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Structural Studies of Boron Nitride Compounds Under Extreme Conditions

by Spencer Sterling

This document will present the work done on BN under high pressure conditions, both
at room temperatures and at high temperatures under laser heating conditions. These
experiments are performed to identify possible phase transitions within the BN system
and characterize the materials present under the given conditions using a mixture of X-
ray diffraction and Raman and infrared spectroscopies are employed. A review of the
background and motivations for studies of BN under extreme conditions, as well as the
techniques employed, is given as an introduction.

A phase transition from hexagonal boron nitride (hBN) to wurtzite boron nitride (wBN)
is observed beginning at 9 GPa and room temperature, with coexistence of the two phases
until 14 GPa for hydrostatic conditions and to above 20 GPa for non-hydrostatic condi-
tions. This transition is partially reversible below 2 GPa. The formed wBN has a high
concentration of defects. For recovered samples, defects couple with the 532.18 nm exci-
tation laser producing a heating effect, observed as a Raman downshift with increasing

laser power.
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The bulk modulus By and pressure derivative of the bulk modulus B} of hBN are es-
timated to be 30.6 £ 0.5 GPa and 8.7 £ 0.7, respectively. The bulk modulus of wBN is
estimated to be 392 + 5 GPa, leading to a Vickers hardness of 68 4= 1 GPa. Extra diffrac-
tion lines are observed for hBN samples loaded with Ny, indicating a potential new struc-
ture arising from a reaction of N with hBN, but Raman spectroscopy fails to corroborate
this finding. The crystallinity of the hBN samples and the choice of pressure transmitting
medium are shown to have little to no effect on the estimated physical properties of hBN.

Laser heating is performed on hBN with various sample assemblies. The effective-
ness of different assemblies is discussed. NaCl is used as a pressure and temperature
gauge local to the X-ray probe to contrast the stationary ruby pressure gauge and the
non-local black body temperature measurement. A large contrast between the two tem-
perature measurements yields doubt that the intended temperatures of around 2000 K are
produced in the sample. Observation of the proposed high-pressure high-temperature
transition to body-centered tetragonal BN or intercalated BN cannot be confirmed, likely
due to insufficient heating.

The prospects for studying Li-BN intercalation compounds under extreme conditions
is discussed. An initial experiment on the system studied with X-ray diffraction is unable

to confirm heating of the material nor the presence of intercalation compounds.
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Chapter 1

Introduction

Phase transitions in materials lead to radical differences in properties. Through the use of
extreme conditions, meaning pressures on the scale of 1 GPa or greater and temperatures
between few Kelvin to several thousands of Kelvin, a wide range of range of material
phases become accessible. One familiar example is with carbon. The low pressure, solid
phase of carbon is graphite, commonly used as pencil lead. Graphite is composed of flat
sheets of carbon atoms bonded to one another in a hexagonal order. These sheets are laid
on top of one another with a fairly weak attractive force. This weak inter-sheet bonding is
the reason why the material comes off so easily when pressed to paper. Above 5.5 GPa and
1800 K!, graphite transforms into diamond. The two materials are identical in chemical
composition, but quite different in terms of physical properties. These differences are
owed to the crystallographic arrangement of the two solids. In graphite the atoms are
only strongly bonded in 2-dimensional sheets, whereas in diamond the atoms are linked
in a way that forms a 3-dimensional lattice. A very similar system is investigated in this
thesis.

Extreme conditions on condensed matter has led to exciting developments in materials
science worth mentioning here. It is under greatly elevated pressures that superconduc-
tors with the highest critical temperatures reported are formed, notably LaH;( at 250K
and 170 GPa? and a recent report of superconductivity at room temperature in carbona-
ceous sulfur hydride at 155 GPa®. According to prevailing theory, even hydrogen should
become a metal and superconductor at sufficient pressure*. In theory, this would be a
room temperature superconductor, and would confirm that Jupiter’s massive magnetic

fields (which reach past across the orbits of nearby planets) is due a core of dense, metallic
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hydrogen. The ongoing race for metallic hydrogen synthesis has seen many controver-
sial reports™®, all being rightfully handed a wealth of skepticism®’. Recent studies of the
change of the band gap and infrared spectrum of pressurized hydrogen have been very
promising regarding the realization of the metallization of hydrogen at 80K and 425 GPa®,
meaning if it hasn’t yet been synthesized, it is quite close. Indeed, it is an exciting time to

be researching materials under extreme conditions.

1.1 Motivations

Research at extreme conditions is heavily concerned with the generation of materials with
novel properties, the study of why these properties exist, how they evolve, and how to
take advantage of them in our less extreme living conditions. In such a way, pressure
also presents itself as a useful tool that can be used for tuning material properties and
extracting information about them. The materials we seek to create in the studies pre-
sented here have a wealth of properties of interest. These materials may be more effective
abrasives than any on the market or higher energetically dense and more stable than any
other non-nuclear explosives. We may be interested in their novel, directionally depen-
dent electronic properties, or even just simply to test the effectiveness of models and their

simulations.

1.1.1 Ultrahard Materials

Hardness is classified by different scales depending on the experimental method, such
as the Mohs scale, which is measured by the ability to scratch another material, or the
Vickers scale, which measures the amount of plastic deformation caused by an indenta-
tion. Anything with a Vickers hardness Hy above 40 GPa is considered superhard’. Hard

and superhard materials are incredibly important for industrial applications, being used
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as abrasives, cutting tips, and polishing agents to cut away material from otherwise very
strong surfaces. An abrasive that is too soft (not hard enough) will be machined down by
the material that is intended to be machined, so the harder the material to be machined
machine, the harder the abrasive is needed to be. Due to chemical inertness being a com-
mon property among superhard materials, they are also used as chemical and physical
wear-resistance coatings. It has been noted that the creation of the industry of synthetic
superhard materials is one of the greatest stages of the technological revolution in the 20th
century'’, and with the accelerating manufacturing activities and environmental demand
for hard materials without need for coolants, the global demand for new and improved

hard materials continues to expand''1%.

O Boron
‘ Nitrogen
‘, Carbon

(A) Diamond. (B) cBN.

FIGURE 1.1: Unit cells for the crystal structures of diamond and cubic boron

nitride (cBN), viewed along the (1 1 2) direction. Both consist of a face-

centered cubic Bravais lattice with 4 additional atoms within the unit cell, cre-

ating the diamond structure for monotonic species, or zinc blende structure

for diatomic species like BN. Leaving each atom with 4 nearest neighboring
atoms, there is naturally sp® bonding between the atoms.

Among hard materials, diamond is the champion. Possessing a hardness of 60-120
GPa, it surpasses any other material found in nature or yet developed; it is unlikely that
it is possible to ever beat it by much'’. As a result, diamond is very useful as an abra-

sive and is heavily used across many industries. Unfortunately, diamond suffers some
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issues as an abrasive material. Notably, diamond has poor thermal stability, as it readily
converts to graphite around 700°C in air, slightly higher than what is possible in a conven-
tional oven. Furthermore, diamond is unsuitable for working in iron-rich environments
as it reacts and degrades, forming carbides with the iron. This is an issue for using it as
a machining abrasive, considering how pervasive steel, a hard, high iron metal, is as a
building material, and in need of lots of machining.

The second most prominent ultrahard material would be cubic boron nitride (cBN),
discovered in the early sixties'*. With both composing elements lying directly on either
side of carbon on the periodic table, it is isoelectronic to diamond. It has the zinc blende
structure, which makes it isostructural to diamond as well, as shown in Figure 1.1. Like
diamond, cBN is obtained at high pressure, starting from the low pressure form of hBN.
While ¢BN is indeed an ultrahard material, its intrinsic hardness is lower than that of
diamond, only 30-45 GPa'”, due to the partial ionicity of the B-N bonds. ¢BN is still the
second hardest commercial superhard material'!. Furthermore, single crystal cBN has a
fracture toughness about half that of diamond, though polycrystalline cBN with binders
shows higher fracture toughness at no expense to the hardness'!”.

As shown in Figure 1.2, recent material designs based on cBN or diamond has in-
creased the upper limit for hardness, though not without similar drawbacks to the origi-
nal materials. New materials with similar hardness to cBN and diamond would hopefully
provide a way around the issues associated with the current ultrahard material options,
as well as more selection for the global demand. These materials would therefore need to
maintain a hardness comparable to those in use, while being more thermally stable than
diamond.

By inspecting the compression of a solid, it is possible to uncover elastic parameters
for the material such as the bulk modulus, the property characterizing the compressibility
and part of the picture necessary for determining how hard a material is. Though there

are many different models for defining hardness, most of them can be expressed as a
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FIGURE 1.2: A timeline of the synthesis of diamond and cBN based ultra-
hard materials and their corresponding hardness (reproduced from Zhao et al.,
2016'!). The cyan region shows the hardness range of natural diamond.
relation between the aforementioned bulk modulus and the shear modulus defined as
how much the material deforms under sheer strain rather than pressure. Chen’s model
for hardness'®, defined as
G3

Hy = 2(ﬁ)0~585 -3 (1.1)

where Hy is the calculated Vickers hardness, G is the shear modulus, and B is the bulk
modulus. Using this equation, it is possible to estimate the hardness based on observed

elastic parameters.
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1.1.2 Boron Nitrides of Interest
Hexagonal Boron Nitride (hBN)

The low pressure phase of hexagonal boron nitride (hBN), termed "white graphite", lives
up to it’s name. Layered hexagonal sheets of sp? bonded B-N makes up the ambient stable
structure of BN. The point group of the hBN lattice is Dg;,'”, due to the alternating stacking
of layers such that the position of each B atom in one layer is the same as a N atom in the
following, and vice versa, as shown in Figure 1.3. This does make it structurally different
from graphite lattice, whose point group is Dsj,. the hBN lattice would have this point
group if the stacked sheets instead were aligned by elemental type species along the c-

axis!?.

‘ Boron
‘ Nitrogen

FIGURE 1.3: The structure of hBN. Note the elemental alternation in the c-
axis, which leads to a slight change in structure compared to graphite.

The fast growing field of atomically thin 2D materials was first nucleated by the ex-
perimental discovery of graphene’’. By exfoliating the 2D crystal down to one or only
a few sheets, the remaining material exhibits unusual and wonderful new properties.
hBN, being structurally and electronically similar to graphite, was a natural addition to
2D and layered devices, either as a substrate?! or the material in focus. Indeed, it pos-

sesses incredible strength and toughness, for instance??. Furthermore, hBN is an indirect
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bandgap semiconductor with a range of phonon-assisted optical transitions?®, and its dis-
tinctive electronic structure provides a rich phonon-assisted emission spectrum?*. hBN is
of great interest for use in infrared nanophotonics, as well as a single-photon and ultravi-
olet emitter”>. hBN has even been used to make quantum dots”*. Needless to say that the
study of the physical properties of hBN at extreme conditions are of interest as it could
lead to other significant discoveries, such as how to effectively tune these properties. The
experiments presented in this thesis begin with subjecting hBN to extreme conditions in

order to study it’s properties and to characterize the transition from hBN to other phases.

