High-Pressure Vibrational Spectroscopic and Crystallographic Investigations
of the N2-Ar and Nz-Kr Binary Systems

Shawna Miles

Thesis submitted to the
Faculty of Graduate and Postdoctoral Studies
In partial fulfillment of the requirements for the degree of
M. Sc. in Physics

Department of Physics
Faculty of Science
University of Ottawa

©Shawna Miles, Ottawa, Canada, 2016



Abstract

In this work, the phase behavior of binary systems comprising nitrogen and a noble element
(nitrogen + argon and nitrogen + krypton) was studied at high density in the condensed state.
Following the work of Lotz et al.[2001], the main goal of this work was to further investigate the
pressure-concentration phase diagram as well as to look for the possible formation of van der
Waals compounds at elevated pressures and room temperature and study their physical properties,
using both vibrational spectroscopy and X-ray diffraction. The observed phases, formed by single
atoms and/or simple molecules in the binary systems were solved and modeled for their
corresponding crystalline structures. From experimental results, lattice parameters for all
crystalline structures and phase transitions, if detected, have been observed to shift with respect to
that of the pure substances. The analyses and characterization of these binary systems are

discussed in detail.
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Chapter 1
INTRODUCTION

Simple binary mixtures are model systems for studying phase behavior and mutual solubility in
solids. Nitrogen (N2) is the seventh most abundant element in the universe, makes up about 78 % of
the air we breathe and represents an ideal component for such studies. Pure N, has been
extensively studied and has had a considerable theoretical background. The N; molecule has a
nearly spherical shape and, when paired with another simple molecule or atom such as that of a
noble gas element (Ar, Kr, etc.), forms a mixture that resembles a hard-sphere binary system.
Understanding the effects a second component has on the pure system, the corresponding
structures that may evolve and the properties of the mixed system can aid in endeavors such as
developing more accurate planetary models which are currently based on low pressure behavior. In
addition, new beneficial materials may be created and better methods designed for shifting certain

properties to a more practical region of the phase diagram.

Phase diagrams summarize the effect of temperature, pressure and concentration on a substance or
a mixture. Every point on the phase diagram represents a possible combination of thermodynamic
conditions for the system. A phase will have characteristic physical and chemical properties and
will have the lowest possible energy for the specified thermodynamic conditions. When a variable is
changed, such as increasing pressure or adding various concentrations of a second component, it
can have a significant impact on the phase diagram of mixed components. A state of lower energy
might be more preferential, phase transitions and possibly new phases will be observed. Mixing

systems can alter the phase diagram of the pure components. Phase transitions may be shifted or
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non-existent and new phases might be observed. Studies on simple binary systems have detected
the formation of weakly bound stoichiometric solids, called van der Waals (vdW) compounds,

which are stabilized under elevated pressures.

This work focuses on extending the pressure-concentration binary phase diagrams of N2-Ar and N»-
Kr in the pressure range of 1-25 GPa at room temperature. The phase diagrams of the pure
components, namely, Nz, Ar and Kr, have been studied extensively under a wide range of
thermodynamic conditions. The main objectives are to study the effect on condensed phases upon
mixing, to pinpoint the transition pressures for all concentrations studied between known and
novel phase(s), to identify possible van der Waals binary solids present as a function of
concentration, pressure and temperature and to understand the relationship among them. Raman
spectroscopy was used to identify structural phase transitions as a function of pressure and XRD
was employed to fully characterize these crystalline structures and their corresponding properties.
XRD experiments were performed using synchrotron radiation primarily at the Hard X-ray
MicroAnalysis (HXMA) 06ID-1 beamline at the Canadian Light Source (CLS) and also at CLS@APS
(Sector 20) of the Advanced Photon Source (APS). The results of these studies and conclusions are

presented in this work.

This work is divided into seven chapters: Chapter 1 is an introduction, Chapter 2 reviews the
relevant literature and Chapter 3 outlines the experimental techniques employed in this work.
Raman spectroscopic results for pure nitrogen and the calibration method for the spectrometer are
described in Chapter 4. The results, followed by as discussion, for the Nz-Ar and N;-Kr systems are
given in Chapters 5 and 6, respectively. Chapter 7 will summarize this work and discuss possible

future prospects for the project.



