ms window.

Atom label Site Fractional coordinates (x,y,z) Occ Uiso (Å2 )

O1 4e 1/4 -0.1869(4) 0 1 0.0029(2)

O2 8f 0.4626(3) 0.0569(3) 0.1558(3) 1 0.0029(2)

O3 8f 0.2753(3) -0.3462(3) 0.2482(2) 1 0.0029(2)

O4 8f 0.3982(3) 0.3586(3) -0.0145(2) 1 0.0029(2)

D5 8f 0.3385(4) -0.1041(5) 0.0477(3) 0.63 0.0164(3)

D6 8f 0.2493(7) -0.2501(8) 0.0789(6) 0.37 0.0164(3)

D7 8f 0.4034(7) -0.0332(8) 0.0960(6) 0.37 0.0164(3)

D8 8f 0.405(2) 0.081(2) 0.210(2) 0.13 0.0164(3)

D9 8f 0.4688(4) 0.1625(4) 0.1041(4) 0.56 0.0164(3)

D10 8f 0.5666(3) 0.0035(3) 0.1981(2) 0.94 0.0164(3)

D11 8f 0.2541(4) -0.2979(4) 0.1535(4) 0.63 0.0164(3)

D12 8f 0.352(4) -0.429(5) 0.272(4) 0.06 0.0164(3)

D13 8f 0.3175(7) -0.2633(7) 0.3198(6) 0.44 0.0164(3)

D14 8f 0.1808(3) -0.3869(3) 0.2615(3) 0.87 0.0164(3)

D15 8f 0.4386(6) 0.2639(7) 0.0479(5) 0.44 0.0164(3)

D16 8f 0.3020(5) 0.3886(6) -0.0044(5) 0.50 0.0164(3)

D17 8f 0.3649(5) 0.3053(5) -0.1019(5) 0.56 0.0164(3)

D18 8f 0.4691(5) 0.4550(5) -0.0053(5) 0.50 0.0164(3)

a-axis (Å) b-axis (Å) c-axis (Å) β-angle (°) Volume (Å3)

9.15469(5) 7.50070(5) 10.28960(5) 109.510(1) 665.983(4)

Table 4.12: Refined crystallographic structure determined by GSAS for D2O ice V

(space group C2/c) series 1 structure at 10 K and atmospheric pres-

sure; (upper) Rietveld refined fractional coordinates; (lower) unit cell

parameters. The occupancy values were fixed and taken from Lobban

et al. (2000).

The positions of the atoms obtained by crystallography represent the

time averaged positions for all the potential orientations of the structure (six

orientations are possible for each water molecule). The position of the water

molecule for any individual orientation might differ and these local displace-

ments will create artificial bond lengths and angles when seen as a time
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Figure 4.11: (a) D2O ice V series 1 Rietveld refined diffraction pattern using fixed

occupancy values (Lobban et al., 2000); (b) D2O ice V series 2 Ri-

etveld refined pattern, the occupancy was varied. The red curve is

the result of the refinement and the difference profile is shown in blue.

The tick marks give the expected position for each Bragg peak, purple

for ice V, light blue for Si and black for Al.
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average (Kuhs and Lehmann, 1986a). Given that ice V is not ordered and

has one of the most complex structures of all of the ice phases, there are

many bond lengths possible between individual molecules. A selection of

bond lengths is given in Table 4.13. The numbering of the atoms corre-

sponds with those used in Figure 1.16. The overall refined structure is in

good agreement with that of Lobban et al. (2000).

Bond Length (Å) Bond Length (Å)

O1-D5 1.010(4) D7· · ·O1 1.827(6)

O1-D6 0.940(6) D11· · ·O1 1.779(4)

O2-D7 0.954(6) D5· · ·O2 1.770(4)

O2-D8 0.92(2) D12· · ·O2 1.87(4)

02-D9 0.962(3) D14· · ·O2 1.836(4)

O2-D10 0.992(3) D15· · ·O2 1.879(6)

O3-D11 0.993(4) D6· · ·O3 1.829(6)

O3-D12 0.91(4) D8· · ·O3 1.90(2)

O3-D13 0.944(5) D10· · ·O3 1.80(3)

O3-D14 0.967(3) D17· · ·O3 1.872(5)

O4-D15 0.948(5) D9· · ·O4 1.88(4)

O4-D16 0.953(4) D13· · ·O4 1.86(6)

O4-D17 0.937(4) D16· · ·O4 1.915(5)

O4-D18 0.957(4) D18· · ·O4 1.811(5)

Table 4.13: Selected bond lengths for the structural refinement of D2O ice V series

1 at 10 K and atmospheric pressure.

4.3.2 Thermal expansion of D2O ice V series 1

The experimental results for the volume against temperature for D2O ice V

series 1 is presented in Figure 4.12(a). All the errors of measurement are

within the area of the markers unless shown. The unit cell volume observed

at 100 K and atmospheric pressure was 669.063(6) Å3, this compares to a

value of 667.45(5) Å3 measured by Lobban et al. (2000) at 254 K and 0.4

GPa.

The expansion of the unit cell volume, Figure 4.12(a) and that of the

c-axis (b) show consistent values throughout the warming and cooling cy-

cles, as would be expected based on the evidence of ices II and III(IX). The

behaviour of the a-axis and b-axis for ice V series 1 are shown in Figure

4.12(c, d). These show inconsistent values during the warming and cool-

ing process, which could signify some form of structural change that visually
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produces the shape of a hysteresis curve with temperature change. Close to

a temperature of 120 K both the a-axis and b-axis display a point of inflection

in their expansion curves. It was this observation that prompted a change to

the original experimental procedure and a second cooling run was initiated,

whereupon both axes were found to trace a different return path down to the

base temperature of 10 K.

At this base temperature, a large difference in the magnitude of some

lattice parameters was seen, with the a-axis expanding by about 0.16% and

the b-axis contracting by a similar amount. Taking measurements from Fig-

ure 4.12(c), the maximum change in the a-axis up to 130 K was of the order

of 0.3%, hence the observed change arising from the hysteresis represents

a significant alteration. These measurements suggest that at atmospheric

pressure, some structural change in ice V could be taking place to create

the observed hysteresis in expansion.

The hysteresis is further demonstrated by the shapes of the axial ratio

curves, which are presented in Figure 4.12(f, g, h). Both the axial ratios ex-

hibit a turnover point close to 120 K. At temperatures below 100 K the c/a and

c/b axis ratios both bear a slight non-linear temperature relationship. There

was also a small but noticeable change to the angle β between cooling, see

Figure 4.12(e), however, this effect is far less pronounced.

The non-linearity in the axial ratios was further explored by expanding

the scale of the c-axis and this is presented in Figure 4.13. Visually this ap-

peared to show a dip in the region of 20-40 K. The expanded scale for both

the warming and cooling cycles indeed illustrate that a small amount of nega-

tive thermal expansion could be taking place over the region of 10-45 K. The

warming and second cooling curves were fitted with a third-order polyno-

mial to illustrate this possibility. The b/a axial ratio, Figure 4.12(g) however,

appeared to have a more linear response in this temperature region, which

suggests that thermal expansion is more uniform across this plane.
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Figure 4.12: D2O ice V series 1; (a) volume against temperature; (b, c, d) lattice

parameters against temperature; (e) changes to the βangle; (f, g, h)

comparison of axial ratios. All errors lie within the circles, the legends

for (f) and (h) were omitted for clarity but are the same.
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Figure 4.13: D2O ice V series 1 experiment: expanded view of the c-axis during

warming and cooling cycles. The polynomial fittings (solid lines) are

to emphasise the negative thermal expansion taking place at low tem-

peratures.

4.3.3 D2O ice V series 2 experiment

The second experiment with D2O ice V (series 2) was performed to demon-

strate that the hysteresis effects seen in the series 1 measurements were

reproducible. With this in mind, a larger sample size, (10 mm slab can) was

used and no silicon was added to the sample. The aim was to collect a bet-

ter quality signal but without greatly increasing the counting time. The lattice

parameters were hence not calibrated. The structural refinements obtained

using well-counted measurements, however, were improved. The Rietveld

refined diffraction pattern from data in the 30-130 ms window is presented

above in Figure 4.11(b). Values obtained for χ2 were 5.192 with a wRp of

0.0258 for 101 variables. The lattice parameters were obtained using data

from the 100-200 ms window and refined in GSAS using the LeBail F(calc)

method. The results for D2O ice V series 2, volume against temperature are
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Figure 4.14: D2O ice V series 2; (a) volume against temperature; (b, c, d) lattice

parameters against temperature; (e) changes to the βangle; (f, g, h)

comparison of axial ratios. All errors lie within the circles, the legends

for (f) and (h) were omitted for clarity but are the same.
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presented in Figure 4.14(a). Since the main focus of interest was repeating

the hysteresis effect, not all the temperature points taken in series 1 were

measured.

The data in the figures between the two experiments are well correlated

and hence demonstrate that the effect can be reproduced. The observed

axial ratios were very similar and also the shapes of the curves. In series

2 there is a slightly greater divergence between the warming and cooling

measurements along the c-axis Figure 4.14(b).

The axial ratio charts for a-axis and b-axis Figure 4.14(f, g, h) follow a

gentle slope at temperatures below 100 K, however their gradients feature

alterations at temperatures of about 115 K and 130 K, which implies that

some effect or effects are taking place over this temperature range. These

are similar to changes that were observed in series 1 measurements. As

these (series 2) measurements were assumed to be of higher quality, the

deuterium site occupancies were refined at certain well-counted data-points

at temperatures before and after the hysteresis effects, these are discussed

in Section 6.3.1.

4.3.4 H2O Ice V structure refinement

For the H2O ice V series 2, all the refinements used the Rietveld method

with measurements taken from the 30-130 ms window. For the structural

refinement, the occupancy values of the hydrogen atoms were again fixed

(for comparison with the D2O data), subject to the α, β, γ and δ parameter

restrictions of Lobban et al. (2000). The refined diffraction pattern for a well-

counted measurement at 10 K is presented in Figure 4.15.

The extra background noise contributed by the incoherent hydrogen sig-

nal is apparent by the arching of the pattern and the reduction in the heights

of individual peaks. Rietveld refinement produced a χ2 of 2.338 and a wRp

of 0.089 for 68 variables. Some refinement models which altered the frac-

tional coordinates, however, did reveal someO-H bond lengths that were too

short and a restriction of a maximum change of 0.05 Å was placed on some
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bond lengths to obtain GSAS convergence. The fractional coordinates for

H2O ice V series 2 are presented in Table 4.14(upper). A selection of bond

lengths for H2O iceV (S2) is given in Table 4.15.

Movements in the fractional occupancy parameters can be expected be-

tween different experimental conditions and Lobban et al. (2000) observed

a variety of values for D2O ice V between quenched samples at atmospheric

pressure and others measured under pressure. For example α varied be-

tween 48% and 42% while δ changed between 72% and 82%. The occu-

pancy values used to fit the refinement were not critical for the measure-

ments of volume and consequently did not mask any anticipated readings

for the volume isotope effect, see section 4.6.3. For the refinements of the

lattice parameters the occupancy values were set free to move and the re-

strictions on bond lengths was removed. Lattice parameters for H2O ice V

series 2 are presented in Table 4.14(lower).

Figure 4.15: H2O ice V series 2 Rietveld refined diffraction pattern, the occupancy

was allowed to vary. The red curve is the result of the refinement

and the difference profile is shown in blue. The tick marks give the

expected position for each Bragg peak, purple for ice V, light blue for

Si and black for Al.
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Atom label Site Fractional coordinates (x,y,z) Occ Uiso (Å2)

O1 4e 1/4 -0.1910(7) 0 1.0 0.0044(7)

O2 8f 0.4660(6) 0.0551(5) 0.1551(6) 1.0 0.0044(7)

O3 8f 0.2725(6) -0.3445(6) 0.2483(5) 1.0 0.0044(7)

O4 8f 0.3980(5) 0.3574(6) -0.0138(5) 1.0 0.0044(7)

H5 8f 0.336(2) -0.104(2) 0.048(2) 0.63 0.027(2)

H6 8f 0.248(4) -0.257(3) 0.077(3) 0.37 0.027(2)

H7 8f 0.392(3) -0.021(3) 0.094(3) 0.37 0.027(2)

H8 8f 0.408(3) 0.103(9) 0.203(6) 0.13 0.027(2)

H9 8f 0.465(3) 0.168(2) 0.111(2) 0.56 0.027(2)

H10 8f 0.570(2) 0.003(1) 0.202(1) 0.94 0.027(2)

H11 8f 0.259(3) -0.294(2) 0.156(1) 0.63 0.027(2)

H12 8f 0.341(4) -0.438(4) 0.27(2) 0.06 0.027(2)

H13 8f 0.306(3) -0.258(3) 0.318(2) 0.44 0.027(2)

H14 8f 0.179(2) -0.390(2) 0.263(2) 0.87 0.027(2)

H15 8f 0.441(3) 0.271(2) 0.056(2) 0.44 0.027(2)

H16 8f 0.307(2) 0.394(3) 0.004(3) 0.50 0.027(2)

H17 8f 0.370(3) 0.301(2) -0.100(3) 0.56 0.027(2)

H18 8f 0.468(2) 0.457(2) -0.005(3) 0.50 0.027(2)

a-axis (Å) b-axis (Å) c-axis Å β-angle (°) Volume (Å3)

9.1734(2) 7.4974(1) 10.2948(2) 109.428(2) 667.72(2)

Table 4.14: Refined crystallographic structure determined by GSAS for H2O ice V

(space group C2/c) series 2 at 10 K ; (upper) fractional coordinates

with the occupancy values fixed (Lobban et al., 2000); (lower) unit cell

parameters with occupancy allowed to vary.

Bond Length (Å) Bond Length (Å)

O1-H5 1.021(5) H7· · ·O1 1.846(5)

O1-H6 0.036(5) H11· · ·O1 1.761(4)

O2-H7 0.951(6) H5· · ·O2 1.78(6)

O2-H8 0.910(8) H12· · ·O2 1.89(1)

O2-H9 0.958(7) H14· · ·O2 1.846(6)

O2-H10 0.998(6) H15· · ·O2 1.885(7)

O3-H11 0.990(6) H6· · ·O3 1.828(6)

O3-H12 0.92(2) H8· · ·O3 1.926(8)

O3-H13 0.943(7) H10· · ·O3 1.806(6)

O3-H14 0.976(7) H17· · ·O3 1.872(7)

O4-H15 0.951(7) H9· · ·O4 1.876(7)

O4-H16 0.952(7) H13· · ·O4 1.865(7)

O4-H17 0.938(7) H16· · ·O4 1.935(7)

O4-H18 0.968(7) H18· · ·O4 1.825(6)

Table 4.15: Selected bond lengths for the structural refinement of H2O ice V series

2 at 10 K and atmospheric pressure, the occupancy was fixed (Lobban

et al., 2000) and a restriction was also placed on the allowed changes

to some bond lengths during refinement.
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4.3.5 Thermal expansion of H2O ice V

The experimental results for H2O ice V(S2) volume against temperature is

presented in Figure 4.16(a), the legend on charts (f, h) are omitted as the

text would overlap the data points but the symbols used are compatible with

chart (g).

The volume and axial expansions are very similar to those observed in

either of the D2O ice V series and consequently the observed hysteresis ef-

fect is not restricted to that isotopologue. The values obtained for the volume

and lattice parameters are in good agreement with Kamb et al. (1967).

As was the case with the deuterated isotopologue, the hysteresis effects

were limited to the a-axis and b-axis with little change observed along the

c-axis. The temperature range over which the axes showed undulations was

the same. If the observed hysteresis was caused by a change in ordering

then this mechanism applies to both forms.

4.4 Diffraction experiments with ice VI

Ice VI has a tetragonal crystal structure and space group P42/nmc which

consists of two independent hydrogen-bonded networks. The unit cell is

hydrogen disordered and contains 10 water molecules. At low temperatures

the disorder is lessened during a transition to triclinic (P1̄) ice XV (Salzmann

et al., 2009), which creates the possibility for some ordering to take place

during either the manufacturing process or throughout the experiment.

4.4.1 D2O ice VI structure refinement

In this present work the structure of D2O ice VI was obtained from mea-

surements taken on a well-counted sample at a temperature of 10 K and

atmospheric pressure, using data from the 30-130 ms window of the HRPD

backscattering detectors. The Rietveld refined diffraction pattern is pre-

sented in Figure 4.17(a).

The Rietveld refinement of the fractional coordinates produced a χ2 of

5.85 and a wRp of 0.0407 for 36 variables. The unit cell parameters were
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Figure 4.16: (a) H2O ice V series 2 volume against temperature; (b, c, d) lattice

parameters against temperature; (e) changes to the βangle; (f, g, h)

comparison of axial ratios. All errors lie within the circles, the legend

for (f) and (h) was omitted for clarity.
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Figure 4.17: Rietveld refined diffraction patterns; (a) for D2O ice VI, with a magni-

fied insert showing early d-spacings; (b) for H2O ice VI. Both patterns

obtained at 10 K and atmospheric pressure, the red curve is the re-

sult of refinement and the difference profile is shown in blue. The tick

marks give the expected position for each Bragg peak, purple for ice

VI, light blue for Si and black for Al.
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obtained using LeBail F(calc) refinement on data obtained from the 100-200

ms window. The refined fractional coordinates and unit cell parameters for

D2O ice VI are presented in Table 4.16.

Atom label Site Fractional coordinates (x,y,z) Occ Uiso (Å2)

O1 2a 3/4 1/4 3/4 1.0 0.0037(2)

O2 8g 3/4 0.5286(2) 0.1288(2) 1.0 0.0037(2)

D3 8g 3/4 0.4614(3) -0.0167(4) 0.5 0.0132(2)

D4 8g 3/4 0.3666(3) -0.1457(3) 0.5 0.0132(2)

D5 8g 3/4 0.6818(2) 0.1254(3) 0.5 0.0132(2)

D6 16h 0.1327(2) 0.5340(2) 0.7894(2) 0.5 0.0132(2)

a-axis (Å) c-axis (Å) Volume (Å3)

6.23572(2) 5.76619(4) 224.214(2)

Table 4.16: Refined cyrstallographic structure determined by GSAS for D2O ice

VI (space group P42/nmc) at 10 K and atmospheric pressure; (upper)

Rietveld refined fractional coordinates, (lower) unit cell parameters.

The parameters were refined on the basis that the occupancy values

were random and fixed at 0.5 as required by the space group symmetry (Kuo

and Kuhs, 2006). A selection of bond lengths for D2O ice VI is presented in

Table 4.17. This structure is in good agreement with both Kamb (1965) and

Kuo and Kuhs (2006).

Bond Length (Å) Bond Length (Å)

O1-D4 0.943(2) D3· · ·O1 1.883(2)

O2-D3 0.938(2) D4· · ·O2 1.878(2)

O2-D5 0.955(2) D5· · ·O2 1.806(2)

O2-D6 0.954(1) D6· · ·O2 1.919(2)

Table 4.17: Selected bond lengths for the Rietveld refined structure of D2O ice VI

at 10 K and atmospheric pressure.

4.4.2 Thermal Expansion of D2O ice VI

The experimental results for the volume against temperature of D2O ice VI

are presented in Figure 4.18(a). This displays a smooth curve with both the

cooling and warming values in good agreement. The errors of measurement

are within the solid circles. The plots of the a-axis and c-axis Figure 4.18(b,

c) also present smooth curves at temperatures below 100 K. Over this tem-
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perature range the c/a ratio was fairly constant with a value of 0.924, in good

agreement with a value of value of 0.9226 obtained by Kuhs et al. (1984a).

Figure 4.18: D2O ice VI expansion: (a) unit cell volume against temperature; (b, c)

lattice parameters against temperature; (d) temperature variation of

the c/a axial ratio; (e) relative lattice parameter expansions; (f) molec-

ular volume against temperature. All errors are within the solid circles

unless marked.

For a brief temperature range above 100 K, changes in the behaviour

of the axial expansions are visible and a sharp increase in the c/a ratio is

observed Figure 4.18(d). The c/a ratio then begins to fall back prior to the

back-transformation of the sample to ice Ih. A constant c/a ratio charac-
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terises isotropic expansion, which appears to be the situation for ice VI at

temperatures below 100 K but not immediately thereafter. The changes in

the a-axis and c-axis parameters, however, have opposite effects and ap-

pear to balance each other, see Figure 4.18(e), and consequently a smooth

trend for the volume expansion is maintained.

By comparison with the axial effects observed in ice V (ie. hysteresis),

similar effects can be envisioned taking place in ice VI had further cooling

measurements been initiated. To indicate the direction of a second cooling

return path, linear extrapolations were marked on the axial charts. These

were generated using data points taken over a short temperature range of

130-145 K, but were known to be at similar temperatures to those observed

in ice V where axial changes took place. This is evidence that a similar

mechanism could be at play in ice VI at these temperatures.

The molecular volume Figure 4.18(f) was calculated using 10 water

molecules in the unit cell. The data points representing ice Ih following the

phase transition, were in good agreement with the values expected from

Fortes (2018). This is indicative that the prior measurements obtained were

not flawed.

4.4.3 H2O Ice VI Structure

The Rietveld refined diffraction pattern for a well-counted sample of H2O ice

VI is presented in Figure 4.17(b). The refinement converged with a χ2 of

2.772, a wRp of 0.0097 for 34 variables and used data taken from the 30-

130 ms window. The fractional coordinates obtained are presented in Table

4.18. Lattice parameters were obtained using the 100-200 ms window and

LeBail F(calc) refinements.

A selection of bond lengths for H2O ice VI is presented in Table 4.19.

The structure obtained is in good agreement with that of Kuo and Kuhs

(2006).
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Atom label Site Fractional coordinates (x,y,z) Occ Uiso (Å2)

O1 2a 3/4 1/4 3/4 1.0 0.0144(6)

O2 8g 3/4 0.5274(3) 0.1301(3) 1.0 0.0144(6)

H3 8g 3/4 0.462(1) -0.022(1) 0.5 0.0300(1)

H4 8g 3/4 0.360(1) -0.155(1) 0.5 0.0300(1)

H5 8g 3/4 0.6781(9) 0.130(2) 0.5 0.0300(1)

H6 16h 0.1409(8) 0.5335(8) 0.7978(8) 0.5 0.0300(1)

a-axis (Å) c-axis (Å) Volume (Å3)

6.24208(4) 5.77586(7) 225.048(3)

Table 4.18: Refined crystallographic structure determined by GSAS for H2O ice

VI (space group P42/nmc at 10 K and atmospheric pressure; (upper)

Rietveld refined fractional coordinates; (lower) unit cell parameters.

Bond Length (Å) Bond Length (Å)

O1-H4 0.878(7) H3· · ·O1 1.867(7)

O2-H3 0.967(8) H4· · ·O2 1.952(8)

O2-H5 0.940(7) H5· · ·O2 1.838(5)

O2-H6 0.885(6) H6· · ·O2 1.967(5)

Table 4.19: Selected bond lengths for the Rietveld structural refinement of H2O ice

VI at 10 K and atmospheric pressure.

4.4.4 Thermal Expansion of H2O Ice VI

The experimental results for the volume against temperature of H2O ice VI

are presented in Figure 4.19(a). The behavior of the smooth expansion

curve, during the initial cooling and warming measurements is very similar

to that displayed by the D2O sample.