Wurtzite Boron Nitride (wWBN)

Just like for graphite, when several gigapascals of pressure are applied to hBN, a transition
from sp? to sp® bonded B-N occurs?. Although with graphite the application of extreme
conditions would produce diamond outright, under high pressure at ambient temperature
hBN converts instead to a wurtzite structure. The transformed wurtzite boron nitride
(WBN) is structurally similar to the phase of "hexagonal diamond" for the carbon system,

a mineral phase known as lonsdaleite.

FIGURE 1.4: The structure of wBN. Note the angle between a and b axes of
the unit cell being 30° off of 90° due to the hexagonal structure, separating the
phase from the one seen in Figure 1.1b.
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Simulations have shown potential for both wBN and lonsdaleite to be harder than
diamond?®. With wBN having a greater thermal stability than that of diamond, it is a
promising candidate as a novel ultrahard material.

Other semiconducting group-III nitrides, such as GaN, AIN, and InN, have been in-
strumental in the development of optoelectronics; they all are stable in the wurtzite struc-
ture. It is thus essential to understand and determine the characteristics of wBN. Unfor-
tunately, due to the difficulty in synthesizing wBN in more than small amounts (such as
a large, high-quality crystal), there have been few studies into the physical properties of
wBN?. Composites of cBN and wBN have already shown the sign of hardness closer to
that of single crystal and polycrystalline diamond than for any other forms of cBN*". The
hardness of wBN is yet to be determined and understanding how it contributes to the

elevation of hardness in a nanocomposite is unclear.

Body-Centered Tetragonal Boron Nitride (bct-BN)

Although hBN, cBN, and wBN form the "holy trinity" of BN phases, there exists a num-
ber of other observed and conjectured phases. BN has been reported in rhombohedral®!
and orthorhombic® configurations, while other designations such as the disordered tur-
bostratic BN exist. However, one proposed phase is of specific interest in this thesis, which
will be referred to henceforward as the body-centered tetragonal BN (bct-BN). Initially
proposed in 2011 under different monikers by two separate groups®**, the bct phase of
BN is predicted to be a metastable, high pressure and high temperature (HPHT) phase
of BN. Computer simulations have shown that the type of deformation leading to a high
pressure phase transition is what leads to the different phase structure®. Whereas chair-
like deformation (as defined in the article®®) is what usually causes the transition to a
wurtzite crystalline structure, with sufficient applied temperature, the deformation would
instead be boat-type, leading to the tetragonal structure. Simulations proposed that bct-

BN is actually a mechanically stable intermediate phase in the transition between hBN
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and wBN*!. Where the wurtzite structure can be recognized by six-membered rings of B
and N atoms, the newly formed structure features distinctive 4- and 8- membered rings
along a shared axis, making a P4,/mnm symmetry isostructural to the p phase of BeO

(and as such, was labeled as "-BeO BN" in Hromadové'’s discussions).

=T
l

O Boron
. Nitrogen

FIGURE 1.5: bctBN as viewed from the (1 2 4) direction.

Hromadova’s simulations® show that the high pressure deformations change from
chair-type to boat-type around 900 K, and around 1000 K it is boat-type dominant. They
calculate that bet-BN should actually be more thermally stable than wBN, but only once
the kinetic barriers are overcome through heating. However, it seems as if the transition
has to be nucleated from hBN, rather than just setting the conditions right, making the
challenge of the bct-BN synthesis non-trivial. When increasing the temperature too high
at lower pressures, and the hBN converts to cBN* - no bct-BN; increasing the pressure
too high below 1000 K, converts the hBN to wBN - no bct-BN here either. This bct-BN
is suspected to be ultrahard, although not as hard as the wurtzite or zinc-blende counter-
parts, with bulk modulus lower by about 7%°. The calculated Vickers hardness of bct-BN
is calculated to be 65.2 GPa, very comparable to that of cBN, while having a much higher
shear strength than cBN: 68.6 GPa for bct-BN, as compared to 21.6 GPa for cBN**, making

it a much more optimal abrasive material.
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The experiments in this thesis are designed for the study of these three phases in mind
(hBN, wBN, and bct-BN). The goal is to uncover their properties and to characterize the
phase transitions between them, as well as uncovering the potential for forming new, high

energy density materials starting from hBN.

1.1.3 Polymeric Nitrogen and Energetic Materials

High energy density materials is one of the areas of highest interest within the field of
extreme conditions condensed matter. Such materials are used as higher-efficiency chem-
ical fuels, for instance. Pressure provides a route not only to the synthesis of novel dense,
higher energy materials, but also to tuning their properties. Furthermore, high pressure
and temperature modification allows for the effective simulation of the atmosphere upon
detonation, enabling the study of the physics under those conditions. Insofar, most mod-
ern advances in obtaining such materials has been through use of compounds with high
nitrogen content®®. This nitrogen backbone provides stored energy from the conversion
of nitrogen double bonds to molecular nitrogen triple bonds.

As predicted by McMahan et al.*’, sufficiently high density (such found under incred-
ible pressures) of molecular nitrogen causes the intra-molecular forces to be comparable
to inter-molecular forces, referred to as electronic frustration. Sufficient frustration causes
the molecular nitrogen to dissociate to form a monatomic nitrogen lattice of single bonded
nitrogen. This monatomic lattice network would be like a polymer of nitrogen (pN), with
many stable forms predicted, including those with the A7 (arsenic), BP (black phospho-
rous), cg (cubic-gauche), and ch (trans-cis chain) structures®®. A material containing such
nitrogen single bonds would present an energy density many times that of standard ex-
plosives, nearly 7 times that of TNT per unit mass™.

Many forms of polymeric nitrogen have since been discovered, with many of them

stable to relatively low pressure conditions, but none yet that are stable under ambient
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atmosphere. Above 150 GPa at room temperature, nitrogen takes on an opaque, electri-

cally conductive form*’

, coined the # phase. The 7 phase was proven to be non-molecular,
amorphous and consisting of polymeric single-bonded nitrogen*!. The 77 was shown to be
metastable to room pressure but only under 100 K, while at room temperature it converts
to a non-polymeric phase below 50 GPa*?.

A few years after the discovery of the 17 phase of nitrogen, the cubic-gauche (cg) form
was first created above 110 GPa and 2000 K**. Under room temperature, the phase was
metastable down to 42 GPa, however the illumination of even a weak laser was enough
to convert it back to molecular nitrogen. At 140 K it was shown that this was stable down
to possibly less than 25 GPa.

It was a decade before another phase of pN was created; in 2014, the layered poly-
meric (LP) structure of nitrogen was created by laser heating nitrogen at 120-180 GPa to
temperatures as high as 3000 K**. This phase was shown to be about 7.8% denser and
about 22.5% stiffer than cBN, hopefully meaning it’s more stable. Very recently, a modifi-
cation to this phase was created in the form of the hexagonal layered polymeric nitrogen
(HLP-N). Above 240 GPa, laser heating samples of pure nitrogen produced a new poly-
meric phase in a tetragonal arrangement, metastable down to at least 66 GPa under room

tempera’cure45 .

Most recently, and perhaps most excitingly, one more of Mailhiot's* predicted poly-
meric structures was created. Structurally analogical to the 2D phase of black phospho-
rous, the black phosphorous phase of nitrogen (bp-N) was only recently synthesize during
laser heating above 140 GPa***’. The phase was shown to be stable to pressures as low
as 46 GPa. It would be interesting to use a layered system as hBN to further confine and
perhaps facilitate the dissociation of triply bonded nitrogen molecules in the solid-state.
The pressures and temperatures necessary to create polymeric nitrogen that is yet to be

stabilized at ambient conditions makes it a serious challenge for real-life applications. As

such, there is great interest in exploring other nitrogen dense materials to produce single
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bonded nitrogen compounds that could be formed at and be metastable to much lower

respective pressures.

1.1.4 Nitrogen Intercalation in hBN

Following the insight of McMahan et al.?’

, hitrogen needs to be in high density in order
to produce the electronic frustration on the molecular nitrogen bonds that would lead to
dissociation into nitrogen single bonds. Starting with a high nitrogen density solid could
potentially lead to a higher density of nitrogen upon sample loading than otherwise start-
ing with pressurized nitrogen. This was the inspiration in using, for instance, cyanuric
triazide, a compound consisting of a C3N3 with three azide (N3 ~) arms attached to it,
resulting in a C3Ny; stoichiometry. Under pressure, in the solid state, the azide arms close
in on the ring, forming tri-tetrazole, composed of 3 linked CNy tetrazole rings. The nitro-
gens in the new external rings sharing electrons keeping them not double bonded, but not
single bonded either. This high pressure phase has been shown to revert back to cyanuric
triazide as low as 5 GPa*®, much lower than any pN polytypes.

Recently, lithium nitrides in a nitrogen atmosphere under pressure provided a really
close look at metastable single bonded nitrogen compounds. Under increasing pressure,
the stable stoichiometries of these lithium nitrides become more and more dominantly
composed of nitrogen. Up to 75 GPa, the initial stoichiometry LizN converted to LiN,
LiN,, and eventually to LiN5, at which point the molecular bonds were overwhelmingly
nitrogen single bonds*’. Even more surprisingly, LiN5 remained stable down to room
pressure while under a controlled argon atmosphere’’. Unfortunately, upon exposure to
air, the LiN5 sample decomposed. This nonetheless shows the great promise of nitrogen
dense materials under pressure for the formation and stabilization of single bonded ni-
trogen compounds. Another proposed but in-so far unstudied nitrogen dense materials

class is that of nitrogen intercalant materials.
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In a trio of papers published over the past 5 years™'—°

, researchers proposed an alter-
native form hBN as a potential single bonded nitrogen host under pressure, specifically
specifically referring to nitrogen-intercalated hBN. Intercalation refers to the introduction
of external elements and molecules into the network of a material. In this case, between

the bound hBN sheets. In the mentioned papers, it was shown that the intercalation of

nitrogen to the hBN network leads to different phases at high pressure conditions.
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= P

5

e

g z

B =

4] [=]
-
(4]

o —

FIGURE 1.6: Structures of BoN3, B3N5, and B3Ny, in the respective order. The
difference between the 3 structures is demonstrated fairly easily by consid-
ering them as sections of cBN joined by single bonded nitrogen joints. By
adding an extra cBN-type layer to the B3N5, the BoNj3 structure is created. If
instead one portion of the nitrogen bonds was removed, the resulting struc-
ture would be the B3Ny structure. Reproduced from Lin et al., 2019°2.