Chapter 2
LITERATURE REVIEW

This chapter will introduce the reader to the study of materials under extreme pressure and why it
is useful for ascertaining properties from a material. A literature review of pure and compound
systems under pressure will follow. There will also be a discussion regarding the motivations for

studying the nitrogen-argon and nitrogen-krypton systems at various concentrations.

2.1 Materials Under Extreme Conditions

2.1.1 A Brief Introduction to Extreme Conditions

Near-ambient conditions are necessary for life; however, most matter in the universe is submitted
to vacuum or extreme conditions such as high pressure and/or temperature. To understand the
properties of matter it is essential to reproduce the extreme conditions in the laboratory. This can

allow, for example the reproduction of conditions existing within the Earth (crust, mantle, core).

Materials are an important part of energy technology (i.e. steam and wind turbines, fuel efficient
vehicles, energy sources) and there are continual demands on material performance with respect to
extremes such as stress, temperature, pressure, chemical reactivity, and external fields. Extreme
conditions can speed up the deterioration of materials and lead to reduced performance and
eventual failure, which can be costly. There is a necessity to understand the chemical and physical
processes involved with materials. This involves a comprehension of how atoms and electrons

behave within a material under extreme conditions. This will provide insight into the structure,
3



LITERATURE REVIEW

defect production, phase transitions, chemical reactions, etc. It requires advanced characterization
methods (e.g., x-ray diffraction, spectroscopy, and microscopy) to study materials in situ as the
materials evolve under applied constraints and computational techniques to model and predict

material behavior under extreme conditions.

Materials are primarily made by chemical and physical reactions whereby reactants, temperature,
composition, and pressure are varied. Extreme conditions such high pressure can be used to
manipulate the synthesis process. The main effect of high pressure on condensed matter, for
example, is the modification of the interatomic distances and, in turn, change of crystal lattice
parameters and electronic properties as well as the intensity of the different interactions involved
in interatomic binding. As an example, we consider the case of H,0. Over the years, the number of
phases of condensed H;0 has continued to expand and show how extreme conditions can induce
polymorphism. The phase diagram for H,O now consists of over 18 or so crystalline phases and 3
amorphous phases.l2 The application of pressure has also aided in the production of
superconductors that have higher critical transition temperatures (T.) than ever before. Recent
reports (Drozdov et al.,, 2014) have claimed a Tc near 190 K, albeit at very high pressure, has been

observed in H,S.3

A better understanding of the processes involved will make it possible to predict the behavior of
materials under extreme conditions. This will allow for the design and synthetization of
revolutionary materials down to the chemical bond with unique properties, whether the purpose is
for high strength components or energetic materials that can store vast amounts of chemical
energy. In this work, the changes of physical properties of materials are examined at high pressures

at room temperature.



LITERATURE REVIEW

2.1.2 The Effect of Pressure on Materials

Materials exhibit a wide range of pressure sensitivity which can lead to structural deformation
and/or phase transitions. To study the properties and characterize materials with changing
pressure, devices such as the diamond anvil cell (DAC) have been designed and constructed to
create high pressures in the laboratory. Pressure is measured in units of force (N) over area (m?2),
which is also called a Pascal (1 Pa = 1 N/m2). In high pressure science, experimental pressures are
on the order of tens of 109 Pa, or Gigapascals (1 GPa = 109 Pa ~ 104 atm). In this work, the DAC was
utilized to reach pressures up to 25 GPa at room temperature. The DAC will be discussed in more

detail in Chapter 3. Table 2.1 provides a few examples of pressures that are found in the universe.