A visual inspection of H2O ice VI indicates clear changes in the ex-

pansion rates between the a-axis and c-axis at temperatures above 100 K,

Figure 4.19(b,c, e). The value of the c/a ratio was reasonably constant at

∼0.925 below temperatures of 100 K, Figure 4.19(d) and then rose to a peak

at 130 K. This behaviour is very similar to that of the D2O measurement and

suggests that both forms behave in the same way. Linear extrapolations

were not performed on the axes for H2O ice VI as there were fewer measure-

ments taken in the relevant temperature range, however, a similar hysteresis

could be imagined taking place. This would imply a similar mechanism could

be responsible for the effects in both ice VI and ice V.
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Figure 4.19: (a) H2O ice VI unit cell volume against temperature; (b, c) lattice pa-

rameters against temperature; (d) temperature variation of the c/a ax-

ial ratio; (e) relative lattice parameter expansions against tempera-

ture; (f) molecular volume against temperature. All errors are within

the solid circles unless marked.

It has been demonstrated that the hysteresis observed in ice V is repeat-

able and consequently is likely due to some mechanism that is temperature

related. There is also good evidence that a similar mechanism could be at

play in ice VI, though no hysteresis was proven as there was insufficient

time to investigate this during these experiments. A subsequent application

for more beamtime was unsuccessful. In examining the possible mecha-
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nisms for the behaviour shown by the unit cell parameters in the temperature

range of 115-135 K, two are the most likely. The behaviour could either be

a product of the manufacturing process, or an effect of hydrogen-ordering

that takes place which is sensitive to the cooling rate of the sample, or a

combination of the two.

Work by Fortes (2018) on ice Ih describes an anomaly in the linear ex-

pansion along the c-axis which takes place at a temperature of between 100

and 115 K and suggests that a ‘kink’ in the c/a ratio was present at 115 K.

He argued that the most likely explanation; was a ‘freezing-in of the molec-

ular reorientation process’, that took place during the cooling of the sample

and then a subsequent relaxation on warming. This occurrence had earlier

been noticed by Buckingham (2017) who observed that the position of the

‘kink’ depended on the cooling rate used to prepare the samples. Fortes

(2018) concluded that the initial cooling rate during sample preparation, will

affect the configurational disorder within the sample through the orientation

of various defects within the crystal structure, in particular Bjerrum or L-type

defects. Bjerrum defects occur when two hydrogen atoms occupy the space

between two oxygen atoms (instead of only one) and L-type defects occur

when no hydrogen atoms are present between two adjacent oxygen atoms.

Movements of these defects are temperature dependent (Sasaki et al., 2016)

and they could create some reorientation in the structure during thermal ex-

pansion as the sample relaxes.

The possibility of some orientation being present as a result of the man-

ufacturing process is discussed next and the possibility for ordering as a

result of the onset of a phase transition taking place is discussed in section

6.3.1

4.5 Investigating manufacturing effects on the samples

The idea behind the sample recovery process is indeed to ’freeze-in’ a crystal

structure that is not stable at ambient pressure. The samples were manu-

factured by applying pressure to a volume of material that was subsequently
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“quenched”. It is possible that defects in the crystal structure or particu-

lar orientations could remain ‘stuck’ in the samples owing to this quenching

process. Consequently, there is a possibility that during the experiment the

warming and cooling allowed these to alter and produce the observed axial

and hysteresis effects.

Furthermore, since measurements on the ice samples were taken at

atmospheric pressure, which is outside their stability fields, any results ob-

tained from about 140 K and above could also become subject to the onset

of a transformation back to ice Ih. In most cases, the diffraction patterns of

high-pressure ices were not refined at temperatures above 150 K because of

their poor quality due to the onset of a phase transition. Above about 200 K

when this transition was nearing completion, the refinements could be made

for ice Ih. The unusual behaviours in ices V and VI, however, began to ap-

pear prior to this effect and hence back-transformation is unlikely to be the

cause.

More likely is the relaxation of the crystal structure during the warming

process, which if present, could give rise to changes in the micro-texture of

the sample. This could be inferred by the broadening of the Bragg peaks

within a diffraction pattern as the temperature changed. For a time of flight

experiment, the resolution R(d) is a measure of the spread in the Bragg

reflection for a given d-spacing. At HRPD∆d/d is constant along the pattern

and can be associated with the peak width.

In terms of the geometry of the diffractometer, the peak width can be de-

scribed through the earlier equation (3.3); where∆T is the uncertainty in the

time of flight. At HRPD in the backscattering mode, the uncertainties were all

minimised during each experiment and are effectively fixed (Ibberson et al.,

1992). This allows an approximation to be made, whereby ∆d/d = ∆T/T

and the width ∆T in the peak can hence be ascribed to a combination of

the geometry of the instrument (assumed fixed) and the micro-texture of the

sample.
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To investigate for signs that micro-texturing in the samples was tak-

ing place during the warming process measurements were taken of the

peak widths at half-maximum intensity (FWHM) of the diffraction patterns.

A method similar to one used by Fortes (2018) was employed and FWHM

values for selected peaks were plotted over the temperature range for each

experiment.

The FWHM peak width values were obtained directly through the mea-

surement of individual peaks using the cursor on the ‘liveplot’ facility of

GSAS. The sample peaks chosen are marked along with the measured

FWHM values in Figure 4.20. The error bars in the charts (a-g) were based

on an estimated screen measurement error of 5% in the peak width, which

after several measurements of the same peak seemed a reasonable accu-

racy to achieve.

Examination of the measured FWHM values for the peaks in the charts

(a-f), suggests that in general, there are no large variations in the widths

of the peaks resulting from the changes in temperature. All the charts tend

to show that the FWHM measurements are generally flat at temperatures

up to 100 K but increase when approaching temperatures that will cause

a back-transformation to ice Ih. The charts for ice VI (e, f) do not change

significantly in the region of temperature between 100-130 K. The end points

to the charts (a-f) are marked in purple and examination of the diffraction

patterns at those temperatures indeed did show a deterioration owing to the

likely onset of a back-transformation. This is to be expected, as stacking

faults in the structure were likely to have increased, thus broadening the

Bragg peaks.

The charts for ice V series 2 Figure 4.20(g, h) are a little more scat-

tered. There appears to be a marginal difference between the peak widths

of the warming and cooling series. Inspection of chart g for the H2O sample

gives a set of 4 data points at 80 K and the overlap at this point is within

the error ±5%. The rapid changes in axial parameters that were apparent in
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Figure 4.20: FWHM measurements against temperature: (a-b) ice II; (c-d) ice

III(IX); (e-f) ice VI and (g-h) ice V(S2). The errors marked are fixed

at 5%.
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the temperature region of 115-135 K in ice V are not reflected by significant

alterations to the peak widths. Given that this sample had a greater incoher-

ent background some variation could be expected and hence the closeness

of the measurements indicates that there is no clear-cut evidence for ap-

preciable changes in micro-texture taking place during any of the observed

hysteresis effects.

A conclusion that can be drawn from this evaluation, is that none of the

different axial expansions seen in the ices II, III(IX), V and VI were caused by

particle size or strain. There were no appreciable axial movements observed

in ices II or III(IX), which was treated as an ordered phase, but there were

noticeable changes in cycling the temperature in the cell parameters of ices V

and VI, which are disordered. By discounting texturing during manufacture

as a mechanism for the hysteresis, partial hydrogen-ordering is the likely

cause for the hysteresis and axial changes observed in both ice V and VI.

4.6 Investigation of the Volume isotope effect

The high-quality data presented earlier makes it possible to obtain reliable

values for the magnitude of the volume isotope effect (VIE) as a function

of temperature. This effect arises because of the extra neutron contained

in the deuterium nucleus (see Section 1.5). In the case of ice Ih the VIE is

anomalous because the volume of the deuterated unit cell is greater than

the 1H protiated form. This behaviour is illustrated in Figure 4.21 which is

based on data from Fortes (2018).

The magnitude of the VIE in %, is calculated using [100 × (VD2O −

VH2O)/VH2O], (Fortes, 2018), and for ice Ih it takes a value of the order of

0.05% at temperatures below 120 K. A negative value for the VIE would,

therefore, indicate the ‘normal’ expansion of a compound containing the

lighter hydrogen isotope relative to the heavier one.
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Figure 4.21: Volume against temperature for D2O and H2O ice Ih taken from Fortes

(2018) using series 1 data; (insert) calculated magnitude of the effect

∆V /V%. The errors are within the size of the points.

4.6.1 Ice II VIE effects

The unit cell volumes for D2O and H2O ice II are presented in Figure 4.22(a),

where a clear difference between the volumes of the two isotopes against

temperature can be observed. In this instance, the volume of the 1H form

is the larger, which is the opposite of the situation observed ice Ih (Figure

4.21).

The magnitude of the VIE (ΔV/V) for ice II is presented Figure 4.22(b),

in this case the value is negative which is indicative of a ‘normal’ VIE. The

magnitude remains fairly constant at approximately -0.22% over low temper-

atures but also shows an increasing temperature dependence above 140 K.

This dependence could be due to the onset of back-transformation to ice Ih,

which would result in an anomalous effect with a magnitude of about 0.05%

(see Figure 4.21) and in this scenario the VIE would pass through zero.

The two unit cell parameters of ice II were also investigated for any ef-
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Figure 4.22: (a) Ice II D2O and H2O volume against temperature; (b) volume iso-

tope effect (VIE); (c) a-axis against temperature; (d) a-axis Δa/a; (e)

c-axis against temperature; (f) c-axis Δc/c. Errors are within the solid

circles unless marked.

fects resulting from the substitution of hydrogen by deuterium and the results

are presented in Figure 4.22(c-f). The a-axis ∆a/a appears fairly static until

temperatures of 140 K and describes a shape similar to that of the volume

VIE. The c-axis∆c/c appears to vary less with temperature until 160 K. This

is consistent with Ice II being an ordered phase with the orientation of the

molecules remaining unchanged as the temperature rises. The size of the
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effect, however, seems to be more noticeable along the a-axis, being about

5 times greater. Since the unit cell was described in the hexagonal setting,

this implies that the (a,b)-plane is most affected.

4.6.2 Ice III(IX) VIE effects

The volumes of the two isotopologues against temperature for ice III(IX) are

presented in Figure 4.23(a). It shows only a small difference and that their

volumes lie along very similar temperature curves. Experimentally, this is

a ‘normal’ VIE, albeit by a small margin. As the temperature approaches

120 K the two expansion curves become closer. Such a convergence could

imply a crossover temperature exists for this phase, though this is difficult

to establish from the present data as higher temperatures would lead to a

phase change at atmospheric pressure.

The magnitude of the VIE, shown in Figure 4.23(b) has a value close to

-0.04%, which is approximately five times less than that observed in ice II. A

small temperature dependence is, perhaps, exhibited, with a minimum value

for the VIE of -0.0508% observed at 60 K. However, although the unit cell

volumes show only a very small isotope effect, the VIE is more pronounced

in the unit cell axes. The ∆a/a value for the a-axis, Figure 4.23(d), is about

-0.08%. This value is only two thirds the magnitude of ∆c/c, Figure 4.23(f).

There appears to be no temperature dependence in∆a/a until 140 K, where

phase transformation effects are likely to begin. As the unit cell is tetragonal,

the negative thermal expansion and the temperature-invariant isotope effect

occur in the plane perpendicular to the c-axis.

The c-axis, shown in Figure 4.23(e) exhibits, however, an anomalous

isotope effect, with the deuterium isotopologue having the greater volume.

The ∆c/c chart, Figure 4.23(f) has consequently a positive value, of about

0.12%. The overall temperature dependency for ∆c/c is similar to that for

the VIE (volume dependence) which implies that this axis results in the tem-

perature behaviour of the VIE, particularly since the ∆a/a has essentially a

flat temperature response. The actual magnitude of ∆c/c is about 1.5 times
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Figure 4.23: (a) Ice III(IX) D2O and H2O volume against temperature; (b) volume

isotope effect (VIE), ΔV/V ; (c) a-axis against temperature; (d) a-axis

Δa/a; (e) c-axis against temperature; (f) c-axisΔc/c. Errors are within

the solid circles unless marked.

greater than that of∆a/a but with opposite sign, hence the small overall VIE

value can be attributed to the two axes having opposing effects.

It is interesting to note that the minimum point of the VIE chart (where

the magnitude is greatest) occurs at the temperature where the expansion

in the a-axis (a,b plane) is close to zero. At this temperature it would allow

the c-axis to have the greatest influence on the VIE.
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4.6.3 Ice V VIE effects

The silicon-calibrated data obtained for D2O ice V(S1) and H2O ice V(S2)

were used to obtain the magnitude of the VIE. The number of measured data

points was restricted, as a consequence of the experiments being effectively

tailored for the observation of any hysteresis effects. Clear differences be-

tween the two isotopologues, however, were apparent and consequently the

magnitude of the VISO tracked well against any observed hysteresis effects.

The results are presented in Figures 4.24 and 4.25.

The volume against temperature chart, Figure 4.24(a), demonstrates a

’normal’ VIE and the calculated magnitude Figure 4.24(b) is of the order of

-0.26%. This is similar in magnitude to that of ice II. There appears to be a

slight temperature dependence with the curve reaching a minimum at 80 K

(maximum VIE) and then a steady upward slope as the temperature reaches

130 K, which has the effect of slightly reducing the VIE. The observed dip

may have a connection with the region of negative expansion associated

with the c-axis (Figure 4.13). There is a distinct split in VIE values between

the warming and cooling series of measurements but these converge at 130

K. The crossovers which take place at at 80 K and 20 K might indicate some

limitations of the H2O measurements.

The a-axis measurements, Figure 4.24(c) indicate a ’normal’ VIE. The

∆a/a values, however, show a divergence takes place at temperatures

above 100 K. The warming series curve reaches a minimum at 120 K before

rapidly rising to connect with the cooling series measurements at a temper-

ature of 130 K. The temperatures of 100 K and 130 K are significant be-

cause at these values undulations take place in the c/a, b/a and c/b axial

ratio charts, Figure 4.12(f, g, h). The change in magnitude of ∆a/a between

the warming and cooling measurements over these temperatures is good

evidence that some change has taken place linked to the hysteresis effect.

The magnitude for ∆b/b is anomalous, Figure 4.25(b), and passes

through zero at ∼120 K to become ’normal’. Over this range of temperature,
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(80-140 K) the VIE shows a slight decline in magnitude. The∆b/b, however,

seems to be consistent between the warming and cooling measurements

over the whole temperature range.

The∆c/c has a largely flat temperature response but a slight separation

is observable between the warming and cooling series, see Figure 4.25(d).

The separation however converges at 130 K, which would coincide with the

axial turnover points seen in both the a-axis and b-axis. At this temperature

the value for ∆a/a has returned to its lower temperature reading.

The VIE measurements obtained for Ice V indicate a connection be-

tween the combined effects of hysteresis and changes to the axial expan-

sions as well as the anomalous magnitude observed for the b-axis. If the

measured value can be linked to changes in ordering, however, then the

overall effect is small and not sufficient to prevent the VIE from being ’nor-

mal’ over the measured temperature range.

4.6.4 Ice VI VIE effects

The measurements of volume against temperature for D2O and H2O ice VI

and its VIE are presented in Figure 4.26. The volume against temperature

plot, chart (a) confirms a ’normal’ isotope effect, with the protiated form hav-

ing the largest volume. The VIE for this ice phase, see Figure 4.26(b), has a

value of about -0.37% at low temperatures, and excluding the last two data

points, exhibits a slowly downwards slope reaching a value of -0.39% by 110

K. At temperatures greater than 100 K the gradient of the downward slope

increases and the VIE takes increasingly more negative values. Of the ices

investigated in this work, ice VI exhibits the largest magnitude for the VIE.

The a-axis and c-axis both display a ’normal’ isotope effect, see Figure

4.26(c, e), and at temperatures below 100 K both the ∆a/a and ∆c/c take a

slight temperature dependence along a downward slope, see Figure 4.26(d,

f). Until the temperature reaches 100 K both the a and c axes display a

relatively invariant isotope effect, however differences then occur, with the

a-axis showing a steep upward slope towards zero and the c-axis taking
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Figure 4.26: (a) Ice VI D2O and H2O volume against temperature; (b) volume iso-

tope effect (VIEΔV/V); (c) a-axis against temperature; (d) a-axisΔa/a;

(e) c-axis against temperature; (f) c-axis Δc/c. Errors are within the

solid circles unless marked.

a downwards slope to more negative values. At temperatures around 120

K both the a-axis and c-axis develop ‘kinks’ in their expansion charts with

opposite effects between the isotopologues.

This divergence happens close to those temperatures where the c/a ra-

tio suddenly increases to a maximum of 0.926 at 125 K. At a temperature of

140 K and having gone through a turning point the situation is reversed, with
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the a-axis isotope effect taking increasingly more negative values, while the

c-axis Δc/c becomes less negative. The combined effect of the two axes,

however, leaves the overall VIE (ΔV/V) increasingly negative at tempera-

tures ∼140 K.

As these effects take place at temperatures below 150 K, where a trans-

formation back to ice Ih might be expected to begin, the onset of a phase

change to ice Ih seems an unlikely explanation. There was no negative

expansion observed along any ice VI axis. There are, however, some simi-

larities between the behavior of the a-axis and c-axis of ice VI and the b-axis

and a-axis of ice V. This could imply that a similar process could be taking

place and that some form of hysteresis would be observed in ice VI, if a

similar procedure to that followed during the ice V experiment had been em-

ployed. If so, this would indicate that some hydrogen-ordering effect could

be taking place.

4.6.5 Discussion of the VIE

In terms of volume, all of the experimental ice phases examined in this

present work demonstrate a ‘normal’ VIE when compared with ice Ih. Ice

VI has the largest VIE magnitude and ice III(IX) the smallest, and the ΔV/V

values for all of the ices in this present work appear to track their densi-

ties. However, other than ice II, all the other ices studied display some axial

anomalies, showing that the VIE has different characteristics that depend

upon the ice phase and the axial direction.

Pamuk et al. (2012) concluded that quantum nuclear effects which

change with each ice structure are responsible (see 1.5.2). Those authors

argued that a delicate balance between translational and librational modes

within a crystal structure will determine whether ice will have a normal or

anomalous VIE. Using the QHA they calculated that at zero temperature

the VIE is anomalous for low density hexagonal ice (as in experiments) and

this remains the case until the melting point. However, Pamuk et al. (2018)

observed that with increasing density, ice phases IX and II have a normal
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VIE at low temperatures but this becomes anomalous at higher tempera-

tures. Those authors could not determine a crossing point but noted that

’the higher the density, the higher the crossing temperatures’. The range of

temperatures studied in this present work was not wide enough to confirm

this observation because of the difficulties faced by phase transformations.

Of the observed measurements, only ice II shows a clear tendency towards

a crossing point. Ice III(IX) displays the smallest VIE of the ices studied and

so would start closer to any crossing point.

Calculations using the QHA were also performed by Umemoto et al.

(2015) and by Umemoto andWentzcovitch (2017). Their analysis suggested

that, qualitatively, longer and shorter distances between adjacent oxygen

atoms tended to result in respectively normal and anomalous values for the

VIE and that pressure played an important role in determining the VIE. They

predicted that in ice Ic, II, III and V the VIE is likely to be anomalous because

these structures depend on a single hydrogen bond network as does ice Ih.

Those authors suggested that ice VI was the first of the medium-pressure ice

phases to have a ‘normal’ VIE. In contrast, this present work shows that all

of the ices II, III(IX), V, VI have a ’normal’ VIE; however, these observations

were made at atmospheric pressure and the ices were not in their stability

fields.

Pamuk et al. (2018) suggest that at high pressure, ice VI would lie in a

region with a normal VIE until the liquid phase. In this work ice VI was found

to have a ‘normal’ VIE but had anomalous axial characteristics. In explaining

the VIE, Umemoto et al. (2015) noted that the effect was a result of the

complex behavior of phonon frequencies under pressure and temperature.

In general these frequencies would be subtly altered should the positions of

the atoms move and thus, the changes observed in ices V and VI due to

ordering could be involved in the overall VIE.

The complexity of the results for ice V suggest that small effects in the

VIE might be caused by changes in ordering observed during the hysteresis.
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However, these effects are not large enough to stop disordered or partially

ordered ices from taking a ’normal’ VIE. The case of ice Ih, which is fully dis-

ordered and with an anomalous VIE, does not, however, confine other disor-

dered ices to being anomalous. Therefore, the overall value of the VIE must

be due to a combination of circumstances. This can be highlighted by the

observations that the c-axis of ice III(IX), which was assumed ordered and

the b-axis of ice V, which was assumed partially ordered display a change

in VIE. Ice VI, however, which is disordered does not display an anomalous

axial VIE. It is worth noting that the anomalous volume isotope effect can

also be found to influence other parameters, such as bulk modulus (Pamuk

et al., 2012). This will be examined in the next chapter.

4.7 Summary

This chapter has detailed the Rietveld refined structures and lattice param-

eters for ices II, III(IX), V, VI at a temperature of 10 K and atmospheric pres-

sure. It has described the effect of temperature on their expansions. An

explanation for refining ice III as ice IX was given through the use of Fourier

maps. Negative expansion was observed across the (a,b)-plane in ice III(IX)

and the c-axis of ice V.

A hysteresis effect has been demonstrated in ice V which occurs in ei-

ther isotopologue. The cause has been linked to some form of hydrogen-

ordering which takes place in the temperature region of 115-135 K. This

temperature range was also associated with axial changes in ice VI, which

imply a similar mechanism could be at play.

By investigating the FWHM peak-widths for the ices, it was found that

micro-textures were not formed during the manufacturing process that would

account for the observations of the hysteresis in ice V or the axial kinks in

ice VI.

All of the ices investigated were found to have a ’normal’ VIE, although

some of the axes of the unit cells showed anomalous isotope effects.
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Chapter 5

The thermal expansion of the ‘ordered’ ices

The ice phases II, III, V, VI are formed under conditions of pressure and tem-

perature that could exist on one of the large icy moons of Saturn or Jupiter.

This makes them likely candidates for ‘rock’ forming materials which will in-

fluence the structure and rheology of these bodies (Bercovici et al., 1986;

Durham et al., 2010). The experimental results from this present work pro-

vide accurate measurements for obtaining the density and thermal expan-

sion coefficients for these ice phases and will be valuable for understanding

the geophysics of icy bodies. This chapter will deal with ‘ordered’ ice II and

ice III(IX), which is treated as having the fully-ordered ice IX structure.

5.1 Estimating the coefficient of expansion

The unit cell volumes or axial length data were used to calculate the coeffi-

cients of volume expansion αV or linear expansion αx , see equations (5.1),

αx =
1

x

∂x

∂T
αV =

1

V

∂V

∂T
(5.1)

where V is the volume, x is the axis length and T is the temperature. There

are several ways the expansion coefficient can be determined, depending on

what approximations are being made. A simple point-to-point approximation

α(T1, T2) at constant pressure can be made using equation (5.2), (Hazen

et al., 2000),
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α(T1, T2) =
2

(V1 + V2)

(V2 − V1)
(T2 − T1)

(5.2)

where V can represent either a volume or a length. This method was used

to provide a comparison with calculated values for thermal expansion which

were obtained through various fitting functions.

5.1.1 Thermal expansion estimates for ice II

The point-to-point coefficient of volume expansion αV (T1, T2) for D2O ice II

is presented in Figure 5.1.

Figure 5.1: The coefficient of volume expansion αV (T1, T2) (blue open circles)

against temperature for D2O ice II. The solid line (cyan) is a linear fit

to these points, the brown open circles are values obtained using mea-

surements taken by Fortes et al. (2005).