Other materials have already been intercalated into hBN, such as a specific type of
acids™, as well as lithium though none”, though no species nitrogen. Molecular nitrogen,
however, stands to still be introduced within the hBN network.

The specific structures that are most energetically favorable depend on the distribu-
tion of nitrogen between the hBN sheets, but 3D networks with B3Ns, B3Ny, and BN3
stoichiometries are predicted to be metastable to room conditions. This new class of ma-

terials would exhibit single bonded nitrogen linking sections of cBN-like BN sections, as
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shown in Figure 1.6. While the material itself would be ultrahard, with a predicted hard-
ness between 42-78.5 GPa (higher than that of cBN!). Due to the single bonded nitrogen,
these materials would be incredibly energy dense, with an energy density of 2.95-3.44
kJ /g, meanwhile the electronic properties are very interesting. These materials would ex-
hibit 2D metallicity, insulated by a small band gap insulation in the other direction. The
possibilities for these materials is quite expansive and their creation could herald a slew
of new technologies. As such, one major goal of this thesis is to investigate the potential
routes to creating nitrogen-intercalated BN structures and, likewise, the predicted high

pressure phases.

1.2 Thesis Contributions

This thesis serves to communicate the research done in examining the physical properties
of BN compounds under extreme conditions. These studies have been performed using
X-ray diffraction and spectroscopic methods on a wealth of different samples. Foremost,
X-ray diffraction and Raman and infrared spectroscopy have been used to investigate the
structural and vibrational properties of hBN. Samples of hBN of various crystalline states
in various media have been subjected to high pressures, some under ambient temperature
and others at high temperatures as a result of laser heating, in search of wurtzite and
body-centered tetragonal phases of BN, and also to explore the conditions to promote Ny
intercalation. Intercalation has been attempted with nitrogen and lithium species in the
hopes of creating novel compounds.

Chapter 2 will discuss the methods used in this thesis to study the solids under ex-
treme conditions. In Chapter 3, the X-ray diffraction experiments and result for samples
at ambient temperature will be discussed, as well as the physical properties examined

from the following analysis. In Chapter 4, the results of high pressure Raman and IR
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spectroscopy experiments will be shown and discussed, including the optical characteris-
tics of the phase transitions observed. In Chapter 5, the X-ray diffraction and laser heating
experiments will be discussed and the results will be presented. In Chapter 6, the results
of compressing a mixture of lithium and hBN will be discussed. Finally, a summary of the
previously discussed results, outstanding questions, and suggestions for future research

are presented in Chapter 7.
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Chapter 2

Theory and Experimental Techniques

The word "crystal” appears many times within this text and as such it would be irrespon-
sible not to clearly define the term. Simply stated, a crystal is any solid with a regular,
periodic arrangement. In spite of the second law of thermodynamics, the natural state of
most pure solids is an ordered, crystalline one. This underlying order not only allows us
to study the properties of materials to a profound level, but is also the reason for a great
portion of a material’s properties. The first section of this chapter will detail how atoms
are arranged in a crystalline structure and the impact it has on material properties in gen-
eral. The latter half of the chapter will then give the details of the experimental methods

used to study these materials.

2.1 A Brief Introduction to the Solid State

2.1.1 Crystal Structure

The arrangement of a crystal structure is usually explained in terms of a unit cell. The
unit cell is a small volume containing atoms which can be translated along given axes to
describe the entire system. The unit cell is characterized by six parameters, three which
are length of the orthogonal vertexes, defined as 4, b, and c, and three which are the angles
between vertexes, «, B, and <, which are the respective angles between b and ¢, a and c,
and a and b, as demonstrated in Figure 2.1. Based on these 6 parameters, crystal structures

are organized into 7 crystal systems. The structures are then further divided into a total
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of 14 lattice types based on the arrangement of lattice points within the cell refereed to as

the Bravais lattices, listed in Table 2.1.

= e Py

-

FIGURE 2.1: Schematic of a basic unit cell, presenting the relation between
each of the six structural parameters.

The simplest of the crystal systems is the cubic system, wherea =b =canda = =
v = 907, and the most complicated is the triclinic system, where none of the six parameters
are equal. The cubic lattice itself is not a Bravais lattice as there is 3 potential modifications
of it depending on the arrangement of points within, be they atoms or molecules. Placing
an additional lattice point within the center (0.54, 0.5b, 0.5c) leads to the Body-Centered
(BC) Cubic, whereas having an additional lattice point in the center of each face, that is
to say at (0.5a, 0.5b, Oc), (0a, 0.5b, 0.5¢), and (0.5a, 0b, 0.5c), leads to the Face-Centered (FC)
Cubic Bravais lattice. No additional lattice points in a cubic unit cell creates the Simple (S)
Cubic Bravais Lattice.

With a crystal structure in place, any (x,y,z) position within the unit cell should be
described instead as (%,%,%) such that an atom within the center for a BCC unit cell, for
example, would be at the position (0.5,0.5,0.5). There need not be an atom or molecule

at every lattice point of a given Bravais lattice for it to be an appropriate description, nor

must atoms and molecules be placed strictly at those points.A given basis, defined with
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Lattice type Parameters Angles Bravais Lattice types
Cubic a=b=c a=p=vy=90" S, BC, FC
Rhombohedral (trigonal) | a =b =c (@ = B =7)# 900 S
Tetragonal a=Db+#c a=pB=vy=90" S, BC
Hexagonal a=b#c |a=p=90"y =120 S
Orthorhombic a#b+#c a=F=7= 90V S, BC, FC, 1FC
Monoclinic a#b#c | a=9=90%p#90° S, BC
Triclinic a#b#c xFEBFEy S

TABLE 2.1: Bravais lattices of crystalline solids. S is for simple, BC for body-
centered, F for face-centered, and 1FC for singular face-centered.
respect to the point (0,0,0), that repeats at every lattice point can create the entire system.
As an example, NaCl, which looks like the BCC structure, is actually SC with a basis
consisting of one Na at (0,0,0) and a Cl at (0.5,0.5,0.5).

z
!

(0,0, 0.5)

FIGURE 2.2: Schematic of an hkl plane on a generic lattice. a (1 1 1) plane is
demonstrated with intercepts halfway along each of the vertexes.

These fractional conventions are used to describe positions within the unit cell or dis-
tances from the origin in a basis, but planes follow a different convention, using Miller

indices. For a given plane, the a, b, and c intercepts are taken as (x,y,z), then the recipro-

cal is taken to produce (%,%,%). The lowest set of whole numbers that maintain the same

ratio between them becomes the Miller indices for this plane. For example, a plane with

intercepts at (0.5,0,0), (0,0.5,0), and (0,0,0.5) would have the reciprocal taken to produce
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Lattice System Ak vV
Cubic (P -172 2
Hexagonal (%W + i_i)—l/z \/T§azc

TABLE 2.2: djy; and volume for relevant structures in terms of lattice parameters.

(%,%,%)z(Z,Z,Z)z(l,l,l), as shown in Figure 2.2. These Miller indices are referred to as
(hkl), and the orientation of crystal structures are usually given in terms of the facing hkl
plane. In the previous example given h,k,I=1.

The distance between equivalent, parallel planes is an important quantity in diffraction

studies such as ours. The generally interplanar distance, dj;, can be calculated from the

structural parameters and for given (Fkl) is equal to

dpg = V (h?*b*c? sin? a + k*a®c? sin B + 12a%b* sin® 7y + 2hkabc?(cos . cos B — cos )

+ 2hlab®c(cos a cos y — cos B) + 2kla*be(cos Bcosy — cosa)) /2 (2.1)

Where dyy; is the distance between a given hkl plane and V' is the volume of the unit cell,

which is equal to

V= abc\/l — cos?a — cos? B — cos? 7y + 2 cos a cos B cos y (2.2)

Both of these equations are quite long in their general form, though for any case except

triclinic they may both be greatly simplified, as shown in Table 2.2.

2.1.2 Phonons

By taking the Fourier transform of the crystal lattice, we get the reciprocal lattice, which
also happens to be a Bravais lattice. One popular primitive cell in a Bravais lattice is the
Wigner-Seitz cell. To construct a Wigner-Seitz cell, lines are drawn from a primitive lattice

site to neighboring lattice sites. At half the length of each line, a flat, orthogonal surface is
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drawn, becoming the faces or vertexes of the primitive cell. The smallest space enclosed
by these surfaces becomes the Wigner-Seitz cell.

Within reciprocal space, the Wigner-Seitz primitive cell of the reciprocal lattice is re-
ferred to as the First Brillouin Zone (FBZ), with edges at %f For periodic boundary con-

ditions, any combination of reciprocal lattices vectors b; satisfying

k= Z,—%bi (2.3)
gives an allowed wavevector k, where N is the number of primitive cells in the lattice.
The FBZ and the allowed wavevectors therein determine a vast amount of important elec-
tronic, optical, and vibrational properties of the material. A full derivation of how and
why can be found in classic solid state theory textbooks (such as the one from Kittel® or
from Ashcroft and Mermin’s?), as that is unfortunately beyond the boundaries for this
text.

The normal modes of vibrations within a crystal structure can be described in a concise
manner through the use of vibrational pseudoparticles called phonons. The vibrational
frequency dependence of the normal modes on the wavevector is known as a dispersion
relation w(k), with periodic boundaries at the FBZ. Distinct normal modes will occupy dif-
ferent branches within the dispersion relation. If the energy of the mode stays finite at the
Brillouin zone center, where k=0, then the mode is optical, whereas if w(k = 0) = 0 then
the mode is acoustic. These labels refer to how adjacent ions move in real space, where
adjacent ions responding to an optical phonon move in an alternating fashion, whereas
ions move together in response to an acoustic phonon.

Because the wavevectors of photons (light particles) are very small (orders of magni-

tude smaller than the values at the FBZ edges) optical probes only access, at the first-order,
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Degeneracy | Symbol || Rotational Symmetry | Subscript | Center of Symmetry | Subscript
1 A S 1 S g
2 E A 2 A u
3 F
>0 B

TABLE 2.3: The phonon labeling system. A given phonon is labeled with the appropriate
symbol and subscripts. S is for symmetric, A for antisymmetric.

the phonon modes around the k=0 zone center. For acoustic phonons, the frequency ap-
proaches 0 for small values of k, making optical measurement of acoustic photons (re-
ferred to as Brillouin scattering) much more difficult. Meanwhile, for optical modes, the
frequency is finite at k=0. In our experiments, only optical phonons are investigated. A
lattice with n ions in its basis will have 3n normal modes. Three of these normal modes
will be acoustic, leaving 3(n-1) optical modes.