Table 2.1: Examples of pressure found for various objects. Temperatures will vary. Values are
obtained from various sources.*567

Object Pressure (atm) Pr((fszl)ll'e Plés;:)re
Outer Space ~144x102 1.46x 1018 1.46x 1027
Sea Level 1 1.01x105 1.01x10+
Center of the Earth 3.59x10¢ 3.64x 1011 364
Laboratory ina Diamond Anwil Cell | 764X10° | 774x108 774
Center of the Sun 247 x 1011 2.5x 1016 2.5x107
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2.2 The Study of Nitrogen and Binary Systems Conditions

2.2.1 van der Waals Compounds

When two uncharged atoms or molecules approach one another, their electron clouds undergo
deformation. An unsymmetrical electron cloud results in a temporary dipole moment or induced
dipole moment. The duration is brief but in this time the atoms or molecules are attracted to one
another. This intermolecular force is known as the van der Waals (vdW) force, named after the
Dutch scientist Johannes Diderik van der Waals.8 The vdW force is much weaker when compared to

covalent bonds and vanishes quickly with distance.

Atoms or molecules can be attracted to each other at moderate distances (a few angstroms) and
repel each other at close range. The vdW force can be approximated with a Lennard-Jones function.
The Lennard-Jones potential is effective at describing the attractive and repulsive interactions

between two uncharged atoms or molecules and is given by the following equation:

V(r) = 4¢ [(;)12 - (3)6] 21)

where o and ¢ are Lennard-Jones parameters and are dependent on the interacting particles. When

the separation, r, is small the —z term dominates, giving a positive potential (short range repulsion).

As r increases, the — term prevails (long-range attraction). The resulting potential is shown in
T

Figure 2.1. The minimum of the Lennard-Jones potential indicates the separation between the

atoms or molecules at equilibrium.
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,— Coulomb interaction (repulsive forces)

Lennard-Jones Potential

Intermolecular Potential (V)

Strongest attraction

"7 van der Waals' interaction (attractive forces)

Figure 2.1: The van der Waals interaction is approximated with the Lennard-Jones function for
intermolecular potential, V(r).

vdW forces can be categorized into three types: dipole-dipole, dispersion and hydrogen-bonding.
Dipole-dipole forces occur in polar molecules such as HCl. In a solution of polar molecules, for
example, there will be a number of molecules that have a slightly positive and a number that have a
slightly negative region. They will orient themselves to accommodate the charge and the result is a
weak intermolecular interaction during a close encounter. It should be noted that a molecule’s
momentum is often strong enough to overcome the attraction and prevents it from grouping closely

(i.e. solid) with other molecules.

Dispersion forces exist between nonpolar molecules. Electrons move around an atom or molecule

incredibly fast and this can result in temporary electron-rich or electron-poor regions. These

7
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regions last very briefly, but if they can polarize the electron cloud on an adjacent molecule the
electron clouds of each molecule may begin to oscillate with each other. The result is an alignment
of dipoles and an attractive force between the molecules. Larger electron imbalances will lead to
stronger forces. For example, the dispersion forces are harder to overcome giving a higher boiling

point for Xe when compared to Ne due to having more electrons and a larger electron imbalance.

The third type of vdW force is hydrogen-bonding. This involves molecules with -OH, -FH and -NH
groups. It behaves exactly like dipole-dipole forces; however, it is much stronger when compared to
the other types of vdW forces. The result of a combination of hydrogen with oxygen, fluorine or
nitrogen is an extreme dipole situation and the positive side of a molecule will orient itself with the
negative side of another. For a comparison of the three forces, it would take more energy to
overcome the vdW forces with H,O molecules (hydrogen-bonding) than it would with HCl
molecules (dipole-dipole). Dispersion forces are the weakest of the three and are a feature common

to all atoms.89.10

2.2.2 Constructing Phase Diagrams

The properties of materials reflect their crystal structure as structures are controlled by
composition and methods of processing. The state exhibited by a material depends on its chemical
composition, temperature and pressure. A phase diagram is a type of graph to show the physical
state of a material and provide some fundamental knowledge of what the equilibrium phase with a
given structure (lowest possible energy) is as a function of temperature, pressure and composition

in a closed system.!1
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The number of phases that are thermodynamically stable for a system is given by the Gibb’s phase

rule:

p=c—f+2 (2.2)

where the number of phases, p, is determined by the number of components, ¢, and the number of
variables, f, that can be independently changed without changing the state of the system (i.e. the