Although there is a requirement that the thermal expansion coefficient

should fall to zero as the temperature approaches zero Kelvin, this chart

closely follows a linear increase in the coefficients of expansion with tem-

perature and a linear fit was added as a guide. The linear fit to the in-

dividual α(T1, T2) points followed the equation α(T ) = mT + c, where
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m = 1.24(2) × 10−6 and c = −2.2(1) × 10−5 K-1. The expansion for D2O

ice II is in good agreement with values obtained by Fortes et al. (2005) and

their series 2 data (brown open circles) is overlaid onto the chart. One draw-

back to this approximation is that at low temperatures expansion is minimal

and the data points are sensitive to any small errors in volume.

The coefficient of volume expansion αV (T1, T2) for H2O ice II is pre-

sented in Figure 5.2. A linear fit to the data gives a value for α(T1, T2)

through the equation α(T ) = mT + c where m = 1.16(3) × 10−6 and

c = −1.7(2)× 10−5 K-1.

Figure 5.2: The coefficient of volume expansion αV (T1, T2) (blue open circles)

against temperature for H2O ice II. The cyan line is a linear fit.

Ice II does not exhibit any negative thermal expansion (unlike ice Ih) at

low temperatures and the magnitude of the expansion is greater than that

observed in H2O ice Ih, see Figure 1.19. At a temperature of 150 K the

coefficient of expansion for ice II is comparable with that of ice Ih, (∼ 1.6 ×

10−4 K-1) at temperatures nearer 270 K Fortes et al. (2005).

For the experiments in this present work, the calculated values of αV
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are only available over a limited temperature range owing to the problems

of back-transformation. To extend the temperature range, extrapolation is

necessary and this can be done simply by fitting polynomials to the volume

expansion data, although any extrapolation of polynomial fits beyond the

range of the measured data should be treated with caution. A third order

polynomial was fitted to the ice II data and the resulting equation was dif-

ferentiated and then used obtain the volume expansion coefficient through

equation (5.1). The calculated volume coefficient of expansion αV is pre-

sented in Figure 5.3 for both D2O and H2O ice II.

Figure 5.3: (a) D2O ice II unit cell volume (blue points) against temperature with a

polynomial fit (cyan line); (b) calculated coefficient of expansion from

the polynomial fit (cyan line), with α(T1, T2) overlaid (purple open cir-
cles); (c) H2O ice II polynomial fitted volume against temperature; (d)

calculated coefficient of expansion from the polynomial fit with α(T1, T2)
overlaid.

The expansion coefficients, see Figure 5.3(b, d), display linear changes

over the temperature range but don’t pass through zero. This can be

achieved by forcing the linear term to zero and using higher polynomials,
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a method used by Röttger et al. (1994) to investigate ice Ih. Those authors

noted that a ’many-term polynomial expression was adopted to faithfully rep-

resent the measured data and not because there is a particular meaning

in the various higher-order terms’ and that the fitted values were only in-

tended over the measured temperature range (Röttger et al., 2012). The use

of higher polynomials can introduce overfitting and consequently extrapola-

tions may deviate markedly. This instability was noted by Fortes (2018) as

a handicap to predicting expansion at higher temperatures. The polynomial

coefficients for ice II are given in Table 5.1.

D2O ice II Polynomial Coefficients

A0 (Å3) A1 A2 A3

899.25(2) -0.020(1) 5.51(2) ×10-4 7(6) ×10-8

H2O ice II Polynomial Coefficients

A0 (Å3) A1 A2 A3

901.29(3) -0.030(1) 6.31(3) ×10-4 -4(1) ×10-7

Table 5.1: Coefficients for the 3rd order polynomial fit for ice II

The predicted unit cell volume for D2O ice II at zero temperature is

899.25(2) Å3, which is greater than the value measured at 10 K of 899.062(3)

Å3. The value predicted by Fortes et al. (2005) was 899.09(2) Å3. This high-

lights a limitation of this method at low temperatures. The aim, however, was

to seek a higher temperature extrapolation. For D2O ice II at 225 K and at-

mospheric pressure the calculated value for αV was 2.59(9) x 10
-4 K-1, which

compares favourably with 2.48(2) x 10-4 K-1 obtained by Fortes et al. (2005)

and a value of 2.61(2) x 10-4 K-1 estimated by Lobban (1998) at 0.4 GPa and

225 K.

A selection of expansion coefficients for several ices is given in Table

5.2, values marked with an asterisk are values obtained by extrapolation.

Surprisingly perhaps, it would appear that the more dense phases of ice

exhibit greater expansion coefficients and Fortes et al. (2005) suggested

that this could be because ‘squashed’ structures are more willing to unfold



5.1. Estimating the coefficient of expansion 198
Phase αV(T) K

-1 Temperature K P GPa Author

Ih 1.637(4) x 10-4 250 ambient (Fortes, 2018)

II 2.48(2) x 10-4* 225 ambient (Fortes et al., 2005)

II 2.61(2) x 10-4 225 0.42 (Lobban, 1998)

III 2.39(12) x 10-4 245 0.25 (Lobban, 1998)

V 2.40(5) x 10-4 245.5 0.5 (Lobban, 1998)

VI ∼1.8 x 10-4* 240 1.0 (Fortes et al., 2012)

VI ∼2 x 10-4* 200 1.05 (Noya et al., 2007)

VII 3.2 x 10-4* 250 ambient (Klotz et al., 2017)

Table 5.2: Volume expansion coefficients for a selection of D2O ices; * is an ex-

trapolated value.

as temperatures increase. Ice III has a slightly lower density than ice II,

hence a slightly lower coefficient of expansion would be expected.

5.1.2 Thermal expansion estimates for ice III(IX)

The volume against temperature for D2O ice III is presented in Figure 5.4(a),

where the solid line is a third order polynomial fit.

The 3rd order polynomial coefficients for the volume against tempera-

ture of ice III are given in Appendix Table A.1. Extrapolation of the polynomial

equation for D2O ice III αV to a temperature of 245 K, yield a value of 2.2(2)

x10-4 K-1, which is comparable with the value obtained by Lobban (1998).

Ice III(IX) exhibits a small amount of negative expansion along the a-

axis. This required a 5th order polynomial to fit the data in the lower temper-

ature region. The axial expansions and linear expansion coefficients αx for

D2O ice III(IX) are presented in Figure 5.5.

The polynomial fits reproduce the expansions over the temperature

range well but Figures 5.5(b, d) highlight the problems of obtaining values

at either end of the expansion curves. At low temperature, the coefficient of

expansion should tend to zero but this is not the case in chart (d). In chart (b)

αc declines at higher temperature when it should saturate. The polynomial

coefficients for the a-axis and c-axis are presented in Appendix Table A.3.

For ices that exhibit negative expansion, another model, which uses a

power law has been determined by Fortes (2018) which was successfully
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Figure 5.4: (a) D2O ice III(IX) unit cell volume against temperature (blue points) fit-

ted with a 3rd order polynomial (cyan line); (b) coefficient of expansion

αV calculated from the polynomial fit (cyan line) with α(T1, T2) (purple
open circles) overlaid; (c) H2O ice III(IX) polynomial fitted unit cell vol-

ume against temperature; (d) coefficient of expansion calculated from

the polynomial fit with α(T1, T2) overlaid.

used for ice Ih, see equation (5.3),

α(T ) = [p× T q/T + r × exp(s/T )]

X(T ) = X0exp

∫ T

0

α(T )dT (5.3)

where the value of X(T ) and X0 can represent either a volume or length.

The coefficient of expansion α(T ) is represented by a power law and an ex-

ponential, T is the temperature, p and r are scaling terms, q and s represent

’characteristic temperatures’ which control expansion over different regions

of the expansion curve. This fitting model was applied to the D2O ice III

a-axis which exhibited negative expansion.

The integral function, equation (5.3) was fitted using Origin Pro (Origin-
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Figure 5.5: D2O ice III(IX); (a) c-axis against temperature (blue points) fitted with a

3rd order polynomial (cyan line); (b) calculated coefficient of expansion

(cyan line) with αc(T1, T2) (purple open circles) overlaid; (c) 5th order

polynomial fitted a-axis against temperature; (d) coefficient of expan-

sion calculated from the polynomial fit with αa(T1, T2) overlaid.

Lab, Northampton, MA, USA) and the fitted charts for D2O ice III are pre-

sented in Figure 5.6. The parameter values q and s obtained for the a-axis

were fixed and used to enable the fit for the c-axis. This was because the

c-axis had no negative expansion and hence made it difficult for the fitting

function to find two independent ’characteristic temperatures’. The model fit-

ting parameters are given in Appendix Table A.2. By observation, the power

model fitting function does a slightly better job for fitting to the expansion

coefficient but the polynomial has the advantage of being quick and easy to

provide a rough estimate.

To test the reliability of the derived axial expansion coefficients over

the measured temperature range they were used to calculate the unit cell

volume. The predicted volume expansion is presented in Figure 5.6(e, f),
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where chart (f) compares the experimental values for the volume with the

prediction.

Figure 5.6: D2O ice III(IX); (a) c-axis length (blue points) against temperature, the

cyan line is a fit using the power law model; (b) coefficient of ex-

pansion calculated from the model (cyan line), with αc(T1, T2) (purple
points) overlaid; (c) power law model fitted a-axis length against tem-

perature; (d) coefficient of expansion calculated from the model fit with

αa(T1, T2) overlaid; (e) volume coefficient of expansion derived from

the model fitted axial coefficients of expansion, with the volume coef-

ficient αV (T1, T2) overlaid; (f) warming series volume measurements

(blue points) against temperature with the calculated volume predicted

by the model (cyan line) overlaid.
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This prediction was achieved by assuming that over a short range of

temperature, the thermal expansion coefficient αV (T ) can be represented

by a polynomial (Fei, 1995). This approximation is given in equations (5.4),

where in the expansion of α(T ); α0, α1 and α2 are constants and the temper-

ature range is bound by initial and final temperatures Ti,Tf and the volume

range by V (Tf ),V (Ti).

α(T ) = α0 + α1T + α2T
2

V (Tf ) = V (Ti)exp

[∫ Tf

Ti

α(T )dt

]
(5.4)

For simplicity, the coefficient α2 was set to zero and the expansion at

0 K (α0) is zero. A further assumption was made such that αV (T ) could be

represented by the sum of the αa + αb + αc axial expansion coefficients.

The initial volume V (Ti) was calculated using the axis parameters ob-

tained from the power model fittings (X0) and was estimated at 306.064 Å3.

The predicted values for both the volume expansion coefficient αV T and the

volume V (Tf ) were next calculated using the power model parameters.

A visual inspection of Figure 5.6(f) shows that the calculated volume is in

good agreement with the experimental warming series measurements. This

fitting procedure provides evidence that the power model has a reliable pre-

dictive capacity within the temperature range of the measurements. There

are, however, other more meaningful physical models which have functions

that describe expansion and these were employed to obtain further useful

information about the ices studied in this work.

5.2 Thermal expansion: volume-temperature models

A method for fitting the unit cell volume, similar to that used by Lindsay-Scott

et al. (2007); Hunt et al. (2017) was employed to investigate the expansion

of ices II, III(IX), V and VI. This uses a model of thermal expansion obtained

fromGrüneisen approximations to develop a zero-pressure equation of state

(Wallace, 1972) and Debye approximations to determine the energy of a



5.2. Thermal expansion: volume-temperature models 203

crystal structure based on thermal vibrations, see section 2.4.3.

To second order, the volume temperature relationship is represented

using equations (5.5),

V (T ) = V0 +
V0U

Q− bU
(5.5)

Q = V0K0/γ

b = (K ′ − 1)/2

where V0 is the unit cell volume at T = 0 K and K0 and K
′ are the bulk mod-

ulus and its first derivative with respect to pressure and γ is a Grüniesen

parameter which is assumed to be constant. The parameter b can be set

to zero and the equation becomes a Grüniesen approximation to first or-

der. The internal energy U(T ) is calculated from the Debye approximation,

previously described by equation (2.31) and is repeated for ease.

E(T ) = 9nkBT

(
T

θD

)3 ∫ ΘD/T

0

x3dx

ex − 1
(5.6)

5.2.1 Volume-temperature model applied to ice II

The Grüniesen-Debye model to first order (Ord1) was used to fit the warming

series data for D2O ice II and the volume against temperature is presented in

Figure 5.7(a), where the solid line is the fitting using the model to first order

(Ord1).

The fitting of the volume is reasonable to the eye but at higher temper-

atures the model does not predict the expansion coefficient αV very well,

see chart (b). The fit was improved by including the extra parameter (b) and

changing the model to second order (Ord2), see Figure 5.7(c, d). The fitting

parameters for the two models are presented in Table 5.3.

Using the fitting parameters from the second order fitting, values for

K0/γ of 43.34(8) GPa and K
′ = 58.4(2.4) were obtained. These values are

a little unrealistic. For most materials the value of γ lies between 0.5 and 3 at
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Figure 5.7: D2O ice II; (a) unit cell volume against temperature (blue points) with a

1st order model fit overlaid (cyan line); (b) calculated volume expansion

coefficient αV (cyan line) using the same model with αV (T1, T2) (purple
open circles) overlaid: (c) volume against temperature with a 2nd or-

der model fit overlaid; (d) calculated volume expansion coefficient αV
(cyan line) using the same model with αV (T1, T2) (purple open circles)
overlaid; (e) same model as (d) but with b fixed at 2.5.
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D2O ice II Debye Fit (Ord1) D2O ice II Debye Fit (Ord2)

V0 (Å
3) 899.062(19) V0 (Å

3) 899.066(3)

Q (eV) 2.36(5) x10-17 Q (eV) 3.90(7) x10-17

b NaN b 28.7(1.2)

ΘD 353.0(5.7) ΘD 269.4(3.2)

Table 5.3: Debye fitting parameters for D2O ice II using a single Debye tempera-

ture.

atmospheric pressure (Poirier, 2000). An estimation for the value for γ can

be made via equation (1.2) (Vočadlo et al., 2000) and for ice Ih at close to

melting point, this was estimated at approximately 0.72 Fortes (2018). Us-

ing a K0 value for ice II (Fortes et al., 2005) and Cp data from Ramírez et al.

(2012) (personal communication) a rough estimate for γ of 1.4, at a temper-

ature of 225 K was estimated. Even assuming that the value for ice ice Ih

is the more reliable, this produces an estimate for K0 of 31.2(6) GPa, which

is unsatisfactory. Experimental values for K0 have also been determined

as 14.8(1) GPa at a temperature of 200 K and pressure of 0.35 GPa (Lob-

ban et al., 2002) and also 14.4(7) GPa through acoustic measurements at a

pressure of 0.283 GPa and temperature of 237.65 K (Gagnon et al., 1990).

When a similar (Debye fitting) method was used by Fortes et al. (2005),

those authors noted that even though a good fit to the volume had been

obtained, the values for the elastic parameters were similarly high; ie. K0/γ

was∼42 GPa andK ′
0 was∼53. Earlier work by Fortes et al. (2003) had used

a fixed value for K ′ = 6.0 and this present work obtained a similar value of

5.9(2) at zero K, see Figure 7.3. A fixed value for the parameter b = 2.5 is

hence not unreasonable and this was used and held constant during a re-

peated fitting. Values for Q of 2.46(5) x10-17 eV and θD = 348.7(5.4) were

obtained, which are much closer in size to the first order fit and a value for

K0/γ = 27.3(5) GPa was determined. This value, though improved is still

high, however, and the fitting for the thermal expansion coefficient deterio-

rated at high temperatures, see Figure 5.7(e).

A similar Debye fitting for H2O ice II is presented in Figure 5.8 and the
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Figure 5.8: H2O ice II; (a) unit cell volume (blue points) against temperature with a

1st order model fit (cyan line) overlaid; (b) calculated volume expansion

coefficient αV (cyan line) using the same model with αV (T1, T2) (purple
open circles) overlaid; (c) volume against temperature with a 2nd order

model fit overlaid; (d) calculated volume expansion coefficient αV using

the same model with αV (T1, T2) overlaid.

fitting parameters for the first and second order models are presented in

Appendix Table A.8. A high value for parameter b of 20.9(2.3) was obtained,

and problems similar to those involved with the fitting for D2O ice II were

encountered. The first order fitting, Figure 5.8(a) provides a lower value for

K0/γ = 28.6(6) GPa but a worse fit for the expansion coefficient than if a

second order fit was used, Figure 5.8(d).

A possible reason for this could be that high-pressure ice phases do

not behave as a more simple solid, such as gold where the Debye model

proved successful (Pamato et al., 2018). This is because ices have both

inter and intra-molecular vibrations and a simple Debye model, hence, is

unable to make a sufficiently reliable estimate of the internal energy. The
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form of equation (5.5), however, does enable a value for V0 to be estimated.

A secondary reason, is that the experimental temperature range is limited

and the data above temperatures of 120 K could be beginning to be affected

by the onset of a phase change back to ice Ih.

5.2.2 Volume-temperature model applied to ice III(IX)

The issue of the high K0 estimate for ice II was addressed by Fortes et al.

(2005) who suggested that the cause of problem was estimating the correct

internal energy. Those authors argued that this can be more closely rep-

resented by two Debye functions with different characteristic temperatures

working over separate regions of the expansion curve, they proposed the

energy function of equation (5.7),

E(T ) = 9NkB

[
Xf

(
θAD
T

)
+ Y f

(
θBD
T

)]
(5.7)

where f(θD/T ) is a Debye function for a particular ’characteristic tem-

perature’, N is the number of atoms andX andY are mixing parameters. As

was discovered with the power law model fitting procedure, (section 5.1.2)

using two ’characteristic temperatures’ worked best if negative expansion

was present and the curve to be fitted clearly displayed different regions.

This is the case for the a-axis of D2O ice III(IX) and several fitting at-

tempts found that the best fit to the axial data was provided by a two tem-

perature Debye model to second order, see Figure 5.9(a, b). Other fitting

options could not give the dip in the chart that occurs near temperatures of

40 K.

The Debye temperatures obtained from the fitting of the a-axis were

used as starting values for the fitting of the volume. The negative expansion

along the a-axis, however, is not sufficiently strong enough to cause a com-

parable alteration in the shape of the volume curve and it was found that a

two temperature Debye model to first order provided a good fit to the volume

data, Figure 5.9(c, d). The fitting parameters are provided in Table 5.4.
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Figure 5.9: D2O ice III(IX); (a) a-axis against temperature (blue points) with a 2nd

order two-temperature Debye model fit (cyan line) overlaid; (b) cal-

culated a-axis expansion coefficient αa using the same model (cyan

line) with αa(T1, T2) (purple open circles) overlaid; (c) unit cell volume
against temperature with a 1st order double Debye temperature model

fit overlaid; (d) calculated volume expansion coefficient αV using the

same model with αV (T1, T2) overlaid.

D2O ice III(IX) a-axis 2Debye Fit (Ord2) D2O ice III(IX) volume 2Debye Fit (Ord1)

a0 (Å) 6.7233(1) V0 (Å
3) 306.060(4)

Q (eV) 1.34(63) x10-17 Q (eV) 8.43(33) x10-18

b 122(24) b NaN

ΘD1 356(140) ΘD 512(131)

ΘD2 37(27) ΘD 33(9)

A 0.45(9) A 0.97(40)

B 0.22(9) B 0.01(2)

Table 5.4: LHS: D2O ice III(IX) a-axis fitting parameters for a two-temperature De-

bye model to second order; RHS: D2O ice III(IX) volume fitting parame-

ters for a two temperature Debye model to first order.

The value Q obtained from the volume fitting to first order produces a

K0/γ = 27.4(1) GPa, which is similar in size to the 27.3(5) GPa obtained
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for ice II when the value b was fixed at 2.5. This is still high but represents

a compromise that will reproduce the thermal expansion coefficient αV in

Figure 5.9(d). Using the two-temperature Debye model at first order and

extrapolating to a temperature of 245 K, the calculated value for αV is 1.96(2)

x10-4 K-1. This number is roughly comparable with the experimental value

of 2.39(12) x10-4 K-1 obtained at that temperature and under a pressure of

0.25 GPa by Lobban et al. (2000).

The two-Debye temperature model to first order was next applied to

the H2O ice III(IX) data and the volume against temperature is presented

in Figure 5.10(a). The insert chart (b) indicates the thermal expansion cal-

culated from the model αV and this is overlaid with the point-to-point value

αV (T1, T2) obtained directly from the experimental data. The parameter val-

ues are given in Appendix Table A.10.

Figure 5.10: H2O ice III(IX); (a) unit cell volume against temperature (blue points)

fitted with a first order (Ord1) double Debye temperature model (cyan

line); (b) calculated volume expansion coefficient αV using the model

(cyan line), with αV (T1, T2) (purple open circles) overlaid. Residuals

(brown open circles) are between the volume and the model fit.
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Extrapolating the model to a temperature of 245 K, predicts a value for

αV of 2.22(12) x10-4 K-1, which is comparable with the value calculated ear-

lier for D2O ice III(IX). A compilation of the estimated V0 and ( K0/γ) values

for ices II and III(IX) based on the Debye volume-temperature model to first

order is presented in Table 5.5.

Ice II summary of V0 and K0 / γ values

Series V0 (Å
3) K0 / γ (GPa)

D2O (warming) 899.062(2) 26.3(5)

H2O (warming) 901.106(10) 28.6(6)

Ice III(IX) summary of V0 and K0 / γ values

Series V0 (Å
3) K0 / γ (GPa)

D2O (warming) 306.060(4) 27.5(1.1)

H2O (warming) 306.178(5) 22.8(7.4)

Table 5.5: Upper: Ice II summary table of V0 and K0 values obtained using the

volume-temperature model with one Debye temperature to first order;

Lower: Ice III(IX) summary table of V0 and K0 values obtained using the

volume-temperature model with two Debye temperatures to first order.

Given the spread of possible values for K0/γ in both ices II and III(IX)

and the uncertainty in the values for the Debye temperatures the reliability of

this model to provide accurate values for the elastic parameters is limited but

the best option was to use the volume-temperature model with two Debye

temperatures to first order. When used in conjunction with the power law

model and the polynomial methods the volume and thermal expansion can

be extrapolated reasonably well throughout the temperature range of the

experimental values.

5.3 Summary

This chapter has described how polynomial equations and other functions

can be used to create models from which the expansion coefficients for

ices II and III(IX) were determined. It discussed their limitations in predict-

ing the values for αV through extrapolations, particularly to regions outside

the temperature range of available experimental data points. The use of

temperature-volume models based on Debye and Grüneisen approxima-
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tions was also discussed. It was found that these models generally did

not provide sensible values for K0/γ or K ′
0 using one Debye temperature

to second order but this was improved by fixing the value ofK ′
0. A better es-

timation of the energy was achieved using a two-temperature Debye model

but the expansion curve needed distinct regions of different slope to gen-

erate repeatable solutions. It was decided that a two-temperature model to

first order gave the most realistic values for K0/γ and αV but these differed

substantially from the experimental values. This model was next tested in

conjunction with ices V and VI which have more complex structures.
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Chapter 6

Thermal expansion of the ‘disordered’ ices

Ices V and VI are disordered and it was found in section 4.3 that ice V and po-

tentially ice VI underwent some form of structural change during the warming

process. This chapter will investigate these ices by applying the fitting pro-

cedures and the volume-temperature Debye models described previously.

6.1 Estimating the coefficients of expansion

An observable and reproducible hysteresis effect was demonstrated to occur

in ice V on warming and cooling and large changes in lattice parameters

were observed taking place at temperatures across the region of 115-135

K. It was envisaged that a similar process could take place in ice VI. These

changes will have implications for the coefficients of expansion.