Phonon modes are labeled based on their symmetries within the crystal structure and
the amount to which they are degenerate. Non-degenerate phonon modes are given the
label A, while doubly degenerate are labeled E, and triply are F. Phonons belonging to
antisymmetric mode representations are given the label B. The symmetries are noted in
the subscript. Rotational symmetry is taken into account by numbers, where the subscript
1 denotes a symmetry about a 180° rotation about the axis perpendicular to the principal
axis of symmetry, whereas 2 denotes antisymmetry about the same transformation. For
center of symmetry, the mode is given the subscript "g" (gerade, German for even) if it
has a center of symmetry, or the subscript "u" (ungerade, German for uneven) for a center
of antisymmetry. These are listed clearly in Table 2.3. For example, a doubly degenerate
phonon mode, with a center of symmetry and anti-symmetric about a 180° rotation will

be labeled as an E;; mode. Generally, modes with the subscript "g" are Raman active, and

those with the subscript "u" are IR-active.
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2.2 Diamond Anvil Cell

The incredible pressures of interest in the present studies have been referred to, but we
have as of yet to describe exactly how it is done. How awfully taunting! It will be first
useful to define pressure more generally.

While pressure can often be thought of an intrinsic thermodynamic property, as the
intensive conjugate force paired to the extensive displacement volume, it is much easier
defined as the force exerted on an area, that is to say P = %. This already hints at how one
might generate a massive pressure - either exert an incredible amount of force, such as the
gravitational pull of the entire upper planetary material on the deep Earth, or reduce size
to be microscopic. Due to more than just logistical limitations, experimentalists opt for the
latter.

In the first half of the 20th century, high pressure studies were limited to 4-5 GPa, an
intrinsic limitation of the piston cylinder apparatus used at the time. However, the biggest
interest at that time was the synthesis of synthetic diamonds, and diamonds required more
pressure than that could be generated. The pressure barrier was surpassed by Tracy Hall’s
"Belt" apparatus, where a liner and gasket were placed between the pistons, which acted
to radially support the pistons and contain the interior chamber, applying and allowing
application of higher pressure. The standard maximum pressure of this apparatus moved
up to 5-10 GPa, which has more than doubled since. This type of "belt" apparatus is still
in use for large scale diamond production owing to the large sample volumes that can be
brought to considerably high pressures®.

The most major leap in the design of high pressure devices was achieved thanks to
Nobel physicist Percy Bridgman: his opposed anvil design busted previous barriers. This
apparatus featured small, tungsten carbide anvils, aligned such that two small, flat faces
(known as culets) oppose each other to compress a sample*. The microscopic sample

volumes contained by these anvils was able to reach incredible pressures by application
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of only a modest force. A superhard material such as tungsten carbide was essential to the
success of the design. Hardness is simply the ability to resist deformation under pressures,
as other materials casually thought of as hard such as steel deform like plastic under
gigapascals of pressure. Anvils allowed to deform to a similar degree would be destined
for failure. Bridgman’s device was so simple in theory that it could have been designed

much earlier.

Seats

— T

Gasket

Table

FIGURE 2.3: Schematic and picture of a diamond anvil cell. In the picture, the
DAC is separated, with the piston in the foreground and body in the back-
ground. A steel gasket is secured on the anvil within the body.
Thumb is for scale.

However, tungsten carbide is an opaque material making it difficult to probe mate-
rial properties in-situ. It is not the hardest material available either. As such, diamonds
were eventually chosen as the new anvil material as a destined pairing for high pressure
experiments5, being both the hardest material available, and optically transparent to an
extensive spectral range, thus allowing for a wide range of studies. Consequently, in 1959
the diamond anvil cell (DAC) was born®, allowing experimentalists to presently obtain
pressures well over 400 GPa. This wasn’t the end of tungsten carbide’s residence in high

pressure devices.
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Soon after the DAC took the main stage, the major issue faced by users was the align-
ment stability of the opposed diamond anvils. This was resolved though implementation
of tungsten carbide seats, backing the wide end, or table, of the anvils. The seats stabi-
lized the alignment, as well as allowed for a wider diamond aperture, leading to a higher
and enhanced throughput of probing radiation. The backing seats allowed for smaller
diameter diamond anvils to be used as well, reducing the overall cost of the DAC’.

Many different DAC designs have since been introduced, working off the previously
stated developments®. For the most part, they are all arrangements of piston design, pres-
sure application, anvil support types. A schematic of a typical DAC assembly can be seen
in Figure 2.3, along with a picture of a separated DAC. The most prominent configurations
are: the Merrill-Bassett cell”, developed initially for single crystal diffraction studies, the
Paris-Edinburgh-type cell'’, developed for neutron diffraction studies, the Mao-Bell cell'’,
designed for high and low temperature studies, and the membrane DAC'?, designed for
more continuous, controllable pressure ramps.

Much of the studies in this thesis are with a with a 3- or 4-pin piston-cylinder cells,
driven by the actions of screws or a membrane. Type Ila gem quality diamond anvils
were used because their low nitrogen impurity content allows a fairly unobstructed access
to mid-IR spectral regions. The nitrogen impurities otherwise cause strong absorption
between 1100-1500 cm~!. Some X-ray diffraction experiments also using a membrane

DAC with type Ia diamond anvils.

2.2.1 Gasket Preparation and Materials

It was mentioned earlier that hard steel deforms like plastic under such incredible pres-
sures. This is actually quite fortunate, as it makes for a suitable solid gasket material. The
gasket serves as both sample isolation and diamond anvil support, like the belt device

that came before it.
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A thin slip of metal, usually of around 250 ym thickness, is secured against the anvil
on the body of the DAC, initially held in place by sticky tack. The piston anvil is pressed
against this gasket from the other side, indenting the shape of both anvils into the metal.
This action causes two things.

First, the region beneath the anvil culets is reduced in thickness, to anywhere of 50-150
pum, hardening the gasket and increasing the yield strength of the material. The radial sup-
port from this deformation (extrusion) is important for higher pressure experiments, while
lower pressure (sub 10 GPa) experiments can make do with a larger volume/thickness.
Thinner, harder gaskets mean gasket failure is less likely during the upstroke in pressure,
though equally the lack of plasticity of harder materials makes the gasket more prone to
rupturing for the pressure down-stroke. There’s always a balancing act!

Second, material from the slip is extruded up the sides of the anvil, indented with the
shape of the anvil the entire way up. This indentation forms a seal that will help to contain
any material stored by the gasket, while the extent of the extrusion gives a rough estimate
of the gasket thickness between the culets. This thickness is measured more accurately
with a micrometer following the indentation, however. This extrusion further acts as a
belt, reinforcing the diamond anvils upon load.

Once an appropriate thickness of gasket has been obtained by indentation, the piston is
removed and the gasket is prepared for drilling. The gasket is aligned with a pulse-laser
machining setup, featuring a frequency-doubled Nd:YAG Q-switched microchip 300 ps
laser, with a repetition rate at 500 Hz and a central wavelength of 532 nm . The motorized
system then maneuvers the gasket in a circular pattern of user selected radius. Along this
path, the pulsed laser carves out a hole that will be used for the sample chamber. The
wider this hole, the more sample that can fit within, while the less radial support from the
compressed edges. Less of this support can lead to translation or expansion of the sample
chamber, potentially leading to a gasket failure if the chamber reaches too close to an edge

of the culet. As such, the diameter is usually kept to typically one third to one half that of
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the culet. Once machining is completed, the gasket is removed from the laser machining
platform, cleaned in an ultrasonic bath with soap and acetone, separately, to remove any
oxides, free expulsed materials, or other exotic contaminants. The gasket is then ready for
action!

The gasket materials are almost always metals. ANSI 301 full hard stainless steel or
spring-steel are cheap and effective materials for use for lower pressure studies, while
harder, more costly refractory metals such as rhenium or tungsten are used for higher
pressure studies (above 140 GPa) and for high temperatures (above 2000 K). Apart from
metals, mixtures of ultrahard cBN and epoxy have been shown to be effective as gasket
materials'?; this wasn’t used in our experiments, however, due to concerns of complica-

tions imposed from a BN polytype.

2.2.2 Pressure Gauges

Following the development of the gasket for DACs, the limiting factor for high pres-
sure research was the difficulty of sample pressure detection within a DAC. Initially, the
pressure-volume equations of state of studied metals were used to gauge pressures. This
method would be quite cumbersome, however, for studies involving anything that wasn’t
a metal with a reliably established equation of state. A more robust solution was needed.

This solution would come in the 70s through use of ruby fluorescence. The technique
involved the placement of a tiny ruby (x-Al,O3:Cr3*) sphere, the size of 10 um or less,
within the sample chamber along with the sample. By excitation of a laser (532 nm),
the Cr>" impurities in the ruby will emit a strong, red R;-R, doublet (as described in
Figure 2.4) with respective wavelengths of 694.25 and 692.86 nm at room conditions'?,

the spectrum of which can be captured by a spectrograph equipped with a charge-couple

device (CCD). This fluorescence can be seen quite effectively through a microscope with a
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red-pass filter, where all will be dark except for a red, glowing microsphere, aiding greatly
in visual optimization of the laser alignment.

The fluorescent signal of ruby showed reliable pressure dependence up to 20 GPa'®
and was soon after calibrated to 100 GPa'®. Ruby spheres on the order of less than a mi-
cron across can be placed within the sample chamber of a DAC, taking up an tiny portion
of the sample chamber while still being visible under magnification. The rubies are also
chemically stable, making them suitable to be included alongside most studied materi-
als, and is structurally stable, meaning it won’t undergo a phase transition to a different,
uncalibrated substance at different pressure conditions. The only potential reaction that
ruby undergoes is melting when exposed to sufficient heating, which still only generally
occurs when it couples with a heating laser. Furthermore, the shape of the fluorescence
doublet provides information regarding the hydrostaticity of the sample chamber. Under
non-hydrostatic conditions (were there is a large pressure gradient), the R; and R; lines
become increasingly convoluted as both their line widths increase. The ruby fluorescence
method proved to become a staple of high pressure studies.

The pressure can be calculated by the Ry shift by use of the empirical relation

P(GPa) =

| >

[(%)B 1) (2.4)

where P is the pressure in gigapascals, Ag is the wavelength of the R; line at ambient
pressure, A is the recorded wavelength of the R; at the given conditions, and A and B
are constants dependent on the model assumed. For non-hydrostatic conditions, the Mao
model uses A and B equal to 1904 GPa and 5, respectively'”. For hydrostatic conditions,
the Dewaele model uses A and B equal to 1920 GPa and 9.61, respectively, and is calibrated
up to 180 GPa'®. These are the two models used in the present study.