number of phases and composition are constant).11.12

Figure 2.2, (a) shows a general phase diagram for a single component system with gaseous, liquid
and solid phases. There are distinct areas with only a single phase, and these regions can be
explained with the Gibb’s phase rule. If temperature and pressure are free to change, according to
Eq.2.2,c=1,f=2givingatotal of p=1 - 2 + 2 = 1 phase for that particular region. At a triple point,
pressure and temperature are constant (f = 0) which gives three phases. Along the two-phase lines,
either pressure or temperature is changing (f = 1). To maintain a coexistence of the two phases
along the line, the second variable must change by a corresponding fixed amount. The line
separating the liquid to gas transition comes to a point (critical point) where their properties

converge and become identical. This is referred to as supercritical fluid.
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Figure 2.2: A general pressure-temperature phase diagram for a single component system. (b) A
general binary phase diagram.
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Figure 2.2, (b) shows a general binary phase diagram that displays the phases formed from
differing mixtures of two elements over a range of pressures (or temperatures). The composition
runs from 100 % of element A on the left, through mixtures of A and B, to 100 % of element B on
the right. According to Eq. 2.2, for a binary system (¢ = 2) at constant temperature with varied
pressure and composition (f = 2), there are expected to be a maximum of two phases that can be
thermodynamically stable with each other. They might come in one of, or combinations of
individually pure phases, a solid solution, or a compound consisting of the two components which

has a different phase than that of the pure substances.

There are various tools that can be used to construct a phase diagram. In this work, the main
techniques employed were Raman spectroscopy and x-ray diffraction (XRD) with synchrotron
radiation. Raman spectroscopy is sensitive to changes in the environment and can provide some
information on the orientational and translational behavior of atoms or molecules of the material
by measuring the energy corresponding to characteristic vibrational modes. Regarding Raman
spectroscopy, the terms energy, frequency and wavenumber will interchange to have the same
meaning. In addition to Raman spectroscopy, XRD patterns can be used to determine crystalline
structures corresponding to the phases. High quality x-ray diffraction patterns can provide
information on the number of mixed phases and their corresponding unit cells, volumes, space
groups, etc. These techniques are discussed in more detail in Chapter 3. The following section will
introduce polymeric nitrogen, which is a single-bonded network of nitrogen, and motivations

behind retrieving this structure under ambient conditions.
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2.2.3 Polymeric Nitrogen

Dense forms of nitrogen are of great interest. The energy difference between single-bonded
nitrogen (160 kJ/mol, or 0.83 eV/atom) and triple-bonded nitrogen (954 kJ/mol, or 4.94 eV /atom)
is significant.13 If single-bonded nitrogen (N-N) were to transform into triple-bonded nitrogen
(N=N), a large amount of energy would be released (about 444 k]J/mol, or 2.3 eV/atom). If this
energy could be stored in a material containing a substantial network, or if possible, a complete
network of single-bonded nitrogen, it would have the highest energy content of any known

nonnuclear material.

Theoretical calculations on the structure of nitrogen by McMahon et all4 predicted that
intramolecular interactions between nitrogen atoms would become competitive with
intermolecular interactions at high pressures. The result would be an energetically favorable
single-bonded network of nitrogen, also called polymeric nitrogen (PN). Over the years, PN
structures have been predicted and in 1992 Mailhiot et al.l> performed extensive ab initio
pseudopotential total-energy calculations and found that a structure with a cubic gauche (cg)
distortion characterized by all gauche (~60°) dihedral angles had the lowest energy of all the other
proposed structures and was predicted to be stable at 50 + 15 GPa. This structure is shown in
Figure 2.3. Results from many other theoretical studies have also confirmed the stability of this

structure (cg-N, space group /2,3).1617.1819
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Figure 2.3: The cubic gauche structure of nitrogen (cg-N). Left: The unit cell. Right: An extended
structure of the polymeric nitrogen. Reprinted with permission from Macmillan Publishers Ltd,
Nature, Copyright 2004.20
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Experimental results, however, did not agree with theoretical predictions. High pressure
experiments (> 100 GPa) with nitrogen at room temperature produced the vibron associated with
the stretching mode of molecular nitrogen (later called the n phase), but did not display any
presence of PN.2122 Low temperature experiments (80 — 300 K) performed by Goncharov et al.23
and Eremets et al.2* produced the first non-molecular form of nitrogen. This phase was found to

consist of an amorphous network of single-bonded nitrogen.