6.1.1 Estimating the expansion coefficient of ice V

Of the two experiments conducted on D2O ice V, series 1 contained the most

data points. This set of measurements was used to parameterize its expan-

sion characteristics using the power law function, equation (5.3). The volume

against temperature for D2O ice V (series 1) is presented in Figure 6.1(a).

The volume data for both the warming and cooling series of measurements

don’t show hysteresis; however, in view of the inflection points present in

the a-axis and b-axis lengths at temperatures close to 125 K, Figure 6.1(c,

e) only volumes at temperatures up to 120 K were used for the purposes of

fitting the power law model. Only the warming series data for the volume

was fitted. The full list of fitting parameters is given in the Appendix Table
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A.4.

Examination of the point-to-point expansion coefficients αV (T1, T2),

shows there is a good linearity until a temperature of 120 K is reached. This

expansion is also well emulated by the calculated αV , which was based on

the power model. Extrapolating the calculated expansion coefficient for D2O

ice V warming series 1 to a temperature of 245 K produces an estimated αV

of 2.5(2) x10-4 K-1. This is in good agreement with a value of 2.40(5) x10-4

K-1 at 0.5 GPa obtained by Lobban et al. (2000).

Since both the a-axis and b-axis exhibited different return paths for

warming and cooling (hysteresis effect), Figure 6.1(c, e) these measure-

ments were treated independently for fitting purposes. To obtain a good fit,

it was also found necessary to restrict the b-axis lengths to those values ob-

tained at temperatures of 115 K and below, this avoided an undulation in the

expansion curve, which made fitting difficult. The point-to-point αa(T1, T2)

and αb(T1, T2) values clearly exhibit a rapid change in magnitude when ap-

proaching temperatures of 120 K, Figure 6.1(d, f).

The calculated values for the a-axis and b-axis linear expansion coef-

ficients taken over both the warming and cooling series (i.e. αaw for the a-

axis warming series) follow each other closely until above a temperature of

100 K. This implies that expansion is very similar during warming or cooling

over this temperature range for either axis. Expansion of the c-axis displays

very little difference between warming or cooling over the entire temperature

range and the values for αc(T1, T2) and the calculated αc are well matched.

Overall, this implies that the differences in the low temperature axial

lengths at 10 K must be due to the axes having different ’starting lengths’

at higher temperatures and these are probably set in the region of 130 K

when the warming and cooling paths cross. This is further evidence for the

observation that some form of ordering or transition takes place at this tem-

perature.

The hysteresis effects are well replicated in the H2O data and hence



6.1. Estimating the coefficients of expansion 214

Figure 6.1: D2O ice V(S1); (a) unit cell volume vs temperature (blue points, cyan

open circles), the brown solid line is a power lawmodel fit; (b)αV (T1, T2)
(purple open circles) with a calculated αV (brown line) overlaid; (c) a-

axis vs temperature with a power model fitting; (d) linear expansion

coefficients αa(T1, T2) and calculated αaw and αac; (e, f) b-axis vs tem-
perature with αbw and αbc fits; (g) c-axis against temperature with power
law fit; (h) linear expansion αc(T1, T2) with αc overlaid.
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only the volume against temperature was examined. Similar problems to

those encountered while fitting the D2O ice V data also occurred with the

H2O ice V data. Consequently, volumes from a truncated warming series

limiting temperatures to 120 K were used with the power law model. The

thermal expansion for H2O ice V (series 2) is presented in Figure 6.2(a, b),

the solid line is a fit using the model with truncated data.

Figure 6.2: H2O ice V(S2); (a) unit cell volume against temperature, the solid

line is the fit obtained using the power law model; (b) warming series

αV (T1, T2) with a calculated αV overlaid.

The point-to-point thermal expansion coefficients αV (T1, T2) are overlaid

with the αV values calculated from the fitting. Extrapolation of the parameters

to a temperature of 245 K provides an estimated volume expansion coeffi-

cient αV of 2.4(6) x10
-4 K-1. This compares well with the value of 2.4(5) x10-4

K-1 obtained at a pressure of 0.5 GPa by Lobban et al. (2000). The fitting

parameters can be found in Appendix Table A.5.

Overall, the estimations in this present work for the thermal expansion

coefficients of both D2O and H2O ice V are in line with previous estimates but

only if the range of temperatures used in the power law model are restricted

to those below which the inflections in the axis lengths are known to occur.

This could also be a problem manifested in other high-pressure ice phases

that have more complex structures.
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6.1.2 Estimating the expansion coefficient of ice VI

There was a suggestion (section 4.4.2) that the ice VI sample might well

have displayed similar hysteresis characteristics to those seen in ice V, had

different measurements been taken at the time. The thermal expansion of

ice VI was, hence, investigated with this possibility in mind and as more data

points were available for the D2O sample, the power law fitting model was

applied to this data.

When applying the power law model to the ice VI volume against tem-

perature Figure 6.3(a), the warming series was limited to temperatures of up

to 120 K. This was to avoid any of the ’turnover’ effects observed in the axes

(see charts c, d) at higher temperatures from tainting the fitting. The fitting

parameters for D2O ice VI are given in Appendix A.6.

The point-to-point values for the thermal expansion αV (T1, T2), Figure

6.3(b) indeed show some deviation at higher temperatures. The fitted model

works well for volumes throughout the whole temperature range but the cal-

culated αV remains linear while the point-to-point values diverge. A similar

dip in the value for the expansion coefficient was also observed by Mishima

et al. (1979) at temperatures of above 115 K, those authors associated this

with a proton order-disorder transition. Using the fitting model parameters

and extrapolating to a temperature of 200 K produced an αV value of 3.5(1.5)

x10-4 K-1, which is high compared with that of ∼2.0 x10-4 K-1 at a pressure

of 1 GPa (Noya et al., 2007).

Examination of Figures 6.3(c, e) suggests that at temperatures close to

100 K some form of anisotropic expansion takes place. There is, however,

no clear indication of negative expansion. The a-axis and c-axis data points

were limited to temperatures up to 100 K when using the power law model

for fitting. This was because of the onset of large deviations in the lattice

parameters. The solid lines indicating the fits to the axes clearly illustrate the

divergence in lengths above this temperature, with the point-to-point linear

expansion coefficients αa(T1, T2), hence, showing a marked divergence from
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Figure 6.3: D2O ice VI; (a) unit cell volume against temperature (blue points), the

solid brown line is a power law model fit; (b) warming series αV (T1, T2)
(purple open circles) with a calculated αV (brown line) overlaid; (c) a-

axis with a power model fitting (green line); (d) linear expansion co-

efficients αc(T1, T2) and a calculated αa (green line); (e) c-axis with a

power model fitting (orange line); (f) c-axis linear expansion αc(T1, T2)
with αc (orange line) overlaid.

the calculated value αc(T1, T2). As was observed in the expansion of ice V,

the axial expansion coefficients work in such a way as to balance each other,

resulting in an apparently smooth increase in overall volume.

It was not possible to create suitable ’backward’ fits for the axes at high
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temperatures because there were insufficient data points. All the functions

used in attempts to fit high temperatures overturned and quickly became

out of range. It is possible, however, to imagine return paths back to low

temperature with different starting points, as was the case with ice V.

As the data for H2O ice VI were comparable to the D2O isotopologue but

contained more noise, only the volume was fitted using the power lawmodel.

To investigate the effect on the volume at higher temperatures, the power

model was firstly used taking values over the whole temperature range, see

Figure 6.4(a), where the data points are taken from the warming series and

the solid line is the model fit. The calculated expansion coefficient Figure

6.4(b) contains a kink along the curve and the slope changes at a temper-

ature of about 120 K. As truncating the data proved successful previously,

Figure 6.4: H2O ice VI; (a) unit cell volume against temperature (blue points), the

solid brown line is a power law model fit; (b) warming series αV (T1, T2)
(purple open circles) with a calculated αV (brown line) overlaid; (c) unit

cell volume data truncated to 100 K, solid brown line is a power law

model (T) fit; (d) linear expansion coefficients αc(T1, T2) and a calcu-

lated αa using truncated volume data.
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volumes were limited to those with temperatures up to 100 K, see Figure 6.4

(c), the solid line is designated as (truncated) power model (T). The tempera-

ture of 100 K was chosen because above this point the D2O sample showed

significant divergence in values for αa(T1, T2).

Using the model parameters from the truncated fitting and extrapolating

to a temperature of 200 K produced an αV value of 2.5(1.8) x10-4 K-1, which

is within range of the value ∼2.0 x10-4 K-1 at a pressure of 1 GPa calculated

by Noya et al. (2007). This work has found that estimations of αV for both

D2O and H2O ice VI required the range of temperatures to be restricted while

fitting to the model and this is further evidence that some form of ordering

has taken place at temperatures close to 125 K. A similar response was next

looked for in the incompressibility.

6.2 Thermal expansion: volume-temperature models

It was found, see sections 5.2.1 and 5.2.2 that the values obtained for the

parameters K0 and K
′ for ices II and III(IX) were unrealistic using a model

based on a single Debye temperature. Further; the use of the power law

model to fit data in the previous section worked best when the data had a

limited temperature range. Consequently a two temperature Debye model

was applied over a limited temperature range to investigate the more com-

plex structure of ice V.

6.2.1 The volume-temperature model applied to ice V

The volume against temperature for D2O ice V(S1) is presented in Figure

6.5(a), where the warming series of points are shown and the solid line is a

two temperature Debye model to order 1 fitted to the data which was limited

to a temperature of 120 K. Series 1 data was used, as more data points

were available and series 2 gave very similar axial expansions. The fitting

parameters are given in Appendix A.11.

The use of equation (5.5) provides a value for K0/γ of 19.5(8) GPa.

For comparison, the incompressibilties of a selection of high-pressure ices
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is given in Table 6.1. This value is high compared with 13.9(7) GPa obtained

by Gagnon et al. (1990) at a temperature of 240 K and pressure of 0.48 GPa,

however, it is more sensible than estimates gathered using only a single

Debye temperature. If the value for γ was taken at that of ice Ih (0.72), then

this gives a value for K0 of ∼14 GPa, which is more realistic.

Phase KT (GPa) Temp. (K) P (GPa) Author

Ih 11.3(2) 0 ambient (Neumeier, 2018)

II 12.1(1)* 225 0 (Fortes et al., 2005)

II 14.8(1) 200 0.35 (Lobban et al., 2002)

III 8.5 248 0.20 (Shaw, 1986)

III 9.6(5) 238 0.28 (Gagnon et al., 1990)

V 13.9(7) 238 0.48 (Gagnon et al., 1990)

V 18(3)* 238 0.46 (Noya et al., 2007)

VI 14.1(2) 300 0 (Bezacier et al., 2014)

VI 18.5(9) 240 0.77 (Gagnon et al., 1990)

VI 22.(4)* 238 0.80 (Noya et al., 2007)

VI 21.7(2) 225 1.25 (Fortes et al., 2012)

Table 6.1: Incompressibility estimates for a selection of high-pressure ices; * is a

calculated value.

The calculated value for αV is shown in the insert, Figure 6.5(b), where

the expansion coefficient matches well with the point-to-point values until

higher temperatures are reached. Extrapolating to a temperature of 245 K

provides an estimate for αV of 1.98(3) x10-4 K-1, which is lower than that

previously estimated using the power law model (∼2.4 x10-4 K-1).

The two-temperature Debye model was next applied to the cooling se-

ries data but in this case the values were limited to those volumes at temper-

atures of 125 K and below. A value forK0/γ of 19.1(1.2) GPa was obtained,

which is in reasonable agreement with that of the warming series. The fit-

ting parameters are given in Appendix A.12. At a temperature of 245 K a

value for αV of 2.11(6) x10-4 K-1 was obtained, which is similar to the value

estimated for the warming series.

There were fewer data points available in the warming series for H2O

ice V(S2) than for D2O ice V(S1) and the temperature range used during
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Figure 6.5: (a) D2O ice V series 1 unit cell volume (blue points) against temper-

ature, the solid cyan line is a two-temperature Debye model fit to first

order; (b) warming series αV (T1, T2) (purple open circle) with a calcu-
latedαV (cyan line) from the Debyemodel overlaid. (c) H2O ice V series

2; unit cell volume against temperature, solid line is a two-temperature

Debye model fit to first order; (d) expansion coefficients αV (T1, T2) and
a calculatedαV using the Debyemodel. Residuals (brown open circles)

are between the volume and the model fit.
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fitting with the Debye volume-temperature model was extended, despite the

likelihood of a poorer outcome. The volume against temperature for H2O ice

V(S2) is presented in Figure 6.5(c), where the solid line is a two temperature

Debye model to order 1 fitting with data limited to temperatures of up to 125

K. The fitting parameters are given in Appendix A.13. An estimate for K0/γ

of 18.8(1.2) GPa was obtained, which is similar to the value obtained for D2O

ice V(S1). Extrapolating to a temperature of 245 K would provide a value for

αV of 1.90(3) x10-4 K-1. The cooling series for H2O ice V(S1) did not contain

enough points to get a sensible fit.

A summary of V0 and K0 values for ice V is presented in Table 6.2. The

volumes are comparable to those obtained using the power fit model, the

values for K0 /γ are higher than those of Gagnon et al. (1990) but would be

consistent with a value for the γ of ice Ih 0.72. This suggests that over a

truncated temperature range the volume-temperature model has some lim-

ited validity for ice V .

Ice V summary of calculated V0 and K0 / γ values

Series V0 (Å
3) K0 / γ (GPa)

D2O (S1, warming) 665.984(4) 19.5(8)

D2O (S1, cooling) 666.015(8) 19.1(1.2)

H2O (S2, warming) 667.714(8) 18.8(1.2)

Table 6.2: Summary of ice V values for V0 and K0 obtained using the volume-

temperature model to first order with two Debye temperatures.

6.3 The volume-temperature model applied to ice VI.

Ice VI is the first of the high-pressure ices to exhibit two interpenetrating

frameworks within the unit cell and is ”self-clathrate” Gasser et al. (2018).

This creates (as with ice V) a complex structure. The hydrogen disorder

present is sometimes ’frozen in’ upon cooling, resulting in what has been

described as orientational glasses Salzmann et al. (2021). When ice VI was

doped with hydrochloric acid, which speeds up the orientation of the wa-

ter molecules through increasing the number of mobile point defects, it was

found that heating a sample at ambient pressure enabled transient ordering
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to the ice XV phase, swiftly followed by disordering back to ice VI, Salzmann

et al. (2016). This phenomenon took place over a temperature range of 110

K to 130 K.

Such changes are hence likely to complicate the expansions seen in

the a-axis and c-axis, as was indeed observed in this present work over this

temperature range. The effects of ordering could be a reason for the neces-

sity to limit the temperature range when fitting the data using the volume-

temperature models.

The volume against temperature for D2O ice VI (warming series) is pre-

sented in Figure 6.6(a), where the solid line is a two-temperature Debye

model to first order, which was fitted to data limited to temperatures up to

115 K. The fitting parameters are given in Table A.14. These gave a value

for K0/γ of 32.6(2.2) GPa. The point-to-point values for αV (T1, T2) and a

calculated αV are shown in the insert Figure 6.6(b). Extrapolation to a tem-

perature of 200 K produced a value for αV of 2.1(3) x10-4 K-1.

To produce sensible fitting parameters for the H2O ice VI data, the

warming series needed to be limited to temperatures up to 110 K. This was

because of fewer data points at higher temperatures. The volume against

temperature for H2O ice VI is presented in Figure 6.6(c). The failure of the

model (solid line) to fit the higher-temperature volumes is the result of limiting

the temperature range. This failure is also apparent in the calculated value

for αV , the solid line in the insert chart (d), which deviates from the point-to-

point αV (T1, T2) values. The fitting parameters are given in Appendix Table

A.15. A value for K0/γ of 33.4(4.4) GPa was obtained and extrapolation to

a temperature of 200 K produced an αV of 1.96(5) x10-4 K-1. A summary of

V0 and K0 values for ice VI is presented in Table 6.3.

Overall, the values obtained for K0/γ are again higher than those de-

termined for D2O ice V, or the calculated value for ice VI of 22 GPa (Noya

et al., 2007) even when including a 20% margin of error estimated by those

authors. Use of a γ value of 0.72, however, brings the estimates more into
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Figure 6.6: (a) D2O ice VI unit cell volume (blue points) against temperature, where

the solid cyan line is a two-temperature Debye model fit to first order;

(b) warming series αV (T1, T2) (purple open circles) with a calculated

αV (cyan line) from the Debye model overlaid. (c) H2O ice VI unit cell

volume against temperature, the solid line is a two-temperature Debye

model fit to first order, (d) expansion coefficients αV (T1, T2) and a cal-
culated αV using the Debye model. Residuals (brown open circles) are

between the volume and the model fit.
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Ice VI summary of calculated V0 and K0 / γ values

Series V0 (Å
3) K0 / γ (GPa)

D2O (warming) 224.217(2) 32.6(2.2)

H2O (warming) 225.047(2) 33.4(4.4)

Table 6.3: Summary of V0 and K0 values for ice VI obtained using the volume-

temperature model to first order with two Debye temperatures.

line. The calculated volumes for V0, however, are in much better agreement

with those obtained using the power fit model.

The complexity of ices V and VI, hence, makes it difficult for the two-

temperature Debye model to represent their expansions. The visual obser-

vations of the inflections in the axial lengths of ice VI observed in this present

work take place in the same temperature region as those seen by Salzmann

et al. (2021) and are likely due to a similar mechanism. This mechanism is

also likely to be a similar cause for the hysteresis observed in ice V.

6.3.1 Hysteresis and ordering effects in ices V and VI

Changes to the lattice constants have previously been found to be good indi-

cators for hydrogen-ordering processes taking place in ices V/XIII (Salzmann

et al., 2008). In ice Ih Fortes (2019) observed changes in the c/a ratios that

depended upon both the ”preparation method and the thermal history of the

sample”, with the rate of warming or cooling being a factor.

Experiments by Salzmann et al. (2008) using doped ice V demonstrated

that a reversible phase transition to ordered ice XIII could take place at ambi-

ent pressure and that the equilibrium temperature for the transition was 112

K. Those authors also noted that kinetic unfreezing in pure ice V took place

at a temperature of 132 K when heated at a rate of 5 K min-1, whereas in

acid doped ice this occurred at 105 K.

Such changes in axial lengths and ratios observed in ice V during hys-

teresis are clearly demonstrated in several charts, e.g. Figures 4.14(c-h) and

a common temperature range of significance can be established. At 110 K,

there is a distinct change in the b/a ratio and c/a ratio, followed by another
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distinct change that takes place at 130 K. These temperatures coincide with

undulations in the expansion curves for the a-axis and b-axis. This is good

evidence that some form of order-disorder transition might be responsible.

The cooling rate during manufacture of the ices with the piston-cylinder

press was about 1.5 K min-1 and fast enough for any disorder to be ”frozen-

in’. To investigate if any changes in hydrogen-occupancy could be observed,

Rietveld refinements were made on well-counted samples of D2O ice V se-

ries 2 data, with a view to observing any changes in the fractional occupancy

parameters, α, β, δ and γ. This experiment was chosen because it had the

largest sample volume and could offer the best refinements.

Measurements on well-counted samples using the 30-130 ms window

were available at three temperatures; 10 K at the start of the experiment, 135

K after the first warming and again at 10 K after a second cooling. Following

Rietveld refinements, the results of the partial occupancies are presented in

Table 6.4. All of the refinements were treated in the same manner.

Constraints were set making the Uiso values for the oxygen atoms equal

and similarly for the deuterium atoms but no other restraints were used,

convergence was achieved in each case. The refinement parameters and

fractional coordinates for the ice V(S2) structure on the initial cooling to a

temperature of 10 K can be found in Appendix Table C.10. Tables for the

refinement after the first warming to 135 K can be found in Appendix Table

C.11 and the values following the second cooling back to 10 K in Appendix

Table C.12.

The refinements were constrained for occupancy values as shown (Lob-

ban et al., 2000). No distinct changes are apparent between the values for α,

β, δ and γ when initially observed at 10 K and following the first warming to

135 K. This might be because no change actually took place or the amount

of disorder frozen-in during manufacture was very similar to that which would

appertain at that temperature naturally.

However, on the assumption that kinetic unfreezing takes place at 132
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K then the sample would be in its normal partially disordered state at 135

K. Rapid cooling during manufacture would delay any ordering taking place

by ’freezing-in’ the disorder and hence explain the similarity of these mea-

surements. The alterations observed between temperatures of 135 K and

the subsequent cooling back to 10 K are also small. Only the value for β

has clearly altered beyond its range of uncertainty. What can be discerned

is that all the parameters α, β, δ and γ tend (if only slightly) towards more

ordered values. The movement in occupancy suggests that during the sec-

ond cooling there was a tendency to a more ordered structure, and perhaps

some ordering as described by Salzmann et al. (2008).

In terms of the kinetics for any hydrogen-ordering, the sample was held

at a temperature of 135 K for at least two hours while measurements were

conducted which would allow time for ordering or disordering to take place.

D2O ice V(S2) fractional occupancies with temperature

Atom Initial 1st Cooling 1st Warming 2nd Cooling

Number occupancy 10 (K) 135 (K) 10 (K)

O1 1.0 1.0 1.0 1.0

O2 1.0 1.0 1.0 1.0

O3 1.0 1.0 1.0 1.0

O4 1.0 1.0 1.0 1.0

D5 1− α 0.575(2) 0.576(3) 0.582(2)

D6 α 0.425(2) 0.424(3) 0.418(2)

D7 α 0.425(2) 0.424(3) 0.418(2)

D8 β 0.168(3) 0.156(4) 0.121(2)

D9 γ 0.542(2) 0.557(3) 0.559(2)

D10 δ 0.844(3) 0.847(4) 0.875(3)

D11 1− α 0.575(2) 0.576(3) 0.582(2)

D12 1− δ 0.156(3) 0.153(3) 0.125(3)

D13 1− γ 0.458(2) 0.443(3) 0.441(2)

D14 1− β 0.832(3) 0.844(3) 0.879(2)

D15 1− γ 0.458(2) 0.443(3) 0.441(2)

D16 0.5 0.5 0.5 0.5

D17 γ 0.542(2) 0.557(4) 0.559(2)

D18 0.5 0.5 0.5 0.5

Table 6.4: D2O ice V series 2: changes in fractional occupancies at temperatures

of 10 K and 135 K during a warming and cooling cycle.
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The sample cooling took place in several temperature steps along the way

back down to 10 K over a period of 7 hours. This rate of cooling is significantly

slower than during manufacture and would provide much more time for any

ordering to take place. The extra time could allow for the transition to ordered

ice XIII to begin.

Similar differences in cooling rates also applied to the experiments with

ice VI. The rate at which samples were cooled during manufacture wasmuch

greater than the pace of warming during the experiment. Measurements

were taken at temperature steps of between 100 K and 135 K over four

hours. This would allow more time for any transient ordering to the ice XV

phase to take place and then back again to ice VI.

Since the same manufacturing process was used for all the ices then

the propensity for ’freezing-in’ disorder should apply to them all. The effects

are only seen directly in ices V and VI and this could be due to the complexity

of their structures. However, ice II is ordered naturally and ice III was found

to refine well when assumed to be fully ordered, so disguising any effects.

6.4 Summary

This chapter has described the application of the power law and the two-

temperature Debye models to ices V and VI. Both of these ices showed

complex behaviour associated with changes in ordering that took place at

temperatures in the region of 120-135 K. The observation that the linear ex-

pansion coefficient for ice V was very similar during warming and cooling had

implications for the hysteresis effect. The different paths at low temperature

must be due to an ordering transition taking place at higher temperature, i.e.

in the region of 120-135 K.