The pressure dependence of both models remain fairly similar under most pressure,

remaining less than 2% in difference between the two models for pressures under and



Chapter 2. Theory and Experimental Techniques 34

25000 - R1
""T\
H\
H
20000 - i
— 0
2 1
c Rz 1]
3 15000 4 A
) B |
> || Il‘ || i |
= Fy o
€ 10000 VAR
g ] B
IS | Ao |
/ o
5000 A { Lo
" P=0GPa
0+ T T — T T T
690 692 694 696 698 700 702

Wavelength (nm)

FIGURE 2.4: R; and R, fluorescence lines of ruby at different pressures in a

KBr medium. The shift to a higher wavelength can be seen upon increasing

pressure. Furthermore, due to the nonhydrostatic stress caused by the imper-

fect pressure transmission of the KBr medium, we observe broadening of the
two fluorescence lines at a higher pressure.

around 10 GPa, as the pressure dependence is linear to about 20 GPa'”. The maximal
difference between them is only about 16% by the end of the calibrated range, around 180
GPa. This can all be seen in Figure 2.5.

Though the Mao/Dewaele models for non-hydrostatic/hydrostatic pressure calibra-
tion, respectively, have proven quite accurate, reliable, and effective, not to mention easy
to transition between, many other similar models for the pressure dependence of the ruby
R; line have been published”'*’. A new model was proposed to bridge the gap be-
tween them and serve as the standard model to be used in reports®’. This model, named

Ruby2020, consists of a second order polynomial of form
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FIGURE 2.5: A comparison of thesis-relevant and recent proposed ruby calibration mod-

els. The black line represents the non-hydrostatic model by Mao et al.'”, whereas the

others are for hydrostatic conditions. By design, the newly proposed Ruby2020 model*’

lies very close to the Dewaele et al model'®. As mentioned, below 20 GPa, the relation is
linear, so all three models align.

AA AA

P = A(A_o>[1+B(A_o)] (2.5)

where AA = A — Ay, the pressure induced spectral shift, and A and B are fitted con-
stants as before, 1870 (+10) GPa and 5.63 (£0.03), respectively. The model is calibrated
up to 150 GPa with a pressure uncertainty of 2.5%. Within this 2.5% error lies all the other
published gauge models; within 1% is Dewaele’s (as well as the models of Dorogokupets
and Oganov??, and Chijioke et al.?!).

The present study uses the Mao/Dewaele equations for pressure calibration.
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2.2.3 Pressure Transmitting Media

In the majority of high-pressure experiments, a minimal pressure gradient is desired; con-
ditions should be as hydrostatic as possible. Non-hydrostatic conditions lead to increased
unaccounted strain on the materials in study, a large pressure gradient, and unpredictable
and unreliable high pressure behavior, such as stress dependence of vibrational modes
and transition boundaries and types due to stress induced deformation®®?”. Hydrostatic
pressure conditions are achieved by the use of a pressure transmitting medium (PTM).
PTMs take the form of preferably non-reactive gases (commonly noble gases, though N,
is popular when it’s an unlikely reactant), fluids (such as mineral oil or methanol-ethanol-
water mixtures, referred to as ‘mew’), and soft solids, usually salts (such as NaCl or KBr).
Fluid PTMs were not used in any of the experiments herein, so there’s no need to describe
how such processes are usually undertaken.

Among the most used gases are nitrogen, argon, neon, and helium, all of which pro-
vide the most hydrostatic conditions up to respective pressure limits. These gases all
present low pressure deviations until above 10 GPa (helium doesn’t even solidify at 300K
until 12.5 GPa). Of all the gases, the pressure gradients for nitrogen increase most rapidly,
where small pressure gradients are observed by 10 GPa, increasing to around 0.7 GPa of
deviation by 25 GPa®. Meanwhile, helium provides the best hydrostatic environment,
providing a 4% pressure gradient at 40 GPa.

However, gases aren’t suitable for all high pressure studies. All the gases mentioned
exhibit a range of fluorescence or vibrational spectra which absorb or saturate in certain
ranges of interest, or scatter X-rays. Other studies, such as high temperature studies, ne-
cessitate that there be a separation between anvils and sample, as the world’s best thermal
conductor would wick any heat away rather than allowing the sample’s temperature to
rise. As such, optically transparent, solid PTMs are a good investment. The two solid

PTMs used in this dissertation are the alkali halides KBr and NaCl, whose high-pressure
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hydrostatic performance is described by Celeste et al.”!.

KBr is an essential PTM for IR studies, being transparent between 400-4,000 cm ™!
(25,000-2,500 nm). It is only hydrostatic prior to a structural phase transition around 2.5
GPa. Despite this, KBr used as a PTM maintains quasi-hydrostatic conditions, with a
consistent gradient increase of 0.25 GPa pressure deviation up to 11 GPa, at which point
the deviation begins to steadily increase, still remaining less than 1 GPa deviation until
close to 20 GPa®'. NaCl was used primarily for heating experiments; with a transmis-
sion window of 625-40,000 cm ™! (16,000-250 nm) it is definitely suitable for IR studies as
well. NaCl remains hydrostatic, however, only to 1 GPa. NaCl has no observed stuctural
phase transition under pressure, and above that 1 GPa hydrostatic drop, it remains im-
pressively quasi-hydrostatic, with deviations of 0.1-0.2 GPa consistent up to 14 GPa, after

which deviation increases slowly”!.

2.2.4 Sample Details

Powered hBN was outsourced from Sigma-Aldrich. The sample presenting an average
particle size of 1 um with a nominal 98% purity was used as is for our experiments. Small
single crystals of hBN of suitable dimensions for high pressure experiments in the dia-
mond anvil cell were detached and cut from larger domain single crystals (SPI Supplies).
In both cases, the quality and phase purity were assessed by Raman spectroscopy and

X-ray diffraction.

2.2.5 Sample Loading Process

The machined and cleaned gasket is replaced on the diamond of the DAC’s body, secured
once again by the sticky tack, located and oriented in the exact way it was for the initial
impression so that the match with the diamond anvil is still perfect. For solid PTMs, grains

are now added until just barely poking out of the sample chamber, then compressed into
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a dense pellet. A polycrystalline grain or monocrystalline sliver of the sample is then
added, and a ruby sphere is placed on the opposite anvil such that it won’t be resting
on the gasket or sample (and as such being induced to undue strain). If using a gaseous
PTM, the sample and ruby are placed together within the sample chamber before being
loaded into the gas loading system®”. Another option for loading with gases is cryogenic
loading. By obtaining the gases (in practice with N, and Ar) in a cryogenic liquid state,
the fluid is essentially a condensed state of the gas. The fluid can be dropped into the
sample chamber before applying the piston. This risks the sample being lost in case of an
overflow, but it is a much quicker, cheaper option when it works.

With a sample now loaded in the DAC, characterization methods are required to mon-

itor the change of physical properties under extreme conditions.

2.3 X-ray Diffraction (XRD)

X-rays are a powerful and versatile probe, which have found experimental and practical
applications across all fields since their discovery in 1895 by Wilhelm Rontgen (the first
Nobel laureate for the physics prize!). In fact, the many of the first Nobel prizes in physics
were related to pioneering work using X-rays.

Crystalline solids act as a diffraction grating for radiation with a wavelength shorter
than that of the interplanar distance. The condition for constructive interference of the
diffracted rays must then satisfy Bragg’s law.

As described in Figure 2.6, an incoming beam is scattered by electrons located around
the atomic centers in an ordered plane at an angle 0, such that another parallel X-ray
scattered of the neighboring plane travels an additional distance of 2dsinfl, where d is the
distance between the two planes. For the two X-rays to interfere constructively with one

another, as well as with other X-rays scattered off the same plane, this path difference
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FIGURE 2.6: A representation of the Bragg scattering process, where the ar-
rows depict the path of the X-ray beam on a crystalline solid. The red section
of the beam path describes the additional distance traveled by that ray, the
sum of which is obviously 2d sin 6.

must be equal to an integer multiple of the X-ray wavelength, nA. This condition for

constructive interference is Bragg’s law,

nA = Zdhkl sin 6 (26)

For the purposes of our experiments, n = 1 for all relevant cases. For each crystal
grain satisfying the diffraction condition, a point of constructive interference appears at
an angle 6 to the scattering plane, which is 26 to the incident X-ray beam, as shown in
Figure 2.7. Where there are more grains oriented differently within the path of the X-rays,
there will be more spots distributed around rings of 20 in radius for each satisfied plane.
For powder systems, where there are likely 10%° different orientations, these distributions
of spots become a series of uniform Debye rings, each ring the result of a different hkl
plane reflections, shown in Figure 2.8. For systems of lower orientational distribution,
such as single crystals or semi-polycrystalline collections, a steady incident X-ray beam
may satisfy the Bragg condition for few or even none of the acceptable hkl planes. This

issue can be bypassed by modifying what parameters are available in the Bragg equation:

A and 6.
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Incident X-ray beam

Single crystal Rotated single crysta

(A) Scattering resulting in a Bragg spot. (B) Debye ring created from the rotating of a crystal.

FIGURE 2.7: An X-ray beam is aligned with a single crystal, oriented

at an angle 0 with a given plane such that the Bragg condition is sat-

isfied, such as in Figure 2.7a. For a single satisfied diffraction plane

on a single crystal, this leads to one intense Bragg spot, as described

in Figure 2.7b. If this crystal is rotated around an axis parallel to the
incident X-ray, a Debye ring is traced out instead.

Scattering by an electron is described by the Thompson equation

et

I = 10(@)2(W

= )sin? « (2.7)

where [ is the intensity of the incident beam, g the permeability of free space, ¢ the
charge of the electron, m, the mass of the electron, r the distance between electron and
position of measured intensity, and « the angle between direction of scattering and the
direction of the electron acceleration that gives rise to the scattering.

While the actual scattering intensity depends on many factors, the scattering ampli-
tude of a given plane is reliant on two terms: the structure factor, and the atomic form
factor.

Atomic form factor is the ratio of wave scattering amplitude by one atom by that of one
electron. As the scattering power of an electron is about 7 orders of magnitude higher than
that of a proton, this factor entirely depends on the number and distribution of electrons

in space for one atom.

f](K) = —% /dr KT p]-(r) (2.8)
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where Kiis the reciprocal lattice vector. The scattering then depends upon the atomic form
factor for the atomic species, as well as their arrangement about a lattice. The scattering

caused by the distribution of these factors within the lattice defines the structure factor
277 (hxyj+kxoi+1x3;
By = 2?21 f] e mi(hxyj+kxoj+1x3;) (2.9)

the square of which happens to be proportional to the diffraction intensity for a given
hkl plane. With the atomic positions of each atom j in the unit cell known, the relative
intensities of scattering can be calculated for a given ikl plane, as scattering is proportional

to the square of Fyy;.