In 2004, Eremets et al.2 successfully synthesized cg-N at extreme conditions. The process involved
heating a sample at 140 GPa until the molecular nitrogen Raman modes disappeared. At
temperatures above 2500 K, the sample was then reduced to 115 GPa and new Raman-active
molecular stretching modes (also named vibrons) appeared and were in good agreement with
theoretical cg-N. XRD experiments2025 confirmed the cg-N structure (Figure 2.3) exists above

110 GPa and temperatures above 2000 K.

In 2014, Tomasino et al.26 reported the discovery of a nitrogen phase that consists of a single-

bonded, layered polymeric (LP) structure.

Intensity (arb. units)

500 1000 1500 2000

Raman Shift (cm-)

Figure 2.4: Vibrational spectra of laser-heated nitrogen at 150 GPa. Reprinted with permission from
the American Physical Society, Copyright 2014.26
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This structure was synthesized using laser heated diamond anvil cells at pressures from 120 - 180
GPa. In each experiment, a mixture of amorphous, LP-N and cg-N phases were produced. Two
Raman-active modes were observed for LP-N at ~1005 cm ! and 1300 cm-! (Figure 2.4). The XRD
pattern of LP-N at 112 GPa is shown in Figure 2.5. A majority of the peaks can be indexed to an

orthorhombic unit cell of space group Pba2, which is a theoretically predicted structure for

nitrogen.
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Figure 2.5: XRD pattern of LP-N compared to cg-N, its metastable form (C2/c) and to the
theoretical structure Pba2. Bottom: Crystal structures of the proposed phases. Reprinted with
permission from the American Physical Society, Copyright 2014.26
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Recently, an effort has been made to use extensive theoretical predictions to construct a phase
diagram that includes transition lines of molecular nitrogen into PN at elevated temperatures and

extremely high pressures.2” The phase diagram is shown in Figure 2.6.
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Figure 2.6: Phase diagram constructed to include theoretical predictions for transition lines
between N> and PN. In the plot, “1” refers to computer simulated results while “2-4” refer to the
experimental data on the melting line of the polymeric solid. Reprinted with permission from the

American Institute of Physics, Copyright 2015.27

2.2.4 Recovering Polymeric Nitrogen (PN) at Ambient Conditions

Experimental attempts to recover predicted phases of PN have been challenging due to numerous
reasons such as diamond anvil cell failure2s, cg-N transforming back to molecular nitrogen, etc. At
room temperature, Eremets et al.20 recovered cg-N down to 42 GPa before it transformed. At

present, researchers are exploring possible methods of retrieving or synthesizing single-bonded

nitrogen at ambient conditions.
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Recent theoretical studies have predicted new PN structures utilizing numerous computer
simulations at ambient pressure (1 atm). A discussion of the details for various simulations can be
found in Hirshberg et al?°. In their work, they predict the existence of a solid consisting of Ng
molecules, which are not composed of N> molecules, that is metastable at ambient pressure. This
phase is stabilized by van der Waals and electrostatic forces between the Ng molecules. It is
expected to be more stable than cg-N at pressures below 20 GPa. In 2014, Sun et al.3 predicted
another six PN structures (P21/m, C2/c, P212121-500, Pnnm, P21, and Cmc21) between the pressures
of 100 and 600 GPa. The prediction of new structures aids in stimulating the search for new

methods of recovering polymeric nitrogen.

Other studies have looked at high nitrogen content compounds as a way to synthesize single-
bonded nitrogen and theoretical studies have been promising. Wang et al.3! utilized particle swarm
optimization search (CALYPSO) in combination with density functional theory and were able to
transform N3 ions into a polymeric form of nitrogen in CsNs. It is expected to be stable at pressures
above 51 GPa. In 2015, Zhang et al.32 investigated KNz up to 400 GPa using a combination of
structure searching methods and first principles density functional calculations. Above 274 GPa,
their calculations revealed a stable phase of polymeric nitrogen (C2/m-N) that consists of “zig-zag”

benzene-like N¢ rings.