The axial parameters in both ices displayed opposing changes in expan-

sion over the temperature range of 120-130 K, these worked cooperatively

to create a smooth increase in the volume. This implies a similar mechanism

could be responsible in both materials.

The use of the two-temperature Debyemodel was discussed for both ice
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V and VI, and how the effects of ordering required the temperature range to

be restricted for the data to yield realistic values for the coefficient of expan-

sion αV . The values obtained for K0/γ were, however, greater than those

obtained experimentally but could be brought more into line if a γ value of

0.72 (for ice Ih) was used. This problem could be attributed to the difficulty

in calculating the Debye energy for the unit cells.

The evidence of fractional occupancy values, following Rietveld refine-

ments on ice V series 2 measurements, suggested that limited ordering took

place at temperatures below 135 K.
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Chapter 7

Modelling high-pressure ices using DFT

This chapter presents the results of ab initio calculations performed on ices

II, IX and XI using DFT. The aim was to obtain a relaxed zero pressure,

athermal structure and calculate a value for the incompressibilityK0 and the

volume V0 in the athermal limit. The relaxed structures were then used in

conjunction with PHON software to simulate the effect of temperature and

hence calculate the coefficient of thermal expansion αV and the volume iso-

tope effect VIE.

7.1 Simulations of ice II

Ice II is an ordered phase, as are ices IX and XI, which greatly simplifies

the unit cell that can be used in the simulation. The DFT calculations on ice

II were performed using a primitive rhombohedral unit cell, whereas the Ri-

etveld refinements on the experimental results were made in the hexagonal

setting, which generates a volume three times that of the primitive unit cell.

7.1.1 Ice II computational details

Static DFT calculations on ice II were carried out in a manner described in

section 2.3. The starting structure was taken from the Rietveld refined frac-

tional coordinates obtained with D2O ice II, see Table 4.1 and converted

into a primitive unit cell using the VESTA software (Momma and Izumi,

2011). For all ices, the PBE GGA functional was used and the Projected

Augmented-Wave method (PAW) was used to simulate the behaviour of the

electron-core interactions; these potentials were obtained from the VASP
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library.

Following convergence testing on the ice II structure and taking into ac-

count of the subsequent PHON calculations, an energy cut-off value (Ecut) of

875 eV was chosen, see Figure 2.4. The exit tolerances for the VASP cal-

culations were set with an EDIFF and EDIFFG of 1x10-6 eV. The Monkhorst-

Pack scheme (Monkhorst and Pack, 1976) was used to divide up the irre-

ducible Brillouin zone and a set of 12 irreducible k-points (4x4x4 grid) was

chosen. These values were able to provide an energy convergence of 1x10-4

eV per unit cell. Multiple volumes were simulated in order to obtain unit cell

energies that could be fitted to an equation of state

7.1.2 Obtaining an equation of state for ice II

A series of fixed volume calculations was carried out, in which the atoms

were free to move and the shape of the unit cell was also allowed to vary

in line with the Hellman-Feynman forces acting within the structure. The

range of volumes was chosen to induce pressures on the cell from about 2.0

GPa to -1.5 GPa from which a minimum energy value would be obtained.

Each volume was ’relaxed’ three times within VASP which was set at high-

precision and with an ENAUG set at 3200 eV. Themultiple relaxations on the

same cell was to ensure that the forces between the atoms were minimised,

which is important for the subsequent PHON calculations.

The results illustrating the total energy for each unit cell against volume

using the final relaxations of H2O ice II are presented in Figure 7.1, where

the solid line represents the fit of a third-order Birch-Murnaghan equation of

state. The relaxation for D2O, which was described earlier in connection with

convergence, presents a very similar chart, see Figure 2.9(c). The complete

set of parameter values for K0 and K0
′ are summarised for D2O and H2O ice

II in Table 7.1.

The values for the two isotopologues are very close, which would be

expected, as the static relaxation would treat them as being effectively iden-

tical structures. The parameters are broadly in line with a calculation per-
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Figure 7.1: H2O ice II DFT simulation; (a) total energy (blue open circles) against

volume, fitted by a BMEOS3 (purple line) (b) change in axial length

(purple open circles) against pressure.

Ice II (DFT) BMEOS3 fitting parameters

Ice E0 (eV) V0 (Å
3) K0 (GPa) K0

′

D2O -178.1960(2) 299.35(6) 14.71(14) 5.94(17)

H2O -178.1960(2) 299.36(6) 14.66(16) 5.96(20)

Table 7.1: Summary of BMEOS3 fitting parameters following the DFT static calcu-

lations for D2O and H2O ice II.

formed by Fortes et al. (2003) who obtained values of K0
′ = 6.17(28), K0 =

16.06(25) GPa and V0 = 289.43(15) Å3. These parameters are relevant at

zero pressure and temperature (in the athermal limit) but to obtain a temper-

ature dependence further simulations of the relaxed cell were required and

this was achieved by using the QHA within PHON.

7.1.3 Simulating thermal expansion using PHON

The athermal parameters calculated through the DFT relaxations do not in-

clude any zero-point energy, which is always present in a crystal structure

even at zero temperature. The PHON software calculates this value, along

with the Helmholtz free energy as a function of temperature for a given sim-

ulation, at a particular volume. The extra energy has the effect of modifying

the BMEOS3 regression for the zero temperature volume and the values for

K0 etc.

For the PHON simulations, which require as large a cell as efficiently

possible, the primitive ice II unit cell was used to construct a 2x2x2 super-
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cell containing 288 atoms. The same Ecut energy of 875 eV was used during

the simulations but because a supercell was being simulated, fewer k-points

were needed and a set of 2x2x2 were chosen, which produced 4 irreducible

k-points. It was found that PHON needed to be set to central differences,

whereby the forces between a displaced atom is averaged over two oppos-

ing directions (Alfè, 2009b), to produce a smooth change in the free energies

between different volumes. Using central differences had the effect of dou-

bling the number of atoms moved during the small displacements applied by

PHON (see Section 2.5.1) and hence also the duration of the calculation. As

the computational time for the calculations was also a consideration when

setting up the simulations, the calculations were run using supercells built

from a selection of 11 volumes varying between 260 to 320 Å3.

An electronic relaxation was carried out for each displaced atom in each

selected supercell, subject to the restraint that the volume remained con-

stant. PHON was then used to calculate the FORCES between the atoms

in each supercell. The energy of the supercell was sampled using a grid

of 10x10x10 vibrational ’q’ points and the Helmholtz free energy was calcu-

lated via the QHA as a function of temperature. The resulting values were

stored in a file called ’THERMO’, and this recorded the zero-point energy for

a particular volume and the free energies for a range of temperatures. The

temperature range for the calculations was set from zero to 250 K, with the

highest temperature placing ice II at the limit of its stability field.

The free energy at a given temperature was then plotted against volume

and the resulting curve was fitted to a third-order Birch-Murnaghan equation

of state. A selection of typical charts at varied temperatures is presented in

Figure 7.2, where the solid lines represents the EoS at a particular tempera-

ture. The unit cell volume at each temperature and zero pressure lies at the

point of minimum free energy. The parameters from the BMEOS3 fittings

provided the required temperature dependence. A list of the parameters for

D2O ice II following the PHON simulations is given in Appendix A.16.
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Figure 7.2: PHON simulations at P = 0: (a) D2O ice II Helmholtz free energy (open

circles) against volume for a selection of temperatures, solid lines are

BMEOS3 fittings; (b) H2O ice II Helmholtz free energy against volume

for the same temperature range.
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At zero temperature and pressure the value of V0 for D2O ice II was

found to be 307.06(5) Å3. This value is high compared with the experimental

value of ∼300 Å3 and represents a difference of the order of 2.3%. The V0

value for H2O ice II was similarly high. Plots of the simulated volume against

temperature for both isotopologues, at P = 0, are presented in Figures 7.3(a,

c), where the solid lines are power law model fits to the volumes.

The point-to-point coefficients of expansion, αV (T1, T2), also at P = 0, are

shown in Figures 7.3(b, d), and the solid lines are the calculated expansion

coefficients αV based on the fitting model. For comparison, experimental

point-to-point expansion coefficients taken from section 5.1.1 are given. As

was the case with volume, the simulated αV values are much higher than

those obtained experimentally.

At a temperature of 225 K the calculated values of αV for D2O and H2O

ice II are 3.46(3) x10-4 K-1 and 3.11(14) x10-4 K-1 respectively, giving an dif-

ference of about 35% in the worst case when compared with an experimental

value of ∼2.6 x 10-4 K-1.

The BMEOS3 fittings also provided estimates for the incompressibility

K0 and its pressure derivative K0
′ as a function of temperature. The PHON

simulated values are presented in Figures 7.3(e, h). The shapes of the

curves for the two isotopologues are similar, however, the simulated H2O

value for K0
′ has a slightly less steep gradient. The simulations for incom-

pressibility yielded values that are less than those obtained experimentally,

however, simulations by Noya et al. (2007) gave differences of the order

of 20%, so this may not be untypical. Simulations by Pamuk et al. (2018)

obtained values for the incompressibility of ∼15 GPa at 225 K, which were

greater than the 12(0, 225) GPa found experimentally by Fortes et al. (2005).

The difference in the size of αV between the two implies that they have

a slightly different temperature response and hence, this should be manifest

in the volume isotope effect (VIE).
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Figure 7.3: PHON simulations at P = 0: (a) D2O ice II unit cell volume (blue points)

vs temperature, (brown line) is a power law model fitting; (b) estimates

for αV (T1, T2) (brown open circles) and a calculated αV (green line),

experimental values (purple open circles); (c) H2O ice II unit cell vol-

ume vs temperature; (d) estimates for αV (T1, T2) and a calculated αV ,
plus experimental values; (e) simulated D2O ice II K0 (blue points); (f)

simulated D2O ice II K0
′ (brown points);(g) simulated H2O ice II K0; (h)

simulated D2O ice II K0
′.
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7.1.4 Ice II PHON simulation of the VIE

Simulations of D2O and H2O ice II volumes obtained through PHON were

next used to calculate the VIE as a function of temperature. These vol-

umes are presented in Figure 7.4(a) using the LHS scale (cyan and magenta

points) and for comparison a corresponding set of experimental results (see

Section 4.1.2) is given (blue and red points). The resulting simulated VIE

uses the RHS scale (brown open triangles) and a corresponding experimen-

tal series of values (green triangles) is shown for comparison. At low tem-

peratures, both the simulation and experiment show a ’normal’ VIE, i.e. it

has a negative value. However, the simulation yielded a smaller magnitude,

for example at 10 K the VIE simulation is -0.15% , whereas the experimen-

tal value was -0.2%. This difference is likely due to the simulated volumes

being larger than experimental values.

With temperature, the simulated VIE increases such that at 170 K it

becomes anomalous (positive), which is then consistent with the behaviour

of ice Ih, which displays an anomalous VIE that increases with temperature

(Fortes, 2018) and has an experimental value of 0.05% below 150 K and

0.25 % close to the melting point. At high temperature the magnitude of the

VIE for the anomalous ice II becomes similar to the experimental value for

ice Ih. An examination of the V /V0 ratios for the simulations indicate that

D2O expands more readily than H2O ice II, see Appendix Figure B.3, which

would account for the VIE observations.

The parameters obtained from the BMEOS3 fittings at varying temper-

ature were also used to construct an equation of state from which the be-

haviour of the VIE with pressure could be obtained. Figure 7.4(b) illustrates

plots of unit cell volume against pressure at three temperatures across the

stability field of ice II. At low temperatures (10 K) the simulation predicts that

with increasing pressure, the VIE turns anomalous at about 0.73 GPa (off

the chart). At higher temperatures of 160 K this turnover takes place at the

much lower pressure of 0.19 GPa. By a temperature of 220 K (close to the
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Figure 7.4: PHON VIE simulation of ice II: (a) LHS axis, unit cell volume against

temperature at P = 0 for D2O and H2O ice II (open circles) along with

experimental data for comparison (points); RHS axis, simulated VIE %

(open triangles) along with the experimental data (filled triangles) for

comparison; (b) simulation of the effect of pressure on the unit cell vol-

ume of D2O (blue lines) and H2O ice II (red lines) at fixed temperatures.
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limit of the stability field) ice II has an anomalous VIE across the pressure

range. A similar temperature transition was observed in simulations by Pa-

muk et al. (2018) and those authors noted that the higher the density of the

ice, the higher the crossing temperature was likely to be.

As mentioned in section 1.5.2 expansion in a crystal structure and con-

sequently the VIE can be explained through changes to the phonon frequen-

cies of vibration between the D2O and H2O isotopologues. It was argued that

various modes of vibration could be exited which were isotope dependent.

As the simulations of ice II using PHON relied upon phonon frequencies, this

provided an opportunity to view their spectra and these are examined in the

next section.

7.1.5 Ice II phonon spectra

The phonon frequencies of D2O and H2O ice II were investigated at two prim-

itive unit cell volumes, 260 and 300 Å3. These were chosen as representing

a cell under pressure and another near to its equilibrium volume V0 at zero

pressure.

The spectra are presented in Figure 7.5(a, d), where charts (a, c) show

an expanded scale at lower energy covering that part of the spectrum con-

cerning translational and librational modes of vibration. At low energy be-

tween 0-20 meV a visual inspection shows there is a good overlap between

the density of states (DOS) of the two isotopologues generated by the sim-

ulations at both volumes. For a volume of 300 Å3, librational modes for the

H2O ice II simulation begin at about 70 meV, shown by the edge of the brown

solid line in Figure 7.5(c). The characteristic shift in energy caused by the

extra neutron in the D2O simulation moves this edge to about 50meV, shown

by the green solid line. This shift is in good agreement with that observed

experimentally in ice Ih by Li (1996), see Figure 1.23.

At a volume of 300 Å3 H2O Ice II also shows a significant dip in the DOS

around 75 meV (brown line) in the middle of the librational band. This is a

characteristic of ice II and is in good agreement with experiment Li (1996),
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which has been illustrated in Figure 7.6. This illustration also gives a direct

comparison between the INS spectra for H2O ices II, IX and Ih in this lower

energy range.

Figure 7.6: Plots of INS scattering intensity (units have been offset for the stack)

for H2O ices II, IX and Ih, the illustration is based on Li (1996)

A general comparison of Figures 7.5(b, d) shows that there are distinct

bands of frequencies around 200, 300 and 400 meV. These can be asso-

ciated with the bending and stretching modes of vibration within the water

molecules. The bands are wider for the higher pressure (lower volume) sim-

ulations and appear to be shifted such that the H2O band at 400 meV is

translated to about 300 meV in the D2O simulation for both volumes. The

implication is that the heavier mass of the deuterium atom has shifted the

energy at which these modes are excited. Such a shift in energy bands was

observed in calculations on ices VI and X made by Umemoto andWentzcov-

itch (2017); Fig.4, where the ratio between the H2O and D2O frequencies is

√2. This corresponds to the square root of the D/H mass ratio. Those au-

thors also noted that as pressure increased the bands shifted to lower ener-
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gies. This is because under pressure, as the hydrogen bond decreases in

length, the covalent bond increases in length and hence phonon frequency

decreases. This effect can be seen (marginally) in this present work. These

observations would be consistent with lighter isotopes in general producing

higher phonon frequencies.

In seeking an explanation for the VIE in ice II, given that at energies

below 40 meV which are where the translational modes dominate expan-

sion, Figure 7.5(a, c) shows that the phonon DOS are very similar, hence,

it is more likely that the observed VIE is due to changes taking place in the

phonon DOS at higher energies. Higher phonon energies, however, involve

changes to bending and stretching frequencies which are associated with

the covalent bonds within a water molecule, and these are less easily ex-

cited. This would suggest that greater changes in temperature and pressure

are needed to influence and modulate any original differences to the equi-

librium V0 values and also any differences in expansion between the two

isotopalogues.

Overall the simulation for ice II at low temperature gives the VIE as nor-

mal i.e. with V(H2O) > V(D2O), which agrees with experiment. However, at

both higher temperature and pressure it predicts that the VIE can become

anomalous. The prediction by (Umemoto and Wentzcovitch, 2017) was that

under pressure ice II (which is ordered) would have an anomalous VIE, since

it has a single hydrogen-bond network as do ices Ih or XI. Those authors also

suggest that ice IX should be anomalous and this is investigated in the next

section.

7.2 Simulations of ice IX

In this present work Ice III is treated as ice IX which is fully ordered. This

makes it much easier to simulate the crystal structure because the unit cell

can simply be repeatedmany times. A partially ordered structure would need

a simulation cell big enough to represent the disorder without being so large

that a simulation becomes impossible.



7.2. Simulations of ice IX 243

7.2.1 Ice IX computational details

The unit cell for ice III(IX), which will be referred to as ice IX in this section, is

tetragonal and the Rietveld refined unit cell and atomic coordinates obtained

for the ordered structure (see Table 4.8) were used to build the simulation

cell. The method for the static calculations were similar to those used for ice

II. The Ecut energy was again 875 eV. Convergence testing with KPOINTS

suggested that a set of 18 irreducible k-points (4x4x4 grid) were sufficient

to provide an energy convergence of 1x10-4 eV per unit cell. Unit cells with

volumes varying from 260 Å3 to 350 Å3 were generated for simulation, these

produced a range of pressures within the unit cells from 2.4 GPa to -1.4 GPa.

The energy against volume plots for the 3rd relaxation of D2O and H2O

ice IX are presented in Figures 7.7(a, c), where the solid line represents a

BMEOS3 fitting. The unit cell axial lengths against pressure (open circles)

are given in charts (b, d). The fittings are smooth for the energies but the

simulation for the D2O cell has slightly smoother axial changes.

Table 7.2 lists the fitted parameters for the BMEOS3 EoS for the two

charts (a, c). The parameter values for the two isotopologues are similar but

the simulated V0 volumes are much greater than the experimental value of

∼306 Å3.

Ice IX (DFT) BMEOS3 fitting parameters

Ice E0 (eV) V0 (Å
3) K0 (GPa) K0

′

D2O -178.513(1) 324.16(1) 8.1(1) 5.4(2)

H2O -178.517(1) 324.58(3) 8.3(3) 5.1(4)

Table 7.2: Summary of the BMEOS3 fitting parameters following the DFT static

calculations for D2O and H2O ice IX.

The overestimation of volume during the simulations meant that it be-

came necessary to use volumes at greater negative pressures for PHON

simulations to ensure that suitable V0 values could be obtained from the

BMEOS3 fittings.
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Figure 7.7: D2O ice IX simulation at P = 0: (a) energy (open circles) against volume,

the solid line is a BMEOS3 fit; (b) simulated axis lengths (purple and

magenta circles) against pressure.

H2O ice IX simulation at P = 0: (c) energy against volume, the solid line

is a BMEOS3 fit; (d) simulated axis lengths against pressure.

7.2.2 Simulation of ice IX using PHON

Simulations using PHON for ice IX were carried out in a similar manner to

those employed with ice II. A sequence of 2x2x2 supercells was generated

from unit cell volumes ranging from 260-350 Å3, creating cells containing

288 atoms.

The energy Ecut was set at 875 eV and VASP was used in a high-

precision setting. Energy convergence tests on a volume of 300 Å3 found

that, provided that central differences were used, the zero-point energy

changed by ∼0.0015 eV between the gamma point and a grid of 2x2x2 k-

points, and so to speed up calculations, only gamma points were used in this

case. This enabled more volumes to be simulated and 16 were chosen. The

energy across Brillouin zone was sampled by a grid of 10x10x10 ’q’ points.
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The temperature range for the PHON simulation was again set from zero to

250 K, which would enable temperatures within the stability field for ice III to

be investigated.

Plots of the free energies against volume, for D2O and H2O ice IX at a

selection of temperatures are presented in Figure 7.8. The energy curves

are smooth for both the H2O and D2O simulations. A list of the temperature

related parameters for D2O ice IX following the BMEOS3 fittings to the PHON

simulations are given in Appendix A.17.

The simulated unit cell volumes against temperature, at zero pressure,

were then used to estimate the coefficient of expansion and these are pre-

sented for D2O and H2O ice IX in Figure 7.9(a, c). The solid lines are fittings

using the power law model for αV . The simulated point-to-point expansion

coefficients αV (T1, T2) along with comparative experimental values from this

present work are shown in charts (b, d), where the solid lines are fittings for

the calculated volume expansion coefficient αV .

In the case of ice IX, the simulation underestimated the value of the

expansion coefficient at low temperature but the shape of the fitted curve

tracks the form of the experimental data. Extrapolation to a temperature of

245 K yields a coefficient of volume expansion of 2.53(3) x10-4 K-1 for D2O

and 2.07(5) x10-4 K-1 for H2O ice IX. These estimates are comparable to an

experimental value of ∼2.4 x10-4 K-1 for D2O ice III. As was observed with

the ice II simulation, however, the expansion coefficient for D2O is greater

than that of H2O ice IX.

The simulated values obtained for the incompressibility of ice IX were

of the order of 7.5 GPa. These are far less than the ∼13 GPa calculated by

Pamuk et al. (2018). An experimental value for ice IX was found to be 9.6(5)

GPa obtained at a pressure of 0.28 GPa and temperature of 245 K (Gagnon

et al., 1990). The PHON simulation for ice IX thus appears to underestimate

both the expansion coefficient and the incompressibilty, which would have

implications for the VIE.
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Figure 7.8: Ice IX PHON simulations at P = 0: (a) D2O ice IX Helmholtz free energy

(open circles) against volume for a range of temperatures, the solid

lines are BMEOS3 fittings; (b) H2O ice IX Helmholtz free energy against

volume for the same temperature range.
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Figure 7.9: PHON simulation at P=0:(a) D2O ice IX unit cell volume vs temperature

(blue points) with a power law model fitting (brown line); (b) estimates

for αV (T1, T2) (brown open circles) and calculated αV (solid green line),

plus experimental values (open purple circles); (c) H2O ice IX volume

vs temperature; (d) estimates for αV (T1, T2) and calculated αV , plus
experimental values; (e) simulated D2O ice IX K0; (f) simulated D2O

ice IX K0
′; (g) simulated H2O ice IX K0; (h) simulated D2O ice IX K0

′.
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7.2.3 Ice IX PHON simulation of the VIE

The calculated value of the VIE for ice IX, obtained as a function of tem-

perature from the PHON simulations is presented in Figure 7.10(a), where

the simulated volumes for H2O and D2O ice IX (magenta and cyan points)

use the LHS scale and experimental values from this present work (red and

blue points) are added for context. The simulated VIE (brown triangles) and

experimental values (green triangles) use the RHS scale.

The simulated volumes for both H2O and D2O ice IX are greater than

those obtained experimentally and the resulting VIE across the temperature

range covered by the experiments, is about four times that of the experi-

mental value. The sign of the VIE is, however, ’normal’ which agrees with

experiment. At low temperature the simulated VIE is reasonably constant

until a temperature of about 100 K, at higher temperature it increases and

changes sign (becomes anomalous) at about 180 K. An explanation for this

could be the increased expansion of D2O ice IX, which appears linear above

100 K, whilst over the same temperature range there is a slight decline in the

expansion of H2O. At a temperature of 250 K the VIE is about 0.3%, which is

the order of that for ice Ih (0.25%) close to the melting point. This behaviour

is also noticeable in ice II and could be characteristic of the simulation of

the two ices. The relationship with pressure was also explored at three fixed

temperatures, ranging from 10 K to 250 K, the higher value would be found

at the centre of the stability field for ice III. Plots of simulated volume against

pressure are presented in Figure 7.10(b).