FIGURE 2.8: When a powder sample is introduced to the X-ray beam path,
there is on the order of 10% crystal domains, all randomly oriented. The
many different orientations satisfy the rotational to produce Debye rings as
described by 2.7b. Meanwhile, the Bragg condition is also being satisfied for
different diffraction planes, leading to a series of Debye rings.

2.3.1 Synchrotron XRD

Despite great advances in X-ray technologies, there are still several limiting factors for in-

house X-ray diffractometers for high pressure studies. For this reason, most in-situ high

pressure XRD studies are usually done using X-rays from a synchrotron source.
Synchrotron sources are a type of electron storage ring that is optimized for access to

the radiation emitted by the accelerated particles. When a charged particle is accelerated
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near the speed of light around a circular path, intense, broadband light is emitted tangen-
tial to the direction of propagation. The radiation from relativistic electrons also tends to
be highly confined in the forward direction, meaning that the divergence of a beam will
be quite low, allowing for a small beam width. The broadband radiation from synchrotron
sources is thus highly tunable with the use of monochromators.

The tunability is especially important because for the lower energy limit imposed on
leads to a higher absorption in diamonds (1.5 mm of diamond will absorb about 99% of
<0.8 keV X-ray photons33, while our anvils have a thickness of about 2mm on average),
and because the scattering angles that can be collected are limited by the detector size and
by the body and gasket of the DAC. Access to higher energy photons at a synchrotron
source leads to a near complete transparency of the diamonds and lower scattering an-
gles. Typically photons of energies higher than 25 keV (<0.5A) are desired. The width of
the incident X-ray beam should also be less than the sample cavity, which is often less than
100pm in diameter. An X-ray beam width much smaller than that diameter is needed to
probe specific locations within the DAC, and especially to rock the DAC at that position.
Even for an infinitessimal beam width placed in the dead center of the cell, the average
DAC body limits rocking to about 30°. The need for higher incident photon flux is rein-
forced by the nature of our samples, which tend to be on the order of nanolitres in volume,
meaning there’s less for the X-rays to interact with. Furthermore, because the diffraction
intensity is proportional to the square of Z, our case of low Z materials is going to be scat-
tering that much less, especially in comparison to the high Z gasket material that will be
caught in the tails of a wide beam.

Synchrotron XRD experiments in this report were undertaken at the Canadian Light
Source (CLS) in Saskatoon, Canada, the Advanced Photon Source (APS), in Chicago, USA,
and the Super Photon Ring 8 (SPring-8) in Sayo, Japan. Professor Serge Desgreniers was
responsible for the data collection from the SPring-8 facility. The setup of the experimental

hutches for the two beamlines the author visited are detailed below. Details about the BL
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10XU beamline at SPring-8 are given by Hirao et al.**.

Canadian Light Source (CLS)

The Hard X-ray MicroAnalysis (HXMA, 06ID-1) X-ray radiation comes from a 63 pole su-
perconducting wiggler. The radiation is produced on an energy range from 5-40 keV with
a flux of 102 photons per second for 0.1% of the beamwidth when the energy is at 12keV
and the storage ring is operating with 100mA electrons. The energy is selected using a
double crystal monochromator housing two crystal pairs of Si(111) and Si(220). The beam
then passes through a collimator and a rhenium clean-up aperture before reaching the
DAC and sample. This produces a close to circular beam with a radius of about 30 ym.
The diffracted X-rays are collected with a MAR345 imaging plate detector (MarXperts,
GmbH), located several tens of centimeters away, producing an X-ray diffraction image,
circular with a diameter of 345 nm and with a pixel resolution of 100um x 100um. The
alignment of the collimator, aperture, and DAC, and the rocking procedures are done in
accordance with the protocols described by Smith and Desgreniers™.

Some XRD data were also collected at the newly opened CLS Brockhouse X-ray Diffrac-

tion and Scattering (BXDS) facility, but no pressure ramps were performed and were

merely meant to corroborate other measurements.

Advanced Photon Source (APS)

X-ray diffraction studies at the APS were done at the High Pressure Collaborative Access
Team (HPCAT) beamline 16ID-B. The undulator-based X-ray beam ranges in energy from
18-50 keV, as selected by the double crystal (Si(111) and Si(220)) monochromator. The
beam is focused by a pair of Kirkpatrick-Baez (KB) mirrors to produce a focused beamsize
of 3x6pum? with a flux of 10'? photons per second at 30keV . The beam is passed through

a clean-up aperture prior to reaching the sample. Diffracted X-rays are collected on a fast
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readout Pilatus 1M detector’®>”. The setup for sample heating using focused laser beams

is described in Chapter 5.

2.4 Vibrational Spectroscopy

Vibrational excitations can be treated similarly, though independently, to electronic exci-
tation in many circumstances. Just like for an electronic state, probing a vibrational state
can cause an excitation or decay between ground and excited vibrational states. This can
be used to study the phonon modes of a material. Raman and IR are the most common
techniques used for studying optical modes near the center of the FBZ, providing similar
but complimentary information. Though the physical processes are quite different, the
vibrational information reveals similar information about a material depending on their
selection rules, so they are often times considered as complimentary.

A vibration is essentially a series of deformations transmitted through a solid. The
effect this deformation has on the material determines whether the related phonon can
be detected by either spectroscopic method. If these deformations lead to a change in the
polarizability, as in Figure 2.9a, the mode is Raman-active, whereas if the dipole moment
is altered, as in Figure 2.9c, the phonon will be IR-active. Depending on the symmetries
of the unit, be it molecular or crystalline, a given phonon mode can be active to either
technique, to both, or to neither. Because of this, Raman and IR spectroscopies can be used
together to reveal information neglected by the other’s selection rules, and corroborate
those that are shared.

Vibrational spectroscopy has become a hallmark within high pressure research for
many reasons. Primarily, because diamond is transparent to a large optical range, these
spectroscopic methods have direct access to microscopic samples in the DAC. Diamonds
with a naturally occurring high nitrogen content do absorb a broad portion of the mid-IR

spectrum, but low nitrogen content diamonds are available and just as effective of anvils,
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(A) Raman-active, IR-inactive. (B) Raman- and IR-active. (¢) IR-active, Raman-inactive.

FIGURE 2.9: Schematic of molecular vibrations satisfying different selection
rules. Differently colours circles represent different atomic species.

although being more expensive. These spectroscopic methods are very useful at material
identification and characterization, giving an effective report of what is and isn’t in the
DAC and confidently signaling phase transitions. Unlike XRD, the signals for such spec-
troscopic techniques do not have the type of Z-dependence that makes studying low-Z

materials a challenge.

2.4.1 Raman Spectroscopy

Raman Spectroscopy is a commonly used technique for high pressure experiments for sev-
eral reasons. As it is very sensitive to minor changes in atomic bonding and crystal struc-
ture, it proves a powerful technique for studying solid-solid transitions and metastability
phenomena. Raman Spectroscopy has been used to map out the pressure-temperature
phase diagrams of materials, probe bonding behaviour under unusual thermodynamic
conditions, and study both intra- and inter-molecular bonding characteristics of materials
in a diamond anvil cell. Diamond, as well as ¢cBN, have also been employed as Raman
pressure gauges due to their structural and chemical stability under HPHT conditions®®.

Furthermore, many Raman setups double as a ruby fluorescence system, reducing the

need for multiple realignments within a single experiment.

Raman Scattering

Raman spectroscopy employs a monochromatic source of light with whose the change of
frequency due to Raman scattering of a sample is inspected. When a sample is subjected to

electromagnetic radiation, scattering of the radiation can occur. Generally, the scattering
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type observed is Rayleigh scattering, an elastic process leading to no change in frequency
of the scattered photon. However, less frequently (about 107° times as often), Raman
scattering can occur when a phonon is scattered in the process. To explain this process,

Stokes scattering must first be discussed.

(a) (B)

FIGURE 2.10: Raman scattering diagrams of an incident photon of frequency vy interact-
ing with a vibration of frequency v,; through the emission of a phonon (Stokes scatter-
ing, a) and absorption of a phonon (Anti-Stokes scattering, b).

When a system such as a molecule in a vibrational ground state absorbs an incident
photon of energy hvy, it is excited to a virtual state. The system immediately emits a
scattered photon of energy hvs < hvy and transitions down to a vibrational excited state
in what is referred to as Stokes scattering. This process can be equally described by the
emission of a phonon, as shown in Figure 2.10a. To preserve the conservation of energy,

the energy of this scattered photon must be

hvs = hvy + hvy;, (2.10)

where v, is the frequency of the vibration, referred to as the Raman shift within the
frame of Raman spectroscopy, often measured in cm~!, and the =+ is negative for the
Stokes scattering process. This difference in energy goes into exciting the system into a

vibrational excited state.
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However, the opposite process can also occur, as in Figure 2.10b. If the initial state is a
vibrational excited state, then the system may go back to a lower state after absorbing and
emitting a photon. In this case, hvs > hvj, meaning that the vibrational energy has been
converted to radiant energy. This process is known as Anti-Stokes scattering, and can also

be described by equation 2.10, with the &+ sign becoming positive.

€ -< Ei Ef=e i |Efzev B |E=ewv

\ 4 Virtual vibrational state

Rayleigh Stokes Anti-Stokes Ground state

FIGURE 2.11: Elastic (Rayleigh) and quasi-elastic (Raman) scattering processes.

Rayleigh and Raman scattering describes all three scattering processes discussed above
and presented in Figure 2.11. The difference in frequency is independent of the incident
wavelength, and as such any wavelength of laser light could theoretically produce Raman
scattering.

In a typical Raman spectrum, the Rayleigh line is centered at a Raman shift of 0 cm ™!,
measured relative to the wavenumber (inverse of wavelength expressed in units of cm ™)
of the corresponding excitation light, with Stokes and Anti-Stokes lines separated in a
symmetric fashion around the Rayleigh line. At thermal equilibrium, the population of
the ground state is higher than that of the excited state, in line with Maxwell-Boltzmann
distribution law. Because this leads to a much higher probability for Stokes scattering, it
is customary only to take the Stokes side of the spectrum®’. This custom is followed in
these experiments, as will be described in section 2.4.1.