Another possible method to recover PN under ambient conditions is using dopants such as noble
gases or other molecules to act as polymer stabilizers. Recovery of PN upon decompression is
hindered by an “unravelling” of the polymeric structure, which transforms to a molecular phase,

and a dopant may help to avoid this.13.20.33
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2.2.5 Binary Systems

The study of simple binary mixtures has and will continue to give us knowledge about phase
behavior and mutual solubility in solids. Hard-sphere systems are a good starting point for
developing phase diagrams of binary mixtures. At higher pressures, well above ambient pressure, it
is believed that the solubility in solid systems is strongly affected by geometrical effects, which is
described by the Hume-Rothery rules for compound formation.34 Extensive computer simulations
on hard sphere systems have shown that phase behavior strongly depends on the diameter ratio
between the two species, a. According to the Hume-Rothery rules, an extensive substitutional solid
solution, and compound formation, is expected if a is above 0.85. In addition, separate pure phases
will be observed for intermediate size ratios and interstitial solids (small atoms/molecules located

in the interstices of larger ones) may be observed up to a ~ 0.60.3335

The addition of a second component may alter the phase diagram of the pure substance and shift or
eliminate phase transitions. Knowledge of the structure and properties of mixed systems can aid in
our understanding of the planets and their satellites, as current planetary models are based on low
pressure behavior.3334 If certain properties are required from a pure system, they might be shifted
to a more practical region of the pressure-temperature diagram. An example would be developing
an easier method for recovering metallic hydrogen.3¢ In addition, a second component may create

new physical properties and the formation of compounds might be observed.

When two components with different diameters are combined, stoichiometric compounds can form
and are stabilized by entropy and efficiency packing.35 In 1992, Vos et al33 claimed to have
observed the first solid vdW compound in the nitrogen-helium binary system. During crystal

growth, facets were observed as opposed to rounded surfaces expected for the pure components.
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Raman experiments revealed a main vibron shifted with respect to that of pure nitrogen; with
certain initial concentrations, this vibron was observed along with the vibrons of the pure nitrogen
(N2) phases. XRD patterns indicated high-quality crystals with a hexagonal unit cell that was
distinct from those of the pure components in the same pressure-temperature regions. The lattice
parameters of the new compound were a = 8.019 A and ¢ = 9.461 A at 12.6 GPa and 295 K. The
crystalline structure was found to contain 22 N; molecules and 2 He atoms per unit cell. Various
initial bulk compositions were investigated and the unit cell volume remained unchanged. It was
concluded that composition had no effect on the volume and this was indeed a stoichiometric
compound, He(N:)i11. In comparison to hard-sphere simulations, the stoichiometry of this
compound is unusual and it differs with known hard-sphere solids in that the larger species is the
major component. The diameter ratio for the nitrogen-helium system is 0.62. According to the
Hume-Rothery rules, which do not take into account molecular shapes and intermolecular
potentials, compound formation is expected for a above 0.85. Having a compound form at a lower a
indicates that theoretical descriptions need improvement and the study of vdW compounds will aid

in this endeavor.

Since the discovery by Vos et al33, many solid vdW compounds have been revealed. Under
compression, stoichiometric vdW compounds with a variety of structures can form between noble
elements and simple molecules such as hydrogen and nitrogen. Some stoichiometric compounds
that have been observed include Ne(He),, Ar(Hz)2, (02)3(Hz2)4 and more recently Kr(Hz)4.37.38 Binary
systems that are relevant to this work include N, with noble gases or simple molecules. The N
molecule has an almost spherical shape, well known interaction potential, and extensive theoretical
background, which makes it ideal for studying phase behaviour and solubility in solids. Systems

such as No-methane (a = 0.96), N»>-Xe (a = 0.88) and N»-Ne (a = 0.73) have been found to stabilize in
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stoichiometric compounds at high pressure.3940 In this work, the high-density nitrogen-argon and

nitrogen-krypton