At a temperature of 10 K the VIE is ’normal’ throughout the pressure

range but the simulation shows a transition to an anomalous VIE by a tem-

perature of about 180 K at zero pressure. As pressure is increased, the value

for the VIE at 250K reduces from 0.3 at zero pressure, such that by about

0.2 GPA it returns to ’normal’. The simulation thus predicts that the effects

of temperature and pressure on the VIE can change it from being ’normal’ to

anomalous depending on the conditions; however, given the general over-
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Figure 7.10: PHON VIE simulation:(a) LHS axis, unit cell volume vs temperature at

P = 0 (open circles) for D2O and H2O ice IX along with experimental

data (solid circles) for comparison; RHS axis, simulated VIE% (open

triangles) along with the experimental data (solid triangles) for com-

parison; (b) simulation of pressure against unit cell volume for D2O

and H2O ice IX at fixed temperatures.
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estimation of the VIE for ice IX there has to be some doubt in the accuracy

of the values of pressure and temperature causing these changes to take

place. The phonon spectra for H2O and D2O ice IX were next examined for

any differences between the two.

7.2.4 Ice IX phonon spectra

The phonon DOS for D2O and H2O ice IX were obtained from the PHON

calculation as a function of energy. Two volumes chosen for investigation

were at 260 Å3 and 320 Å3, with the latter close to the equilibrium V0 value.

The plot of the phonon DOS with an expanded energy scale is presented in

Figure 7.11(a, c).

The simulation at a volume of 320 Å3, which was close to the equilibrium

volume of ice IX showed similar traits to those observed in the simulation of

ice II at a volume of 300 Å3. At low energies, below 30 meV, there is a good

overlap between the spectra of the two isotopologues. A shift in the H2O

libration band is also observed which moves from about 75 meV down to 55

meV for the D2O molecule. However, ice IX displays no obvious dip in the

middle of the libration band but shows a series of dips that follow a downward

slope with increasing energy. The overall shape of this region of energy is

similar to that observed experimentally, see Figure 7.6 (ice IX).

At higher energies, see Figure 7.11(d), phonon bands at 150, 200, 280

and 400 meV are observed, which in general become broader at lower vol-

ume, chart(b). The shift betweenH2OandD2Oenergy bands is also present.

The values for the phonon DOS for D2O appear to be visually greater than

those for H2O ice IX at higher energies and this is also seen in the ice II

spectrum but less so. The greater value could reflect the extra mass in the

deuterium atoms and hence might be a factor in the overestimation of the

VIE in ice IX.

The prediction by Umemoto and Wentzcovitch (2017) was that ice IX or

XI would have an anomalous VIE by virtue of their single hydrogen bonded

structures, as is the case for ice Ih, so ice XI was next investigated to ascer-
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tain if the simulation would reproduce negative expansion and an anomalous

VIE.

7.3 Simulations of ice XI

Ice XI is the ordered form of ice Ih and has an orthorhombic structure with

space group Cmc21, containing 8 water molecules.The effect of ordering

the hydrogen atoms is to align the electric dipoles of the water molecules

making the unit cell ferroelectric. This causes the summation of all the dipole

moments of the water molecules to be parallel to the c-axis (Umemoto and

Wentzcovitch, 2017). The unit cell, which is illustrated in Figure 7.12(a) is

based on the structure obtained by Leadbetter et al. (1985).

Figure 7.12: (a) Ice XI orthorhombic unit cell structure, showing water molecules

aligned vertically along the c-axis; (b) the primitive unit cell used in

PHON simulations. The illustrations are based on the structure of

Leadbetter et al. (1985)

To calculate phonon frequencies, however, PHON requires a primitive

unit cell and this structure was converted to a unit cell containing 4 water

molecules using CrystalMaker® (2021). The resulting structure of Figure

7.12(b) was used as the basis for the simulations.
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7.3.1 Ice XI computational details

Convergence tests determined that the ice XI primitive cell required a higher

Ecut than the earlier ices and an energy of 1000 eV and 21 irreducible k-

points (4x4x4 grid) were needed to obtain convergence to 10-4 eV per cell.

The primitive unit cell convergence charts are given in Appendix B.4.

A series of fixed cell volumes ranging from 100 - 140 Å3 were created for

both the D2O and H2O forms, these induced pressures of about 4.5 GPa to

-1.35 GPa. The method used previously, employing three static relaxations

of each simulation cell, each using VASP at high precision was followed,

with the structures able to change shape but at fixed volume. The resulting

set of parameters following the fitting of a BMEOS3 EoS to the relaxed cells

are given in Table 7.3. As was seen with the previous ices tested, the two

isotopologues produced very similar parameters.

Ice XI (DFT) BMEOS3 fitting parameters

Ice E0 (eV) V0 (Å
3) K0 (GPa) K0

′

D2O -59.6990(3) 122.68(5) 14.08(8) 5.10(13)

H2O -59.6990(3) 122.68(5) 14.09(9) 5.09(14)

Table 7.3: Summary of BMEOS3 fitting parameters following the DFT static calcu-

lations for D2O and H2O ice XI.

The primitive unit cell volume at zero pressure in the athermal limit is of

the order of 122 Å3, this is less than the estimated volume of 128 Å3 which

was obtained by halving the volume of the standard cell observed by Line

and Whitworth (1996) at atmospheric pressure and a temperature of 5 K.

The effect of the PBE functional, however, is known to underestimate the

volume in ice Ih, yet overestimate the volume in higher density ices (II, IX)

(Santra et al., 2013). A simulation performed on ice Ih by Ramírez et al.

(2012) also underestimated the unit cell volume.

The primitive unit cell value forK0 was∼14 GPa at zero pressure which

compares favourably with that of ∼13 GPa obtained in a simulation per-

formed by Pamuk et al. (2018) on the standard centred cell. The relaxed

cells were next subjected to small displacements using the PHON software
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to obtain a temperature relationship.

7.3.2 Simulation of ice XI using PHON

Despite increasing the energy of Ecut to 1000 eV, employing the PHON soft-

ware with a 2x2x2 supercell proved unreliable. Tests found that resulting

data yielded negative expansion at all temperatures, which is not physi-

cal. Examination of the FCMNORM file, which holds values for the norm

of the force constant matrix, suggested that the forces within the simulation

cell might not have converged sufficiently for some of the volumes under

test. To help the convergence of forces, a larger 3x3x2 supercell was con-

structed. As a result of the larger simulation, a visual inspection of a test

volume of 130 Å3 showed that the forces declined as would be expected,

see Appendix Figure B.5. The increase in the simulation cell to 216 atoms,

however, lengthened the calculation time but subsequent testing found that

reducing the number of k-points just to the gamma point compensated for

this while still improving the simulation.

A series of volumes ranging from 100 to 140 Å3 were hence converted

into 3x3x2 simulation cells for both D2O and H2O ice XI. PHON was em-

ployed to estimate the zero-point energy and Helmholtz free energies for

each of the simulation cells as a function of temperature. The temperatures

were chosen from a range extending from 0-270 K. The energies at a fixed

temperature for each isotopologue’s range of volumes were then fitted with a

BMEOS3 EoS, with the highest temperature selected to be near to the melt-

ing point for ice Ih. A selection of the fitted simulation points is presented in

Figure 7.13.

A list of the fitted parameters for D2O ice XI for the PHON simulations

is given in Appendix A.18. At zero temperature and pressure the unit cell

volume for D2O ice XI was calculated to be 125.0(2) Å3, which is still less

than the experimental value but an increase on the value yielded by the DFT

static calculation following the addition of zero-point energy. The difference

in volume is approximately 2.4% and just a little higher than what might be
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Figure 7.13: PHON simulations: (a) D2O ice XI Helmholtz free energy against

volume (open circles) for a range of temperatures, solid lines are

BMEOS3 fittings; (b) H2O ice XI Helmholtz free energy against vol-

ume for the same temperature range.
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expected from the PBE functional when applied to ice Ih, but is similar to the

difference obtained in this present work for ice II.

Plots of the simulated volume against temperature, at zero pressure, for

both isotopologues of ice XI are presented in Figures 7.14(a, c), where the

solid line is a power law model fit to the volumes. The negative expansion

characteristic of ice XI is clearly demonstrated. The simulated volumes were

then used to estimate the point-to-point expansion coefficients α(T1, T2) and

these values were subsequently fitted with the expansion coefficient αV cal-

culated from the model, see Figures 7.14(b, d).

Work by Fortes (2018) determined that the thermal expansion in ice Ih

turns negative at about 60 K for both isotopologues and this is well reflected

in the ice XI simulation, though at a temperature nearer to 50 K. He also

determined volume expansivites of ∼1.63x10-4 and ∼1.45x10-4 K-1 for D2O

and H2O ice Ih respectively at atmospheric pressure and at a temperature

of 250 K. Estimates from the simulation in this present work yield values for

αV of 1.70(6) x10
-4 and 1.38(2) x10-4 K-1 for D2O and H2O ice XI respectively

at the same temperature and zero pressure. The simulation, hence, gives

a reasonable estimation for thermal expansion, including the observation

of the higher expansivity for D2O ice XI. Overall, however, the simulation

overestimates the value of αV for D2O Ice XI across most of the temperature

range and also underestimates the volume at very low temperatures.

The simulated values for the incompressibility K0 at temperatures be-

come less physically sensible at temperatures above 150 K, see Figures

7.14(e, g). The incompressibility curves would be expected to soften with

increasing temperature and this deficiency with the simulation is likely cou-

pled to the values of K ′
0. Tests showed that the inflexion in the curve can

be reduced by fixing the value for K ′
0 but the accuracy of the fitting is likely

reduced.

A simulation for ice Ih by Ramírez et al. (2012) yielded a value of ∼14

GPa for the bulk modulus at atmospheric pressure and zero temperature.
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Figure 7.14: (a) D2O ice XI unit cell volume against temperature (blue points) and a

power law model fitting (brown line); (b) estimated αV (T1, T2) (brown
open circles) and calculated αV (green line), with ice Ih (purple open

circles) experimental values (Fortes, 2018); (c) H2O ice XI volume

vs temperature; (d) estimates for αV (T1, T2) and calculated αV , plus
experimental values; (e) simulated D2O ice XI K0; (f) simulated D2O

ice XI K0
′; (g) simulated H2O ice XI K0; (h) simulated D2O ice XI K0

′.
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This steadily declined to about 10 GPa at a temperature of 300 K. Those

authors noted that as pressure increased the bulk modulus also increased

but then saturated at ∼15 GPa at a pressure of 1 GPa. They found that their

simulation also underestimated the unit cell volume. Estimates by Fortes

(2018) give K0 values for ice Ih of 10.713(7) GPa and 10.212(6) GPa for

H2O and D2O respectively, hence the simulation greatly overestimates the

values obtained for ice XI.

It is worth noting that the temperature at which the simulated K0 be-

gins to change substantially, takes place around 150 K. A DFT simulation

using the PBE functional on ice XI performed by Schönherr et al. (2014)

found the ice XI/Ih phase transition took place at temperatures of 90-100

K. Consequently, the simulation may be reflecting this instability. That said,

the change in value forK0 over the entire temperature range is substantially

smaller than what was observed with ices II and IX and the upward trend

at higher temperatures could simply be a limitation of the accuracy of this

simulation.

Overall, however, the simulation did establish negative expansion at

roughly the correct temperature region and the estimation of thermal expan-

sion was reasonable. The simulation did underestimate the volume, how-

ever, and that has implications for the determination of the VIE.

7.3.3 Ice XI PHON simulation of the VIE

The simulated volumes for D2O and H2O ice XI as a function of temperature

and the determined values of the VIE are presented in Figure 7.15(a), where

ice XI unit cell volumes relate to the LHS scale (cyan, magenta points) and

the calculated VIE relates to the RHS scale (brown triangles). For compari-

son, values for ice Ih are taken from Fortes (2018). He determined that the

anomalous VIE saturates at temperatures below 100 K at a value of 0.05%

and increases to 0.25% close to the melting point.

The present simulation shows some of the correct characteristics but

only to a limited extent. Firstly, the simulation only predicts an anomalous
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Figure 7.15: PHON VIE simulation: (a) LHS axis, unit cell volume against temper-

ature for D2O and H2O ice XI (open circles) for P = 0, including ice Ih

(solid circles) experimental data (Fortes, 2018) for comparison; RHS

axis, simulated VIE % (brown triangles) including ice Ih experimen-

tal data (green triangles) for comparison; (b) simulation of pressure

against volume for D2O and H2O ice XI at fixed temperatures.
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VIE at temperatures greater than ∼130 K. Secondly, it overestimated the

magnitude of the VIE across the temperature range. This is likely due to

the incorrect simulation of the unit cell volumes. However, given the small

experimental value for the VIE, when for instance compared with ice II, this

provides a greater challenge to replicate accurately in a DFT calculation.

The simulation’s prediction of an anomalous VIE at higher temperatures is,

however, consistent with ice Ih and hence, demonstrates some validity.

The parameters obtained from fitting the BMEOS3 equations of state

for energy against unit cell volumes at varying temperatures were then used

to construct a relationship between cell volume and pressure, see Figure

7.15(b). A set of fixed temperatures were chosen to investigate the effects of

pressure on the simulation cells. The VIE was determined as anomalous at

temperatures above 130 K but increasing pressure can lead this to become

’normal’, as demonstrated by the crossover point at close to 0.5 GPa at a

temperature of 160 K. Within the stability field for ice Ih the VIE remains

anomalous.

A simulation by Umemoto et al. (2015), see Figure 1.25 found that at

zero pressure the VIE of ice XI was anomalous at temperatures of 100 K and

had a magnitude of ∼0.3 % which increased with pressure. Those authors

noted only a limited temperature dependence, in contrast to this present

simulation where both temperature and pressure play a decisive role. The

effect of pressure was further investigated through examination of phonon

DOS spectra.

7.3.4 Ice XI phonon spectra

Phonon frequencies of D2O and H2O ice XI were examined from supercells

based on primitive cell volumes of 100 Å3 and 125 Å3, see Figure 7.16. The

volume of 125 Å3 in charts (c, d) was chosen as being close to the equilibrium

V0 value. As was observed with ices II and IX, the D2O spectrum is shifted

leftwards of that of H2O as energy increases.

The phonon DOS against wave number for the H2O spectrum, see chart
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(d), brown line, is in broad agreement with the four main bands obtained in

a simulation by Zhang et al. (2016). Those authors noted that the effect of

ordering is to reduce the number of optical vibration modes in comparison

with ice Ih leading to a more pronounced spectral structure. At low energy,

the shape of the spectrum is in general agreement with the form illustrated

in Figure 7.6.

Despite the problems with obtaining a useful simulation of ice XI, the

plots of volume against temperature show the characteristic negative ex-

pansion associated with ice Ih and an anomalous VIE within that stability

field. The simulation’s deficiency in overestimating the VIE is likely to be

improved by using more k-points and hence increasing the accuracy of the

simulation cell energies.

7.3.5 Limitations of the PBE functional

Overall, the three sets of calculations have demonstrated that the high-

pressure ice phases investigated in this present work can be described

through DFT simulations, though with varying degrees of success. It should

be noted, however, that there are known limitations with the PBE functional.

It overestimates the lattice energy for both Ice II and ice IX and will overesti-

mate the V0 volume for the higher density phases and underestimate this for

ice Ih (Santra et al., 2013). The inclusion of the zero-point energy, which is

included by the PHON calculations will also lead to much larger differences

in V0 of order of 3%.

That said, the simulations of ices II, IX and XI have shown reasonable

agreement with experiment given the difficulties involved in performing DFT

on hydrogen bonded structures (Gillan et al., 2016).

7.4 Summary

This chapter has described the results of DFT and PHON simulations using

primitive unit cells of ices II, IX and XI. Plots of cell volume against tem-

perature have been obtained for both isotopologues, which have enabled
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both the volume coefficient of expansion to be calculated and the VIE to be

estimated.

The simulation for ice II predicted that at low temperature the VIE is

normal and in agreement with experiment. However at higher temperature

it becomes anomalous with a similar VIE to that of ice Ih in its stability field.

Simulated values for thermal expansion were also greater than those ob-

tained experimentally.

On the other hand, the simulation for ice IX though predicting a ’nor-

mal’ VIE greatly overestimated its magnitude along with that of the unit cell

equilibrium value for V0. This simulation also predicted a transition to an

anomalous VIE by a temperature of 180 K and zero pressure, and confirmed

a finding that pressure and temperature play a role in determining its mag-

nitude. Estimates for thermal expansion were found to be less than those

obtained experimentally.

In the simulation for ice XI, negative expansion, which is a characteris-

tic of ice Ih, was observed and reasonable estimates for the coefficients of

thermal expansions were obtained, though slightly greater than expected ex-

perimentally. The simulation, however, predicted an anomalous VIE, which

would be expected but only starting at temperatures above 130 K. Experi-

mental evidence shows the VIE as anomalous over the whole temperature

range.
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Chapter 8

General Conclusions and future work

This project began with a single neutron powder diffraction experiment to

investigate the thermal expansion of D2O ice III, and has subsequently been

expanded to include several other high-pressure ice phases, namely II, V

and VI. For completeness, both D2O and H2O forms were examined. Lat-

terly, a series of DFT simulations on ices II, IX and XI were performed to

complement those experiments.

There were two main drivers for this work. Firstly, to establish a set

of accurate crystal structures and lattice parameters for ices II, III(IX), V and

VI. These can be used by scientists studying mantle processes within the icy

moons of the outer solar system, for example, Ganymede or Europa. Sec-

ondly, to ascertain if, and how successfully DFT using the PBE functional

could be employed to simulate ices II, IX and XI, using the present exper-

imental work for comparison. The resulting simulations were then used to

predict the behaviour of these ices at temperatures and pressures likely to

pertain within an icy moon.

8.1 Summary of the experimental results

This present work has obtained a set of high-quality structural refinements

and volume expansion data for all the above experimental ice phases. These

will provide good starting parameters for computer models simulating those

ices and hence, can be used to improve the understanding of the geological

processes taking place within the cores of icy moons.
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The experimental unit cell volume against temperature data gathered

was subsequently used to calculate the VIE for the ices (see chapter 4),

prior to their transformation back to ice Ih, which generally took place after

about 150 K. For comparison, VIE values against temperature have been

collated in Figure 8.1 along with the anomalous values for ice Ih obtained by

Fortes (2018).

Figure 8.1: A summary of the experimental VIE values for ices II, III(IX), V and VI

against temperature at P = 0. Errors are within the solid points unless

marked. Values for ice Ih (red points) were obtained fromFortes (2018).

A visual inspection shows that the VIE in all cases was ’normal’ (i.e.

negative), though, the value for ice III(IX) was close to zero. The exper-

iments found, however, that other than ice II, all the ices displayed some

axial anomalies.

The experiments also yielded good values for the thermal expansion

coefficients αV over the range of temperatures investigated, however, this

range was limited because of the impact of back-transformation to ice Ih. To

mitigate for this, a power law model was used to extrapolate values to higher
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temperatures. A summary chart of experimental estimates for the thermal

expansion coefficients αV against temperature is presented in Figure 8.2.

Figure 8.2: A summary of the extrapolated experimental coefficients of expansion,

αV , (solid lines) against temperature at P = 0 for D2O ices II, III(IX), V

and VI generated using the power law model fit. All extrapolations were

obtained using the warming series of measurements for each ice.

These expansion coefficients are all based on warming series data for

each ice. A visual inspection of Figure 8.2 highlights the similarities of the

expansion properties for ices II, V and VI, though ice III(IX) displays greater

expansion at low temperatures. At high temperature, the curves predict in-

creasing αV which appear density related, a trend noted by Fortes et al.

(2005).

8.1.1 Conclusions from the experimental work

This present work has obtained good crystal structures at 10 K for the studied

ices. Accurate values for the expansion coefficients were measured within

the temperature range of the experiments. However, these measurements

were made at atmospheric pressure and outside the normal fields of sta-
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bility for high-pressure ices. Use of the power law model proved to be re-

liable for fitting the experimental data but extrapolation to higher tempera-

tures gave values for αV that became increasingly unreliable. The values

obtained were, in some cases, only within about 20% of those determined

previously (see Table 5.2) from measurements taken within the appropriate

stability field.

Applying temperature-volume models based on Debye and Grüneisen

approximations to the data from these ices were only a limited success. It

was found that estimation of the unit cell energy using two Debye tempera-

tures yielded the most realistic values for K0/γ but that these values were

generally greater than those obtained experimentally. The use of a value for

γ of 0.72 (that of ice Ih), however, brought the K0 values more into line. A

conclusion that can be drawn is that the Debye model does not well repre-

sent the unit cell energies of hydrogen bonded ice structures.

This work has shown that the magnitude and the sign of the VIE de-

pends upon the particular ice phase and its axial parameters and not just

the presence of negative volume expansion. A generalisation that can be

inferred from ice Ih, that any ice with a volume or axis that showed nega-

tive expansion also displayed an anomalous isotope effect, can’t be sup-

ported because ice III(IX) for instance, displays negative expansion across

the (a,b)-plane while ice V shows it along the c-axis, yet in both cases these

ices show a ’normal’ isotope effect.

The volume against temperature data obtained by two independent ex-

periments demonstrated conclusively that a hysteresis effect could be ob-

served during the warming and cooling of samples of ice V, and that this

occurs in either isotopologue. The cause has been linked to some form of

hydrogen-ordering which takes place in the temperature region of 115-135

K (Salzmann et al., 2008). Supporting evidence for this was found during

this work by the observation of a small shift towards more ordered fractional

occupancies during the hysteresis, see section 6.3.1, suggesting that dur-
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ing the second cooling there was a tendency to a more ordered structure.

The effect of hysteresis though was small and is more noticeable in the axial

parameters than volume. It is envisaged that ice VI which was also man-

ufactured through recovery to atmospheric pressure would be expected to

behave in a similar manner.

8.2 Summary of the DFT simulations

The aim of this present work was to simulate the simpler ordered structures

of ices II, IX and XI using DFT, and through lattice dynamics obtain estimates

for their coefficients of expansion and incompressibilities. These estimates

could then be compared with the experimental results. By so doing, an as-

sessment of DFT techniques and the PBE functional could be made for their

effectiveness in modelling ices.

There are, however, known limitations of using PBE and these were

made manifest by underestimating the simulated volumes of ice XI against

temperature while overestimating those of ices II and IX. The differences in

V0 volumes at zero pressure when compared with comparable experimental

values ranged from between 2.5% to 4.5% . These differences had knock-

on effects in the estimations for the incompressibility K0, the VIE and the

expansion coefficients αV .

A summary of the DFT simulated coefficients of expansion αV for ices

II, IX and XI is presented in Figure 8.3. For comparison, the experimental

values for αV (T1, T2) have been included. It was found that in general the

simulations tended to overestimate the expansion of D2O ice compared with

H2O, and this increase was most noticeable in the estimated D2O expansion

coefficient values of ice II at high temperature. In the case of ice II this led

to an error of about 35% over the experimental value. Ice III(IX) expansion,

however, was underestimated, though overall, the shape of the expansion

curves are broadly in line with experiment and at higher temperatures the

magnitudes of the expansion coefficients increased with density.
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Figure 8.3: A summary of the DFT simulated coefficients of expansion, αV against

temperature at P=0 (solid lines), for D2O ices II, IX and XI generated

using the power model fit. For comparison the experimental values for

αV (T1, T2) (open squares) are included.

A summary chart of the DFT simulated K0 values as a function of tem-

perature is presented in Figure 8.4, the values are all estimated at P = 0.

Despite the limitations in calculating unit cell volumes, the simulations

yielded K0 values that were comparable with either experimental findings

or other workers’ simulations.