The Raman shift of peaks on a Raman spectrum then give a measurement of the fre-

quency of Raman-active phonons in the studied system. In molecular solids, vibrations
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1

due to intramolecular interactions appear in the 400-4000 cm™" range (the same energy

range as mid-infrared radiation), while vibrations arising from intermolecular interactions

such as lattice vibrations appear in the 0-400 cm ™!

range (far-IR energy). Furthermore, as
the integrated intensity of a Raman line is proportional to concentration and degree of
polarizability, Raman spectroscopy can be used for quantitative analysis. Because of the
quantitative, chemical information that Raman spectroscopy is capable of providing, it is

also widely used for chemical standards analysis.

The vibrational frequency of a diatomic molecule is given by

1/:L K (2.11)
2rte \l u

Where K is the force constant and y is the reduced mass, which shows that v is propor-
tional to /K. As materials become more dense in response to elevated pressures, the
bonds typically become stiffer, leading to an increase in the Raman shift. This makes Ra-
man spectroscopy quite effective at detecting the response of a material to pressure, and
any related deformations caused. Any drastic changes in the spectrum, such as the ap-
pearance or disappearance of Raman lines, indicates a change in molecular symmetry or
the creation or destruction of bonds in the molecule, respectively. Such indicated phase
transitions can be corroborated with results from other techniques, like XRD, for a full

picture of the induced changes.

Experimental Setup

Raman spectroscopy experiments were performed at the Laboratoire de Physique de Solides
Denses (LPSD) at the University of Ottawa. The setup included a solid state frequency
doubled Nd:YAG laser (532.18 nm) run at 200 mW at the source, though neutral optical
density filters were often employed to keep the power incident on the sample down. The

laser was focused with a custom-built Raman microscope using a 50X Mitutoyo objective
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with a long working distance. The 180° backscattering geometry meant that the scattered
light was collected and refocused by the same objective. The focused light was passed
in the microscope through a laser line rejection filter, steered using highly reflective mir-
rors, and focused into a multimode optical fiber. The fiber carried the light to an Andor
Shamrock SR-303i spectrometer. The aperture and grating could be changed based on de-
sired needs, but these studies consistently used a 1800 line/mm grating with a 100 ym
slit opening. This combination yielded a spectral resolution of 0.05 nm (1.5 cm™1) at 575
nm (17400 cm~1!). The dispersed light was detected by a thermoelectrically cooled (-70°C)
Andor Newton charged-coupled device (CCD). The resulting Raman spectrum was ac-
quired using Andor Solis software. A neon lamp was used for spectral calibration, with
a third-order polynomial fit of the known Ne emission lines to those collected, within 1
cm L.

The DAC was mounted in a holder attached to xyz translation stages with the piston
facing the microscope. Manual adjustments were made on a micrometer scale using the
stage for alignment with the laser. Positioning was done using the CCD video camera,
the speckle pattern of throughput light, and optical microscope that could be flipped in
with the use of a beamsplitter. Raman line profiles were analyzed with XRDA*’ using

either a Gaussian or Lorentzian fitting function to extract peak positions, line widths, and

integrated intensities.

2.4.2 Infrared Spectroscopy

Unlike Raman Spectroscopy, IR spectroscopy relies on absorption or reflection rather than
scattering. Infrared absorption occurs when the energy of an incident photon is equal
to that of a phonon in a molecule or crystal. If the vibration causes changes in the elec-
tric dipole moment, then the incident light is able to couple with the vibration and be

absorbed.
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For IR studies, it is vital to take into account the thickness of the sample. Too thin, and
the sample won’t absorb effectively. Too thick, and the IR light is completely absorbed
such that peak profiles are no longer discernible. Certain samples can be compressed to
an appropriate thickness, but not always. This issue is even more essential for powdered
samples, which also scatter the probing beam, meaning that it is possible to have a pow-
dered sample that is too thin to absorb effectively, while too plentiful, scattering the probe
into saturation. For reflectivity measurements, the sample surface being probed should
be flat and parallel to the culet. For these reasons, thin single crystals were preferred for
our experiments.

Further complications can arise from defects within the diamond anvils themselves.
IR absorbing nitrogen impurities occur naturally within diamond, which vastly obscures
the mid- to far-IR regions of the spectra. As such, type II low nitrogen content diamonds,
preferably synthetic, are used as the anvils for IR studies to maintain access to these re-

gions of the spectrum, as noted before.

Fourier Transform Infrared (FTIR) Spectroscopy

Previous generations of IR spectrometers have employed prisms for optical splitting or
gratings as monochromators. These first generations of IR spectrometers possessed low
scan speed, sensitivity, and poor resolution. The introduction of the interferometer, how-
ever, brought about the third generation of IR spectrometers, the FTIR, which improved
upon the faults of the previous methods in one powerful instrument.

In most cases, a Michelson interferometer is employed, a beamsplitter separates the
light, with half going towards a fixed mirror and the other half towards a moveable mir-
ror, before recombining and being directed to the detector by the same beamsplitter, as
shown in Figure 2.12. As the moving mirror scans, the resulting signal is an interferogram.
This signal will be an interference pattern in the time domain, with maxima wherever the

optical path difference, imposed by the mirror’s displacement, is an integer multiple of
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Beamsplitter o
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FIGURE 2.12: Basic schematic of a Michelson interferometer.

the wavelength of the probe, and minimas wherever that path difference is half multiples
of the wavelength. The mirror speed, which should be constant, is monitored by a HeNe
(632.8nm) passed through the interferometer to generate a reference interferogram. This
reference interferogram will be a cosine wave with a frequency that is set for the desired
mirror speed. In our experiments, a scan speed of 25 KHz (0.7 cm/sec) was preferred.

While traditional spectroscopic techniques allow direct measurement of a transmission
or reflectance spectrum, there are a few more steps in FTIR (which is fine considering the
collection rate, and resolution, are improved by a factor of 10,000 faster). As the interfero-
gram is a measurement of the signal in the time domain, a fast Fourier transform (FFT) is
applied to get the spectrum in the frequency domain.

To produce a normalized absorption or reflection signal, a reference signal must be
taken. In most experiments, the absorption reference would be a signal taken through the
air or through a blank substrate. In HP experiments, this reference signal is through an
empty DAC. For a reflectance measurements, a reflective surface positioned perpendicu-
lar to the probe can generate a proper reference signal, while in a DAC a signal taken on
the gasket may suffice.

An absorbance signal is measured such that

A(v) = log(75) = log(IIO((;/))) @12)




Chapter 2. Theory and Experimental Techniques 52

Where A(v) is the absorbance, T(v) is the transmittance, Iy(v) is the reference signal
and I(v) is the sample signal.

With the speed of scanning in an FTIR spectrometer, multiple scans can be averaged to
improve the signal-to-noise ratio (S/N) of the averaged spectrum, which is proportional
to the square-root of the number of scans averaged. Our experiments took anywhere from
128-512 scans to ensure an optimal S/N.

The detector used in these experiments was a liquid Nj-cooled mercury cadmium tel-
luride (MCT) detector using a thermal Globar IR source. A similar system was used at the
CLS Mid-IR 01B1-1 beamline using synchrotron radiation as the IR source for an improved
signal.

This combination allowed for a resolution of 4 cm~! at 4000 cm~!. The Agilent Reso-

lutions Pro software was used to monitor, collect, and process the spectra.

Interference Filtering Methods

To achieve high pressures in a DAC, the culets of the diamond anvils are aligned such
that they are parallel to each other and perpendicular to the probe, light can be reflected
back and forth between the two culets several times, producing a Fabry-Perot effect. This
results in a periodic pattern superimposed to the IR spectrum. Because this effect is an
artifact, causing a reduction in the S/N in many cases, and generally being non-aesthetic,
it would preferably be removed from any spectra. A substantial part of the project went
into resolving this issue

Attempts to remove this in post-processing proved not only time consuming - requir-
ing more than an hour to post-process an average spectrum - but also less than optimal.
Simulating the curve with a simple periodic function proved to be an unsatisfactory fit for
the entire spectrum because the frequency of the Fabry-Perot interference depends on the
frequency of the signal, the spacing of the diamonds, and the ratio of sample to PTM that

the signal passes through; all these parameters change over the course of a compression
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cycle or even across the spectrum. Performing a FFT to eliminate the artifact in the time
domain, followed by an inverse FFT back to the frequency domain works in theory, but
proves equally inefficient as time and information is lost from the system considering this
poses 3 transforms from the original signal. After spending much time trying to come
up with the best way to eliminate this interference, the answer ended up being the most
obvious: cut it out at the source.
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(A) Interferogram of an KBr filled DAC. The interference causing artifact is circled in red.
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FIGURE 2.13: Comparison of the filtering on a transparent medium in a DAC.

The filtering of the artifact circled on the interferogram shown in Figure 2.13a

effectively removes the interference seen in the transformed spectrum shown

in Figure 2.13b. The filtered spectrum in Figure 2.13b is essentially flat, save

for noise and some signal around 2000 cm~! from diamond, and 1500 cm !

and 3700 cm ™! from water and overtones of water, respectively, that didn’t
perfectly match that observed in the reference.

The Agilent Resolutions Pro software possesses time-domain filtering capabilities, and
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because that is where the initial data is stored, this filtering can be done directly on the
time-domain signal rather than having to perform 2 additional transforms to get the final
filtered result. A notch filter can then be applied to the region where the artifact lies on the
interferogram. As shown in Figure 2.13a, the artifact is not obvious at all at first glance, so
the frequency of the artifact in the frequency or the parameters for a preceding fit must be
taken note to know where to look for it. The parameters of the notch filter can be adjusted
to produce the smoothest result. At times, a secondary notch filter needs to be applied
to produce the best filtering result, likely due to the presence of an additional reflective
surface, such as that from the sample. The resulting spectrum should end up without the

presence of fringes, as shown in Figure 2.13b.
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(B) Calcite.

FIGURE 2.14: Comparison of filtered and unfiltered IR spectra. Figure 2.14a shows the spectra of

a sample of hBN in a DAC with a KBr PTM. The overlaid unfiltered spectra is shown in green

with a y-offset for clarity. The Fabry-Perot effect appears as a quasi-periodic modulation. The

notch filtering is clearly observed to remove the periodic artifacts, producing the blue spectrum.

Figure 2.14b shows the spectra of a calcite crystal in air with the same notch filter applied, and the
unfiltered spectra with a y-offset for clarity.
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The notch filter isn’t without its faults however. Following the filtering process, new,
localized artifacts were observed around sharp features of the spectrum, resulting from a
"ringing" affect sometimes seen when Fourier transforms are used to create sharp features.
This can be seen in Figure 2.14a, where the filtering of this interference creates shoulder-
like sidelobes of a sharp feature around 825 cm™!. To ensure the filtering process wasn’t
causing any other non-genuine disruptions to the structure, the same process should be
applied to a material with a well studied and similar IR spectrum. Calcite proved to be
such a material with immediate access.