The unusual behavior of ice XI K0 noticed earlier in 7.14(e) is less

marked on the scale of this summary chart. However, the expected order

for decreasing incompressibility at a particular temperature should follow ice

II > XI > IX, in line with density. Thus, either the simulated value for ice II is

too small or the value for ice XI is too large. Given the difficulties in the ice

XI simulation this is more likely.

Simulations performed by Pamuk et al. (2018) and Ramírez et al. (2012)

on ice II, however, both yielded greater values of ∼17 and ∼16 GPa respec-
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Figure 8.4: A summary of the DFT simulated incompressibilities K0 (solid points)

against temperature at P = 0 for D2O ices II, IX and XI.

tively at T = 0, P = 0, and Noya et al. (2007) estimated that errors could

be 20% in some cases. These differences would suggest that some refine-

ments to the DFT calculations in this work still need to be made.

The differences between the experimental and simulated unit cell vol-

umes were also evident in the simulated estimates for the VIE. These are

presented in Figure 8.5, where the values are taken at P = 0. For compar-

ison, experimental values from this present work (at ambient pressure) are

provided.

The estimates obtained for the expansion coefficients αV , however,

were only within about 25% of the experimental values. These were compu-

tationally challenging calculations and though not exact, they demonstrate

the predictive utility of DFT to describe correctly many of the characteristics

of the experimental ices.
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Figure 8.5: A summary of the simulated VIE values (solid points) against temper-

ature at P = 0 for ices II, IX and XI. The experimental values (open

squares) are given for comparison.

8.2.1 Conclusions from the DFT simulations

This present work has shown that DFT simulations are able to realistically

simulate the thermal expansion coefficients of ices II, IX and XI, and deter-

mine the magnitudes of their VIE.

The phonon spectra obtained from the simulations provided good evi-

dence that the PHON software characterised the studied ices sufficiently well

to demonstrate the phonon translations to lower frequencies for the D2O iso-

topologues. These are consistent with lighter isotopes in general producing

higher phonon frequencies. The spectra need further study, however, to be

able to form conclusions about the roles of the various translational, libra-

tional and stretching frequencies in the VIE.

The simulations predict that both temperature and pressure are impor-

tant in determining the VIE, though Umemoto et al. (2015) argue that pres-
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sure is more important. At zero temperature, the simulations correctly pre-

dict the VIE as ’normal’ for ices II and IX but ice XI is not predicted to be

anomalous until a temperature of about 130 K. At high temperatures, all the

simulated ices are predicted to have an anomalous VIE, with magnitudes of

the order of 0.25% which is similar to that estimated for Ih near the melting

point. Negative thermal expansion was, however, confirmed in the ice XI

simulation, which gives it some validity.

One reason for the discrepancies in VIE could be because of the inad-

equacy of the PBE functional to accurately estimate the unit cell volume. In

ice structures, longer range van der Waals (vdW) interactions or dispersion

forces, play an additional role in determining the structure and internal en-

ergy of a unit cell, and these interactions become more important in higher

density ice phases Santra et al. (2013). Some of the errors of PBE could thus

be due to the failure to describe dispersion correctly (Gillan et al., 2016).

A conclusion that can be drawn is that the PBE functional is by itself not

sufficient to accurately estimate the unit cell volume for all the ices studied in

this work, however, care would be needed over which corrections to apply.

Brandenburg et al. (2019) suggests that one of the most promising combina-

tions with PBE, is the PBE-D4 method, however, this does not work well with

strongly hydrogen bonded systems. Different combinations of functional and

vdW corrections also give varying results for individual ice phases. Finding

the best all-round compromise could be a worthwhile undertaking for work

in the future.

8.3 Future work

Future work could build on these results by improving their accuracy, either

through better inclusion of dispersion and, or increasing the simulation cell

size further, though this would be at increased computational cost.

Assuming the simulations can be improved, it would be worthwhile to

investigate the axial properties of the high-pressure ices, for instance, to ob-
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serve any negative expansion along the a-axis in ice IX. The breadth of this

work could also be extended to include simulations of ice XIII, the ordered

form for ice V (structurally the most complex). This is an ice that is likely to

form at the floor of a subsurface ocean ocean on Ganymede. On Earth, ice

VII has been found as an inclusion in diamonds, its ordered phase ice VIII

could be investigated.

Experimentally, further work needs to be undertaken to explore whether

ice VI displays any hysteresis on warming and cooling in a manner similar

to that observed with ice V, and if so, to investigate whether the mechanism

is related to transient hydrogen-ordering.

Given the discovery of subsurface oceans on several outer solar system

moons, extending the experiments and the DFT simulations of this present

work from pure water systems, to ’briny’, where ions are located within the

crystal structure forming ion-doped ice, could provide valuable information

for forthcoming missions to the outer solar system.

Currently NASA’s extended Juno mission is expected to explore the Jo-

vian moons, including Ganymede, Io and Europa. Later this decade the Eu-

ropa Clipper mission is expected to make multiple flybys of the Jovian moon,

tomap its surface composition and investigate its geology. In a separatemis-

sion, Europe’s space agency ESA expects its Jupiter Icy Moons Explorer,

’JUICE’, to spend three years making detailed observations of Ganymede,

Callisto and Europa, to help characterise the internal mass distribution, dy-

namics and evolution of their interiors.

A judicious combination of experiments and simulations will help im-

prove the necessary understanding of the geological processes taking place

on those icy moons and hopefully, will aid the interpretation of whatever

these missions might reveal.
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Appendix A

Supplementary Tables

D2O ice III Polynomial Coefficients

A0 (Å3) A1 A2 A3

306.078(5) -0.0042(3) 2.37(5)x10-4 -2.3(2)x10-7

H2O ice III Polynomial Coefficients

A0 (Å3) A1 A2 A3

306.191(1) -0.0043(8) 2.48(15)x10-4 -3.3(7)x10-7

Table A.1: Coefficients for the 3rd order polynomial fits of ice III(IX) volume

D2O ice III c-axis Model Parameters

X0 (Å) p q r s

6.7708(4) -4.01(4)x10-5 -40.6 1.182(7)x10-4 -37.14

D2O ice III a-axis Model Parameters

X0 (Å) p q r s

6.7233(2) 2.01(6)x10-4 -40.6(4) -1.38(8)x10-5 -37.1(11.3)

Table A.2: Axial expansion of D2O ice III(IX): upper, power fit model parameters

for the c-axis; lower, power fit parameters for the a-axis.
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D2O ice III c-axis Polynomial Coefficients

A0 (Å) A1 A2 A3

6.7703(2) -2.3(1.2)x10-5 4.84(19) x10-6 -1.34(9)x10-8

D2O ice III a-axis Polynomial Coefficients

A0 (Å) A1 A2 A3 A4 A5

6.7230(5) 5.7(6)x10-5 -2.99(2)x10-6 5.03(4)x10-8 -2.86(3)x10-10 6.4(8)x10-13

Table A.3: Expansion of D2O ice III: upper, 3rd order polynomial coefficients for the

c-axis; lower, 5th order polynomial coefficients for the a-axis.

D2O ice V (series1) thermal expansion

Volume (warming series) Volume (cooling series)

V0 (Å)
3 665.978(3) V0 (Å

3) 666.016(8)

p 5.15(20) x10-4 p 5.56(56) x10-4

q -41.8(1.5) q -47.3(9.7)

r 5.80(41) x10-5 r 8.31(48) x10-5

s -45.76(27) s -52.7(12.4)

R2 0.9999 R2 0.9999

a-axis (warming series) a-axis (cooling series)

a0 (Å) 9.1548(2) a0 (Å) 9.1697(5)

p 0.038(17) p 1.83(13) x10-4

q -87.9(7.8) q -37.0(1.2)

r -0.014(6) r -24.9(52.9)

s -313(31) s -1672(250)

R2 0.9983 R2 0.9998

b-axis (warming series) b-axis (cooling series)

b0 (Å) 7.5007(2) b0 (Å) 7.4883(1)

p 4.9(7.7) x10-4 p 0.015(5)

q -3.2(5.5) q -67.8(5.3)

r -4.1(7.8) x10-4 r -0.0074(24)

s -6.1(10.3) s -245(20)

R2 0.9988 R2 0.9995

c-axis (warming series) c-axis (cooling series)

c0 (Å) 10.2895(4) c0 (Å) 10.2901(6)

p 0.0056(25) p 0.033(25)

q -82(6) q -110(11)

r -0.0024(11) r -0.013(9)

s -314(24) s -423(38)

R2 0.9998 R2 0.9997

Table A.4: D2O ice V series 1 (S1) volume and axial expansion fitting parameters

using the power model (equation (5.3)): LHS warming series; RHS cool-

ing series.
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H2O ice V(S2) thermal expansion

V0 (Å
3) 667.703(15)

p 5.6(9) x10-4

q -42.1(11.3)

r 4.8(4.4) x10-5

s -32.1(18.5)

Table A.5: H2O ice V (series 2) warming, fitting parameters for a two temperature

Debye Model to first order. Data was limited to volumes for tempera-

tures up to 120 K.

D2O ice VI thermal expansion

Volume (warming series) a-axis (warming series)

V0 (Å)
3 224.223(5) a0 (Å) 6.23574(3)

p 0.0056(55) p 1.71(40) x10-4

q -128(31) q -26(12)

r 2.42(27) x10-4 r -1.63(6.1) x10-5

s -78(5) s -51(36)

R2 0.9998 R2 0.9999

c-axis (warming series)

c0 (Å) 5.76616(3)

p 2.57(15) x10-4

q -14.8(1.9)

r -1.24(19) x 10-4

s -33(5)

R2 0.999

Table A.6: D2O ice VI volume and axial fitting parameters using the power model,

equation (5.3).

H2O ice VI thermal expansion

Volume (warming series) Volume (truncated series)

V0 (Å)
3 225.051(6) V0 (Å

3) 225.048(3)

p 0.0051(14) p 0.0016(11)

q -44(3) q -34(5)

r -0.0027(8) r -7.2(6.4) x10-4

s -161(15) s -130(19)

R2 0.9998 R2 0.9998

Table A.7: H2O ice VI volume and axial fitting parameters using the power model:

(LHS) over the full range of values; (RHS) with values truncated at a

temperature of 100 K.
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H2O ice II Debye Fit (Ord1) H2O ice II Debye Fit (Ord2)

V0 (Å
3) 901.114(12) V0 (Å

3) 901.106(5)

Q (eV) 2.58(6) x10-17 Q (eV) 3.71(13) x10-17

b NaN b 20.9(2.3)

ΘD 332(6) ΘD 272(6)

Table A.8: Debye fitting parameters for H2O ice II using a single ΘD

D2O ice III Debye Model

V0 (Å
3) 306.059(4)

Q (eV) 8.42(33) x10-18

ΘD1 512(131)

ΘD2 33(9)

A 0.97(36)

B 0.010(25)

Table A.9: D2O ice III(IX) warming series, fitting parameters for a two temperature

Debye Model to first order.

H2O ice III Debye Model

V0 (Å
3) 306.178(5)

Q (eV) 7.0(2.6) x10-18

ΘD1 728(155)

ΘD2 195(11)

A 1.00(41)

B 0.08(12)

Table A.10: H2O ice III(IX) warming series, fitting parameters for a two temperature

Debye Model to first order.

D2O ice V(S1) Debye Model

V0 (Å
3) 665.984(4)

Q (eV) 1.30(5) x10-17

ΘD1 497(166)

ΘD2 32(14)

A 0.73(0.17)

B 0.011(25)

Table A.11: D2O ice V warming (series1), fitting parameters for a two temperature

Debye Model to first order. Data was limited to volumes for tempera-

tures up to 120 K.
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D2O ice V(S1) Debye Model

V0 (Å
3) 666.015(8)

Q (eV) 1.20(9) x10-17

ΘD1 545(182)

ΘD2 57(21)

A 0.72(19)

B 0.02(3)

Table A.12: D2O ice V cooling series 1, fitting parameters for a two temperature De-

bye Model to first order. Data was limited to volumes for temperatures

of 125 K and below.

H2O ice V(S2) Debye Model

V0 (Å
3) 667.714(8)

Q (eV) 1.26(8) x10-17

ΘD1 479(126)

ΘD2 43(21)

A 0.69(14)

B 0.017(27)

Table A.13: H2O ice V warming series 2, fitting parameters for a two temperature

Debye Model to first order. Data was limited to volumes for tempera-

tures up to 125 K.

D2O ice VI Debye Model

V0 (Å
3) 224.217(2)

Q (eV) 7.30(50) x10-18

ΘD1 517(180)

ΘD2 51(17)

A 1.27(36)

B 0.021(58)

Table A.14: D2O ice VI warming series, fitting parameters for a two temperature

Debye Model to first order. Data was limited to volumes for tempera-

tures up to 115 K.

H2O ice VI Debye Model

V0 (Å
3) 225.047(2)

Q (eV) 7.5(9) x10-18

ΘD1 514(175)

ΘD2 97(19)

A 1.1(43)

B 0.019(68)

Table A.15: H2O ice VI warming series, fitting parameters for a two temperature

Debye Model to first order. Data was limited to volumes for tempera-

tures up to 110 K.
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D2O Ice II PHON BMEOS3 fitting parameters

T (K) E0 (eV) V0 (Å
3) K0 (GPa) K0

′

0 -172.1770(12) 307.059(42) 12.45(8) 5.97(10)

10 -172.1770(12) 307.060(43) 12.45(8) 5.97(10)

20 -172.1773(12) 307.072(43) 12.45(8) 5.98(10)

30 -172.1782(12) 307.118(44) 12.42(8) 6.00(10)

40 -172.1804(12) 307.218(45) 12.37(8) 6.01(10)

50 -172.1843(13) 307.381(48) 12.30(9) 6.03(11)

60 -172.1902(13) 307.61(5) 12.20(9) 6.06(11)

70 -172.1983(14) 307.90(6) 12.08(10) 6.10(12)

80 -172.2085(14) 308.25(6) 11.95(10) 6.13(13)

90 -172.2209(15) 308.66(7) 11.80(11) 6.17(13)

100 -172.2356(15) 309.12(7) 11.65(11) 6.20(14)

110 -172.2525(16) 309.64(8) 11.48(12) 6.24(15)

120 -172.2716(16) 310.21(9) 11.31(13) 6.28(16)

130 -172.2929(17) 310.82(10) 11.13(14) 6.31(16)

140 -172.3164(18) 311.49(11) 10.94(15) 6.35(17)

150 -172.3421(19) 312.20(13) 10.75(16) 6.39(19)

160 -172.3700(20) 312.95(14) 10.55(17) 6.42(20)

170 -172.4001(22) 313.76(16) 10.34(18) 6.46(21)

180 -172.4323(24) 314.61(18) 10.13(19) 6.50(22)

190 -172.4667(27) 315.51(21) 9.92(21) 6.54(24)

200 -172.5032(31) 316.46(24) 9.70(23) 6.58(25)

210 -172.5419(35) 317.46(27) 9.48(24) 6.62(27)

220 -172.5826(40) 318.51(31) 9.25(26) 6.66(28)

230 -172.6254(47) 319.61(35) 9.02(28) 6.70(30)

240 -172.6704(55) 320.76(41) 8.79(30) 6.76(32)

250 -172.7174(65) 321.97(46) 8.55(32) 6.80(35)

Table A.16: Summary of the D2O ice II PHON simulation parameters following

BMEOS3 fittings.
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D2O Ice IX PHON BMEOS3 fitting parameters

T (K) E0 (eV) V0 (Å
3) K0 (GPa) K0

′

0 -172.4851(5) 332.84(26) 7.52(17) 4.80(21)

10 -172.4852(5) 332.84(26) 7.52(17) 4.80(21)

20 -172.4855(5) 332.84(26) 7.53(17) 4.80(21)

30 -172.4867(5) 332.85(26) 7.53(17) 4.80(21)

40 -172.4893(5) 332.88(26) 7.53(18) 4.79(21)

50 -172.4937(5) 332.95(26) 7.52(18) 4.80(21)

60 -172.4999(5) 333.06(27) 7.51(18) 4.80(21)

70 -172.5082(5) 333.21(27) 7.49(18) 4.81(21)

80 -172.5186(5) 333.42(28) 7.47(18) 4.82(22)

90 -172.5310(5) 333.67(29) 7.43(18) 4.84(22)

100 -172.5455(6) 333.97(30) 7.39(19) 4.86(22)

110 -172.5621(6) 334.31(30) 7.35(19) 4.88(23)

120 -172.5807(6) 334.69(32) 7.29(19) 4.90(23)

130 -172.6013(6) 335.11(33) 7.24(20) 4.93(23)

140 -172.6239(6) 335.57(34) 7.17(20) 4.96(23)

150 -172.6486(6) 336.07(35) 7.11(20) 4.99(24)

160 -172.6752(6) 336.60(38) 7.03(21) 5.03(25)

170 -172.7038(6) 337.17(40) 6.96(21) 5.07(25)

180 -172.7343(6) 337.78(43) 6.87(23) 5.11(26)

190 -172.7668(6) 338.42(46) 6.79(23) 5.15(26)

200 -172.8012(7) 339.10(49) 6.70(24) 5.20(27)

210 -172.8374(7) 339.81(52) 6.60(25) 5.24(28)

220 -172.8756(7) 340.56(57) 6.51(25) 5.30(30)

230 -172.9156(7) 341.35(61) 6.40(26) 5.35(31)

240 -172.9575(8) 342.18(66) 6.30(27) 5.40(32)

250 -173.0011(8) 343.04(71) 6.19(29) 5.46(33)

Table A.17: Summary of the D2O ice IX PHON simulation parameters following

BMEOS3 fittings.
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D2O Ice XI PHON BMEOS3 fitting parameters

T (K) E0 (eV) V0 (Å
3) K0 (GPa) K0

′

0 -57.7534(14) 125.00(17) 14.35(45) 4.28(46)

10 -57.7535(14) 125.00(17) 14.35(45) 4.28(46)

20 -57.7537(14) 124.99(17) 14.35(45) 4.29(46)

30 -57.7543(14) 124.99(17) 14.35(45) 4.31(47)

40 -57.7555(14) 124.97(18) 14.35(46) 4.33(48)

50 -57.7573(15) 124.97(18) 14.36(47) 4.34(49)

60 -57.7598(15) 124.98(19) 14.36(48) 4.36(51)

70 -57.7628(15) 125.00(19) 14.35(49) 4.37(52)

80 -57.7666(16) 125.05(20) 14.34(52) 4.39(53)

90 -57.7710(16) 125.10(20) 14.34(53) 4.39(55)

100 -57.7761(17) 125.18(21) 14.33(54) 4.39(56)

110 -57.7818(17) 125.26(21) 14.32(56) 4.39(57)

120 -57.7882(18) 125.36(22) 14.31(59) 4.38(60)

130 -57.7953(18) 125.48(22) 14.30(62) 4.36(61)

140 -57.8030(19) 125.61(23) 14.29(65) 4.34(62)

150 -57.8114(19) 125.74(23) 14.29(67) 4.32(64)

160 -57.8205(20) 125.89(24) 14.29(70) 4.29(66)

170 -57.8302(20) 126.05(25) 14.29(73) 4.26(67)

180 -57.8406(21) 126.22(25) 14.29(76) 4.22(69)

190 -57.8516(22) 126.40(26) 14.30(80) 4.18(70)

200 -57.8632(22) 126.58(27) 14.32(85) 4.13(72)

210 -57.8755(23) 126.77(27) 14.33(87) 4.08(73)

220 -57.8885(24) 126.97(28) 14.36(91) 4.03(75)

230 -57.9020(24) 127.18(29) 14.38(96) 3.98(76)

240 -57.9162(25) 127.39(30) 14.4(1.0) 3.92(77)

250 -57.9310(26) 127.60(31) 14.5(1.0) 3.86(79)

260 -57.9465(26) 127.81(32) 14.5(1.1) 3.80(80)

270 -57.9625(27) 128.03(34) 14.6(1.2) 3.73(81)

Table A.18: Summary of the D2O ice XI PHON simulation parameters following

BMEOS3 fittings
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Appendix B

Supplementary Charts

Figure B.1: Plots of silicon unit cell volumes against temperature, taken for each

ice sample following calibration. The silicon standard data along with

the fitted curve are shown in black.
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Figure B.2: Preparation of D2O ice V(S1) at 250 K: (a, b) pressure and temperature

charts for ice V(S1); (c) partial phase diagram of water to illustrate the

conditions for manufacturing ice V.
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Figure B.3: PHON simulation for volume V /V0 against temperature for D2O and

H2O ice II along with the experimental data for comparison.

Figure B.4: Ice XI DFT calibration: (a) energy against volume, the solid line is a

fitted BMEOS3 EoS; (b) calculated pressure against volume with the

same EoS as a function of pressure overlain.
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Figure B.5: D2O ice XI forces convergence: (a) FCMNORM against unit cell dis-

tance for a 2x2x2 supercell of volume 100 Å3; (b) FCMNORM for a

3x3x2 supercell of the same volume;(c) FCMNORM for a 2x2x2 su-

percell of volume 130 Å3; (d) FCMNORM for the same volume with a

3x3x2 supercell.
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Appendix C

Tables of refined unit cell lattice parameters and volumes

T (K) a-axis (Å) c-axis (Å) Volume (Å3)

10.01 12.90645(2) 6.23226(2) 899.062(3)

15.00 12.90647(3) 6.23229(3) 899.068(4)

19.99 12.90652(3) 6.23238(2) 899.089(4)

24.99 12.90657(3) 6.23249(2) 899.112(4)

30.01 12.90677(3) 6.23269(2) 899.169(4)

35.00 12.90707(3) 6.23292(2) 899.244(4)

40.00 12.90736(3) 6.23326(2) 899.333(4)

45.02 12.90781(3) 6.23365(2) 899.452(4)

50.00 12.90848(3) 6.23413(2) 899.616(4)

54.99 12.90930(3) 6.23460(3) 899.798(4)

60.00 12.91018(3) 6.23521(2) 900.007(4)

65.01 12.91125(3) 6.23588(3) 900.254(4)

70.00 12.91241(3) 6.23659(3) 900.518(4)

75.01 12.91381(3) 6.23740(3) 900.829(4)

79.98 12.91533(3) 6.23825(3) 901.165(4)

85.01 12.91704(3) 6.23924(3) 901.547(4)

90.00 12.91885(3) 6.24020(3) 901.939(4)

95.00 12.92089(3) 6.24123(3) 902.371(4)

100.00 12.92293(3) 6.24236(3) 902.823(5)

105.00 12.92511(3) 6.24350(3) 903.289(5)

109.99 12.92745(3) 6.24472(3) 903.795(5)

115.01 12.92994(3) 6.24602(3) 904.330(5)

120.00 12.93257(4) 6.24737(3) 904.894(5)

125.00 12.93534(4) 6.24870(3) 905.484(5)

130.00 12.93831(4) 6.25020(3) 906.107(5)

135.00 12.94133(4) 6.25167(3) 906.744(5)

140.00 12.94454(4) 6.25316(3) 907.410(5)

145.00 12.94776(4) 6.25481(3) 908.100(5)

150.01 12.95131(4) 6.25644(3) 908.835(5)

155.00 12.95511(5) 6.25811(4) 909.611(7)

160.00 12.9593(10) 6.26030(7) 910.517(13)

Table C.1: Refined lattice parameters for D2O ice II
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T (K) a-axis (Å) c-axis (Å) Volume (Å3)

80.01 12.92900(10) 6.23943(8) 903.244(12)

59.99 12.92405(10) 6.23621(8) 902.086(12)

39.99 12.92094(10) 6.23428(8) 901.375(12)

19.98 12.92010(9) 6.23327(8) 901.110(11)

10.00 12.92011(7) 6.23322(5) 901.105(9)

20.01 12.92011(10) 6.23325(8) 901.109(12)

30.00 12.92037(10) 6.23369(8) 901.209(12)

39.99 12.92110(10) 6.23424(9) 901.391(12)

49.99 12.92211(10) 6.23514(8) 901.662(12)

60.00 12.92384(10) 6.23628(7) 902.068(11)

69.99 12.92632(10) 6.23769(8) 902.619(12)

80.00 12.92923(10) 6.23948(8) 903.284(12)

90.00 12.93258(10) 6.24134(9) 904.022(13)

100.00 12.93639(11) 6.24345(9) 904.885(13)

110.00 12.94127(11) 6.24578(8) 905.880(13)

120.00 12.94600(11) 6.24854(8) 906.943(13)

130.01 12.95175(11) 6.25117(9) 908.132(14)

140.00 12.95691(12) 6.25429(10) 909.310(15)

150.01 12.96324(12) 6.25734(9) 910.642(15)

160.00 12.9696(6) 6.2609(5) 912.05(7)

Table C.2: Refined lattice parameters for H2O ice II

T (K) a-axis (Å) c-axis (Å) Volume (Å3) r

80.00 6.72983(7) 6.78463(15) 307.279(7)

59.99 6.72850(7) 6.77556(15) 306.747(7)

39.99 6.72838(7) 6.76812(14) 306.400(7)

20.01 6.72867(7) 6.76330(14) 306.208(7)

10.00 6.72856(5) 6.76277(10) 306.175(5)

15.01 6.72852(7) 6.76230(14) 306.181(7)

20.00 6.72856(7) 6.76376(14) 306.219(7)

24.99 6.72828(7) 6.76438(15) 306.222(8)

29.99 6.72815(7) 6.76532(14) 306.256(7)

34.99 6.72808(7) 6.76705(14) 306.325(7)

39.99 6.72825(7) 6.76849(15) 306.405(8)

45.00 6.72812(7) 6.76990(14) 306.457(7)

50.00 6.72811(8) 6.77213(15) 306.558(8)

55.00 6.72818(7) 6.77394(15) 306.645(7)

60.00 6.72854(7) 6.77606(15) 306.774(7)

65.00 6.72879(8) 6.77804(16) 306.887(8)

70.00 6.72897(8) 6.78031(16) 307.006(8)

80.00 6.72972(8) 6.78454(16) 307.265(8)

90.01 6.73076(8) 6.78924(16) 307.574(8)

100.00 6.73214(8) 6.79391(16) 307.912(8)

110.01 6.73375(8) 6.79879(17) 308.280(8)

120.00 6.73542(9) 6.80424(17) 308.681(8)

130.01 6.73740(10) 6.80968(20) 309.109(10)

140.00 6.7408(2) 6.8144(5) 309.63(3)

Table C.3: Refined lattice parameters for H2O ice III(IX)
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T (K) a-axis (Å) c-axis (Å) Volume (Å3)

80.04 6.72456(2) 6.79258(3) 307.158(2)

69.95 6.72377(2) 6.78791(3) 306.875(2)

59.97 6.72326(2) 6.78361(3) 306.634(2)

49.98 6.72303(2) 6.77965(3) 306.434(2)

39.99 6.72300(2) 6.77622(3) 306.276(2)

29.98 6.72311(2) 6.77342(3) 306.160(2)

19.90 6.72327(2) 6.77149(3) 306.087(2)

10.00 6.72330(2) 6.77076(3) 306.057(2)

14.99 6.72333(3) 6.77105(5) 306.072(3)

19.89 6.72329(3) 6.77145(5) 306.088(3)

24.97 6.72317(3) 6.77228(5) 306.114(3)

29.98 6.72314(3) 6.77336(5) 306.160(3)

35.09 6.72309(3) 6.77472(5) 306.217(3)

40.00 6.72300(3) 6.77614(5) 306.273(3)

44.98 6.72304(3) 6.77778(5) 306.351(3)

49.99 6.72305(3) 6.77961(5) 306.435(3)

55.03 6.72313(3) 6.78126(5) 306.516(3)

59.97 6.72325(3) 6.78341(5) 306.624(3)

64.97 6.72351(3) 6.78547(5) 306.741(3)

69.95 6.72375(3) 6.78776(5) 306.866(3)

75.00 6.72407(3) 6.79004(5) 306.999(3)

80.04 6.72451(3) 6.79237(5) 307.144(3)

85.03 6.72496(3) 6.79481(5) 307.296(3)

90.01 6.72553(3) 6.79731(5) 307.461(3)

95.00 6.72616(3) 6.79987(5) 307.634(3)

100.02 6.72682(3) 6.80216(5) 307.798(3)

110.00 6.72841(3) 6.80718(5) 308.171(3)

119.96 6.73018(3) 6.81276(5) 308.586(3)

129.96 6.73230(4) 6.81828(5) 309.030(3)

140.02 6.73481(4) 6.82378(6) 309.510(3)

Table C.4: Refined lattice parameters for D2O ice III(IX)
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T (K) a-axis (Å) c-axis (Å) Volume (Å3)

80 6.24203(3) 5.77224(4) 224.904(2)

70 6.24018(3) 5.77039(4) 224.698(2)

60 6.23866(3) 5.76897(4) 224.534(2)

50 6.23746(3) 5.76798(4) 224.408(2)

40 6.23659(3) 5.76727(4) 224.318(2)

30 6.23602(3) 5.76670(4) 224.255(2)

20 6.23581(3) 5.76637(4) 224.227(2)

10 6.23572(2) 5.76619(4) 224.214(2)

15 6.23581(3) 5.76628(4) 224.224(2)

20 6.23577(3) 5.76638(4) 224.224(2)

25 6.23590(3) 5.76652(4) 224.239(2)

30 6.23603(3) 5.76668(4) 224.255(2)

35 6.23629(3) 5.76689(4) 224.282(2)

40 6.23662(3) 5.76715(4) 224.315(2)

45 6.2369593) 5.76758(4) 224.357(2)

50 6.23749(3) 5.76797(4) 224.410(2)

55 6.23792(3) 5.76851(4) 224.462(2)

60 6.23863(3) 5.76908(4) 224.535(2)

65 6.23933(3) 5.76978(4) 224.613(2)

70 6.24016(3) 5.77050(4) 224.701(2)

75 6.24104(3) 5.77129(4) 224.795(2)

80 6.24207(3) 5.77218(4) 224.904(2)

85 6.24307(3) 5.77315(4) 225.014(2)

90 6.24421(3) 5.77425(4) 225.139(2)

95 6.24542(3) 5.77525(4) 225.265(2)

100 6.24664(3) 5.77641(4) 225.399(2)

105 6.2480193) 5.77774(4) 225.550(2)

110 6.24928(3) 5.77941(4) 225.707(2)

115 6.25043(3) 5.78147(4) 225.870(2)

120 6.25138(3) 5.78430(5) 226.049(2)

125 6.25224(3) 5.78766(5) 226.242(2)

130 6.25368(3) 5.78982(5) 226.431(2)

135 6.25571(3) 5.79102(5) 226.625(2)

140 6.25777(3) 5.79223(5) 226.821(2)

145 6.26040(12) 5.79477(18) 227.112(8)

Table C.5: Refined lattice parameters for D2O ice VI
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T (K) a-axis (Å) b-axis (Å) c-axis (Å) Volume (Å3)

80 9.16093(9) 7.50894(8) 10.29277(9) 667.752(7)

70 9.15888(9) 7.50653(8) 10.29142(9) 667.228(7)

60 9.15718(9) 7.50472(8) 10.29057(9) 666.804(6)

50 9.15619(9) 7.50314(8) 10.28977(9) 666.478(7)

40 9.15526(9) 7.50210(8) 10.28945(9) 666.239(7)

30 9.15489(9) 7.50134(8) 10.28936(9) 666.086(7)

20 9.15463(9) 7.50084(7) 10.28964(9) 666.006(6)

10 9.15469(5) 7.50070(4) 10.28960(5) 665.983(4)

15 9.15465(8) 7.50086(7) 10.28957(8) 665.998(6)

20 9.15478(8) 7.50075(8) 10.28953(8) 666.003(6)

25 9.15480(9) 7.50114(8) 10.28933(9) 666.041(7)

30 9.15477(8) 7.50136(7) 10.28950(8) 666.086(6)

35 9.15492(8) 7.50173(7) 10.28958(8) 666.158(6)

40 9.15540(9) 7.50202(7) 10.28960(8) 666.249(6)

45 9.15580(9) 7.50253(7) 10.28963(8) 666.354(6)

50 9.15596(9) 7.50310(7) 10.29009(8) 666.478(6)

55 9.15661(9) 7.50386(7) 10.29023(8) 666.632(6)

60 9.15709(9) 7.50469(8) 10.29068(9) 666.813(6)

65 9.15789(8) 7.50559(7) 10.29114(8) 667.010(6)

70 9.15889(8) 7.50658(7) 10.29150(8) 667.231(6)

75 9.15978(9) 7.50767(7) 10.29225(8) 667.482(6)

80 9.16096(9) 7.50884(8) 10.29301(8) 667.765(6)

85 9.16219(9) 7.51010(7) 10.29382(8) 668.05(6)

90 9.16342(8) 7.51157(7) 10.29480(8) 668.381(6)

95 9.16497(9) 7.51296(8) 10.29579(8) 668.720(6)

100 9.16630(8) 7.51437(7) 10.29696(8) 669.063(6)

105 9.16800(8) 7.51587(7) 10.29828(8) 669.448(6)

110 9.17019(9) 7.51720(8) 10.29971(8) 669.861(6)

115 9.17312(9) 7.51789(8) 10.30115(8) 670.274(6)

120 9.17731(9) 7.51773(8) 10.30323(8) 670.742(6)

125 9.18316(9) 7.51661(8) 10.30493(8) 671.234(6)

130 9.18650(8) 7.51738(7) 10.30715(8) 671.734(6)

135 9.18555(5) 7.52180(4) 10.30955(5) 672.243(4)

130 9.18659(8) 7.51738(7) 10.30716(8) 671.743(6)

125 9.18692(8) 7.51345(7) 10.30502(8) 671.243(6)

120 9.18632(8) 7.51038(7) 10.30304(8) 670.765(6)

115 9.18524(8) 7.50782(7) 10.30155(8) 670.318(6)

110 9.18379(9) 7.50574(7) 10.29992(8) 669.880(6)

105 9.18226(9) 7.50392(7) 10.29863(8) 669.476(6)

100 9.18095(9) 7.50238(7) 10.29728(8) 669.111(6)

90 9.17813(8) 7.49926(7) 10.29496(8) 668.397(6)

80 9.17557(9) 7.49648(7) 10.29341(8) 667.776(6)

70 9.17365(9) 7.49415(7) 10.29196(8) 667.262(6)

60 9.17213(8) 7.49220(7) 10.29088(8) 666.831(6)

50 9.17089(8) 7.49071(7) 10.29018(8) 666.496(6)

40 9.17028(8) 7.48942(7) 10.29013(7) 666.276(6)

30 9.16993(8) 7.48857(7) 10.29004(8) 666.118(6)

20 9.16952(8) 7.48823(7) 10.29006(8) 666.023(6)

10 9.16969(8) 7.48801(7) 10.29031(8) 666.022(6)

Table C.6: Refined lattice parameters for D2O ice V series 1.
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T (K) a-axis (Å) c-axis (Å) Volume (Å3)

80 6.24871(6) 5.78219(10) 225.774(4)

60 6.24523(6) 5.77897(9) 225.397(4)

40 6.24301(6) 5.77688(8) 225.155(4)

20 6.24209(6) 5.77605(8) 225.056(4)

10 6.24208(4) 5.77586(7) 225.048(3)

15 6.24205(5) 5.77591(8) 225.048(3)

20 6.24219(5) 5.77588(8) 225.057(3)

25 6.24229(6) 5.77614(9) 225.074(4)

30 6.24247(6) 5.77616(9) 225.088(4)

35 6.24264(6) 5.77660(9) 225.117(4)

40 6.24308(6) 5.77694(10) 225.162(4)

45 6.24347(6) 5.77725(9) 225.203(4)

50 6.24400(7) 5.77793(12) 225.267(5)

55 6.24462(6) 5.77832(10) 225.328(4)

60 6.24536(6) 5.77875(9) 225.397(4)

65 6.24603(6) 5.77976(10) 225.485(4)

70 6.24688(6) 5.78017(9) 225.563(4)

75 6.24784(6) 5.78113(10) 225.669(4)

80 6.24884(6) 5.78208(10) 225.779(4)

90 6.25093(6) 5.78401(10) 226.005(4)

100 6.25326(7) 5.78670(10) 226.279(4)

110 6.25545(7) 5.79004(10) 226.568(4)

120 6.25636(6) 5.79766(11) 226.932(5)

130 6.25743(10) 5.80753(16) 227.396(7)

140 6.2674(3) 5.7997(7) 227.81(3)

Table C.7: Refined lattice parameters for H2O ice VI

T (K) a-axis (Å) b-axis (Å) c-axis (Å) Volume (Å3)

10.01 9.15600(5) 7.50346(4) 10.29157(4) 666.446(3)

80.00 9.16245(9) 7.51172(6) 10.29490(8) 668.249(6)

90.00 9.16474(9) 7.51448(6) 10.29672(8) 668.857(6)

100.00 9.16767(8) 7.51739(6) 10.29904(8) 669.572(6)

110.01 9.17141(9) 7.52033(7) 10.30177(9) 670.363(6)

120.00 9.17764(9) 7.52180(7) 10.30514(8) 671.254(6)

125.00 9.18405(9) 7.51973(6) 10.30747(8) 671.740(6)

130.00 9.18845(8) 7.51975(6) 10.30973(7) 672.256(6)

135.00 9.18757(8) 7.52415(6) 10.31219(8) 672.767(6)

130.00 9.18849(7) 7.51960(7) 10.30984(7) 672.248(6)

125.00 9.18855(8) 7.51591(5) 10.30768(7) 671.752(6)

119.99 9.18782(8) 7.51300(6) 10.30584(7) 671.282(6)

110.00 9.18460(8) 7.50893(6) 10.30269(7) 670.393(6)

100.00 9.18150(8) 7.50546(6) 10.30006(7) 669.599(6)

90.00 9.17871(9) 7.50238(6) 10.29790(8) 668.903(6)

80.00 9.17606(9) 7.49963(6) 10.29626(8) 668.277(6)

10.01 9.16996(5) 7.49106(4) 10.29289(5) 666.469(6)

Table C.8: Refined lattice parameters for D2O ice V series 2.
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T (K) a-axis (Å) b-axis (Å) c-axis (Å) Volume (Å3)

79.99 9.1798(2) 7.5058(1) 10.2976(2) 669.49(2)

10.00 9.1734(2) 7.4972(1) 10.2948(2) 667.72(2)

19.99 9.1736(2) 7.4974(1) 10.2946(2) 667.75(2)

40.01 9.1744(2) 7.4988(1) 10.2951(2) 668.04(2)

60.00 9.1765(2) 7.5016(1) 10.296192) 668.62(2)

80.00 9.1803(2) 7.5059(1) 10.2984(3) 669.58(2)

100.00 9.1856(3) 7.5112(1) 10.3019(3) 670.85(2)

110.01 9.1915(3) 7.5124(1) 10.3046(3) 671.65(2)

120.01 9.2008(3) 7.5108(1) 10.3076(3) 672.48(2)

125.00 9.2024(3) 7.5129(1) 10.3093(3) 672.93(2)

130.00 9.2007(3) 7.5177(1) 10.3118(3) 673.42(2)

135.00 9.1987(2) 7.5225(1) 10.3141(2) 673.87(2)

130.00 9.2009(3) 7.5171(1) 10.3119(3) 673.39(3)

125.00 9.2024(3) 7.5124(2) 10.3091(3) 672.86(3)

120.00 9.2027(3) 7.5083(2) 10.3080(4) 672.44(3)

110.01 9.2015(3) 7.5035(1) 10.3040(4) 671.55(3)

99.99 9.1992(3) 7.4998(2) 10.3013(4) 670.81(3)

80.00 9.1950(3) 7.4940(1) 10.2980(3) 669.61(3)

59.99 9.1918(3) 7.4893(1) 10.2955(3) 668.61(2)

40.01 9.1896(3) 7.4863(1) 10.2947(3) 668.04(2)

19.99 9.1891(3) 7.4849(1) 10.2951(3) 667.81(2)

10.00 9.1887(2) 7.4849(1) 10.2950(3) 667.78(2)

Table C.9: Refined lattice parameters for H2O ice V series 2.

a-axis (Å) b-axis (Å) c-axis (Å) β-angle (°) Volume (Å3)

9.15609(3) 7.50347(2) 10.29181(3) 109.511(1) 666.470(2)

Atom label Site Fractional coordinates (x,y,z Occ Uiso

O1 4e 1⁄4 -0.18652(26) 0 1.0 0.0043(1)

O2 8f 0.4631(2) 0.0582(2) 0.1559(2) 1.0 0.0043(1)

O3 8f 0.2742(2) -0.3467(2) 0.2473(2) 1.0 0.0043(1)

O4 8f 0.3976(2) 0.3590(2) -0.0143(1) 1.0 0.0043(1)

D5 8f 0.3360(3) -0.1055(3) 0.0469(2) 0.575(2) 0.0146(2)

D6 8f 0.2469(4) -0.2541(4) 0.0795(4) 0.425(2) 0.0146(2)

D7 8f 0.4017(4) -0.0340(4) 0.0934(3) 0.425(2) 0.0146(2)

D8 8f 0.405(1) 0.0846(9) 0.219(1) 0.168(2) 0.0146(2)

D9 8f 0.4673(3) 0.163(3) 0.1044(2) 0.542(2) 0.0146(2)

D10 8f 0.5654(2) 0.0043(3) 0.1987(3) 0.844(3) 0.0146(2)

D11 8f 0.2535(3) -0.2999(3) 0.1555(3) 0.575(2) 0.0146(2)

D12 8f 0.361(1) -0.431(1) 0.274(1) 0.156(3) 0.0146(2)

D13 8f 0.3175(4) -0.2622(4) 0.3192(3) 0.458(2) 0.0146(2)

D14 8f 0.1799(2) -0.3849(2) 0.2609(2) 0.832(3) 0.0146(2)

D15 8f 0.4361(4) 0.2629(3) 0.0463(3) 0.458(2) 0.0146(2)

D16 8f 0.3024(2) 0.3889(3) -0.0031(3) 0.5 0.0146(2)

D17 8f 0.3662(3) 0.3048(3) -0.1023(3) 0.542(2) 0.0146(2)

D18 8f 0.4682(3) 0.4560(3) -0.0061(3) 0.5 0.0146(2)

Table C.10: GSAS Rietveld refinements for the D2O ice V series 2 structure on

initial cooling to a temperature of 10 K: (upper) unit cell parameters,

(lower) fractional coordinates.
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a-axis (Å) b-axis (Å) c-axis (Å) β-angle (°) Volume (Å3)

9.18761(4) 7.52417(3) 10.31244(4) 109.309(1) 672.787(3)

Atom label Site Fractional coordinates (x,y,z) Occ Uiso

O1 4e 1⁄4 -0.1859(4) 0 1.0 0.016(3)

O2 8f 0.4617(3) 0.0576(3) 0.1563(3) 1.0 0.016(3)

O3 8f 0.2763(3) -0.3472(3) 0.2481(3) 1.0 0.016(3)

O4 8f 0.3974(3) 0.3592(3) -0.0141(2) 1.0 0.016(3)

D5 8f 0.3354(5) -0.1058(5) 0.0472(4) 0.576(3) 0.0238(3)

D6 8f 0.2471(6) -0.2543(6) 0.0815(7) 0.424(3) 0.0238(3)

D7 8f 0.4003(6) -0.0352(6) 0.0919(6) 0.424(3) 0.0238(3)

D8 8f 0.406(2) 0.085(2) 0.207(2) 0.156(4) 0.0238(3)

D9 8f 0.4651(4) 0.1618(4) 0.1046(4) 0.557(3) 0.0238(3)

D10 8f 0.5633(4) 0.0050(3) 0.1973(3) 0.847(4) 0.0238(3)

D11 8f 0.2540(5) -0.3007(4) 0.1556(5) 0.576(3) 0.0238(3)

D12 8f 0.369(2) -0.437(2) 0.273(2) 0.153(4) 0.0238(3)

D13 8f 0.3182(6) -0.2629(6) 0.3194(6) 0.443(3) 0.0238(3)

D14 8f 0.1805(4) -0.3861(3) 0.2606(1) 0.844(4) 0.0238(3)

D15 8f 0.4349(6) 0.2626(5) 0.0472(5) 0.443(3) 0.0238(3)

D16 8f 0.3043(4) 0.3887(5) -0.0025(5) 0.5 0.0238(3)

D17 8f 0.3683(5) 0.3035(5) -0.1021(5) 0.557(3) 0.0238(3)

D18 8f 0.4681(5) 0.4575(4) -0.0065(5) 0.5 0.0238(3)

Table C.11: GSAS Rietveld refinements for the D2O ice V series 2 structure on

first warming to a temperature of 135 K: (upper) unit cell parameters,

(lower) fractional coordinates.

a-axis (Å) b-axis (Å) c-axis (Å) β-angle (°) Volume (Å3)

9.16993(3) 7.49110(2) 10.29292(3) 109.506(1) 666.471(2)

Atom label Site Fractional coordinates (x,y,z) Occ Uiso

O1 4e 1⁄4 -0.1880(2) 0 1.0 0.0044(1)

O2 8f 0.4627(2) 0.0581(2) 0.1553(1) 1.0 0.0044(1)

O3 8f 0.2742(2) -0.3467(2) 0.2476(1) 1.0 0.0044(1)

O4 8f 0.3974(2) 0.3591(2) -0.0136(1) 1.0 0.0044(1))

D5 8f 0.3353(3) -0.1059(3) 0.0473(2) 0.582(2) 0.0149(2)

D6 8f 0.2459(4) -0.2555(4) 0.0798(4) 0.418(2) 0.0149(2)

D7 8f 0.4007(4) -0.0353(4) 0.0931(3) 0.418(2) 0.0149(2)

D8 8f 0.407(1) 0.084(1) 0.208(1) 0.121(2) 0.0149(2)

D9 8f 0.4676(3) 0.1616(2) 0.1040(2) 0.559(2) 0.0149(2)

D10 8f 0.5649(2) 0.0039(2) 0.1974(2) 0.875(3) 0.0149(2)

D11 8f 0.2529(3) -0.3004(3) 0.1552(3) 0.582(2) 0.0149(2)

D12 8f 0.362(1) -0.434(1) 0.273(1) 0.125(3) 0.0149(2)

D13 8f 0.3158(4) -0.2607(4) 0.3187(3) 0.441(2) 0.0149(2)

D14 8f 0.1798(2) -0.3861(2) 0.2612(2) 0.879(2) 0.0149(2)

D15 8f 0.4353(3) 0.2641(3) 0.0472(3) 0.441(2) 0.0149(2)

D16 8f 0.3031(3) 0.3886(3) -0.0020(3) 0.5 0.0149(2)

D17 8f 0.3671(3) 0.3043(3) -0.1023(3) 0.559(2) 0.0149(2)

D18 8f 0.4685(3) 0.4564(3) -0.0053(3) 0.5 0.0149(2)

Table C.12: GSASRietveld refinements for the D2O ice V series 2 structure on sec-

ond cooling back to a temperature of 10 K: (upper) unit cell parameters,

(lower) fractional coordinates.
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