The filtered and unfiltered IR spectra of a single crystal of calcite is shown in Figure
2.14b. Like hBN, it also has a large, intense, broad feature above 1200 cm ! and a sharp
feature below 900 cm~!. Applying the same filter as for hBN can be seen to produce very
little difference in the spectrum apart from two side-lobes that appear around the sharp
feature, much like for the case of hBN. The area of these features can be reduced by ei-
ther increasing the width of the transition bandwidth of the filter, similar to the FWHM
of a curve, or by increasing the width of the supergaussian stopped edges. Either of these
"fixes" for the aptly named "shrugs" often leads to more interference, at half the frequency
of the originally filtered interference, and may even cause distortions to the genuine spec-
tral features. So the process of filtering can sometimes be a tug-of-war, between minimiz-
ing the "shrugs", and eliminating all interference and spectral distortions. In these experi-
ments, the shrugs were tolerated because they are easy to identify as artifacts and remove.
At times if these shrugs lead to any issues with the related peaks, a filter producing less
shrug and more secondary interference can be chosen, with subsequent filters applied at
half the central position of the previous until a satisfactory spectrum is achieved.

With the methods and techniques laid out here, samples of hBN were studied with
a range of experimental conditions to elucidate how and why its properties change in
response to pressure. The coming chapters are separated based on the techniques em-

ployed to study hBN under pressure, starting with a discussion on XRD experiments at



Chapter 2. Theory and Experimental Techniques 56

room pressure, then vibrational spectroscopic studies, followed by XRD experiments per-
formed with laser heating. The final chapter discusses a side-project and employs the use

of a combination of techniques.
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Chapter 3

Room Temperature X-Ray Diffraction

X-ray diffraction (XRD) is a powerful and effective tool for non-destructive studies of the
structure of materials in-situ. Though XRD has been used for structural investigations of
boron nitride for a long time', determining a structure comparable to that of graphite?,
there is much fewer investigations under high pressure conditions and a wealth of con-
flicting reports on the measured elastic parameters in literature®®. No study published
so far has used N, as a pressure-transmitting medium (PTM), often opting for ones that
introduce more non-hydrostatic strain such as NaCl. This also means that the use of high
pressure conditions for nitrogen intercalation has yet to investigated in hBN.

In this chapter, structural responses to pressure and the high pressure phase transition
from hBN to wBN as characterized by XRD are investigated. The elastic parameters of the
materials in focus will be determined and the conditions for the formation of high-density
phases will be discussed.

Relevant information regarding the structures of materials of interest are noted in Table
3.1. The information for hBN is placed next to that of graphite, which hBN is an electronic
and structural analogue of, so that they may be easily compared. While at ambient con-
ditions, hBN has slightly larger a-parameter and slightly smaller c-parameter compared
to those corresponding to graphite, this change accounts for only about 2.1% difference in
the c/a ratio. Upon compression above 9 GPa, a first-order phase transition occurs in BN,
from the graphite-like structure of hBN to the wurtzite structure of wBN, characterized by
a slight increase in a-parameter and a large drop in both the c-parameter and the resulting
unit cell volume. As another structure, bct-BN, is predicted to form under simultaneous

high pressures and high temperatures, it will be discussed in Chapter 5 (Heating under
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Species | Space Group | a (A, at P=0 GPa) | c (A, at P=0 GPa) | Cell Volume (A3, at P=0 GPa) | Formation Conditions | Source
CGraphite | P63/mmc 2.46 6.71 35.29 P=0 7

hBN P-6m?2 2.498 6.668 36.03 P=0 8
wBN P63mc 2.536 4199 23.39 P=9-12 GPa v
bet-BN | P dy/mnm 437 252 4812 P=6-40 GPa, HT 1011
TABLE 3.1: Structural and phase information of relevant solids, at room tem-
perature. HT refers to high temperatures needed.
pressure).

Many separate samples were analyzed in this study, prepared using different PTMs
and initial crystallinity. Unless otherwise noted, the studies presented in this chapter were
carried out at room temperature, with the XRD done at the CLS HXMA beamline (06-1D1),
using Ny as a PTM. Nitrogen is a common high pressure PTM due to its relatively low
cost, straightforward loading, and ability to maintain hydrostatic conditions up to 13 GPa,
with pressure gradients less than 5% up to 25 GPa'?. Other research teams have avoided
using it in favor of NaCl, which shows small but notable pressure inhomogeneities to very
low pressures as compared to nitrogen (a standard deviation around 0.25 GPa between

pressures of 1-15 GPa'®).

3.1 Analysis of the dense hBN structure

A sample of hBN was compressed past the transition point to wBN, then decompressed
to near ambient, and finally compressed again to high pressures. The XRD plots for this
series are shown in Figure 3.1. As expected, with increasing pressure the X-ray diffraction
lines shift to higher scattering angles; the size of the interplanar spacings, which have
decreased in response to pressure, are inversely proportional to the sin of twice the angle
of diffraction, in accordance with Bragg’s law.

2dsinf = nA (3.1)
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FIGURE 3.1: Progression of XRD patterns with pressure for a compression-
decompression-recompression series of hBN with N; used as the PTM. A ver-
tical offset is introduced for clarity. The relevant X-ray diffraction lines are la-
beled with their hkl indices and their progression is marked with arrows. The
arrows starting at low pressure relate to phase I hBN, while those starting at
high pressures relate to phase II wBN. Any unlabeled peaks are due to solid
phases of the N, PTM. Note that the first X-ray diffraction pattern of the re-
compression portion has an unusual background and a broad hump centered

around 9.7° arising from liquid nitrogen scattering.

The most notable feature of the hBN X-ray diffraction pattern is the intense (0 0 2) line,

corresponding to the spacings of basal planes. This line shifts more rapidly with pressure

than the other lines, owed to the weak interaction between planes in the c-direction com-

pared to the strong covalent bonds between B and N atoms in the basal plane. From 1.57

GPa to the final observation of hBN at 13.77 GPa, the c-parameter decreases by 13£+0.9%,

whereas the a-parameter only changes by 0.9+0.1%, as shown in Figure 3.2. This makes

the (0 0 2) line a much better initial gauge of the expansion or compression of hBN for

further studies.

The pressure evolution of the unit cell volume was fitted to an equation of state which
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FIGURE 3.2: Lattice parameters as a function of pressure, as measured by
X-ray diffraction from several hBN samples. Hollow data points represent
values for which the samples have been decompressed following the phase
transition to the high-density wBN phase. The grey region drawn from 9-11
GPa shows the partial transition, where there is a coexistence of both phases.

Note the split scale in the vertical axis.

relates volume to pressure. Typically, an equation of state depends upon the initial cell

volume, the bulk modulus, and the linear pressure derivative of the bulk modulus, By,

defined such that

B(P) = By + B,P

(3.2)

and is unitless. This allows for the determination of the bulk modulus and its pressure

derivative by a proper fit of the experimental volume data. The first-order Murnaghan

(M EoS), third-order Birch-Murnaghan (B-M EoS), and Vinet-Rose (V-R EoS) equations of

state were chosen. The M EoS

P(V) = ()% 1]

Vv
Vo

(3.3)
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assumes a linear change with pressure of the bulk modulus By, whereas the third order
B-M EoS
3

= 3Boy Mgz _ (Moysraygg 4 (B =)

Vi
2 [(V 1% v

P(V) .

)23 —1]} (3.4)

assumes a non-linear variation with pressure. The V-R EoS has an exponential depen-

dence on pressure for By, defined such that
P = [3By(1 — x)/x*] exp[n(1 — x)] (3.5)

where x = (%)1/3 and 7 = 3 (B} — 1).
A x-squared minimization of the data was performed for the three equations of state,

using parameters By and Bj). The x-squared function is defined such that

x> =%i(0; — E)? (3.6)

where the sum is over all elements in our data set, O; a given observed value, and E; the
value expected from the EoS. This minimization was done numerically through the use
of the "Solver" extension in Microsoft Excel'*. Interestingly, despite differences in crys-
tallinity, pressure medium, and hydrostatic quality, the results were similar enough be-
tween each of the sample series for each respective equation of state that the fitting could
safely be performed on a compilation of all the data. The relation between the cumulative
x? and the fitting parameters is shown in Figure 3.3, which shows that the minimal region
of the x? tends to be ellipses with a negative linear or slightly nonlinear relation between
the two parameters. These ellipses are likely related to the covariance between the two
parameters as they relate to the EoS. No other local minima in the chi squared relations
were found for any of the equations of state, even near previously reported values®”.
The fitting returned different values for By and B for each equation of state shown

in Table 3.2, as expected according to Ooi et al.'®>. Plotted in Figure 3.4, each of these
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FIGURE 3.3: Chi-squared minimization relations for pressure with changing bulk modulus and

pressure derivative of bulk modulus. The relations are plotted for three selected high pressure

equations of state as applied to the measured volume of hBN with pressure. The global minimum,

which drops off exponentially, is taken as the fitted values of By and Bj). The colour denotes the

Chi-squared total, with higher values presented as more red (worse fit). Note that the colour scale
for the M-EoS is different than the other two plots for clarity.
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By (GPa) B|, EoS used Source
36.7 £0.5 | 5.6 £0.2 1st order M EoS Solozhenko, Will, EIf - 1995
27.6 £05 | 10.5 +0.5 3rd order B-M EoS Le Godec et al. - 2000*

20 £2 17 £2 | 3rd order B-M and P-M EoS Fuchizaki et al. - 2008°
29.1+04 | 9.1 +0.3 Anderson EoS Urakawa et al. - 1995°
31.5+0.6 | 7.4 £0.1 1st order M EoS this study

298 +1 | 9.7 £0.1 3rd order B-M EoS this study
30.4 £0.4 | 8.9 £0.1 Vinet-Rose EoS this study

TABLE 3.2: Previously and currently reported bulk modulus and its pressure derivative. The equa-
tion of state fitted for determination of the parameters is noted, where M is in place of Murnaghan,
B-M for Birch-Murnaghan, and P-M for Parsafar-Mason'”.

resulting equations are paralleled in their relation to the data, such that we can confirm
that the results of the three are simultaneously valid. While elastic theory shows that
stiffer materials have a B|, of close to 4, higher values have been shown for other layered
materials such as graphite (with a By and B}, of 33.8 GPa and 8.9, respectively'®).

The average between the three equations gives By = 30.6 £ 0.5 GPa and B, = 8.7 +0.7.
The result of using these values for each EoS is shown in Figure 3.4: the quality of fit
is maintained for the V-R EoS, while it is worse for the B-M EoS, and inadmissible for
the Murnaghan EoS. It must then be stated that, while the V-R EoS does seem to show
forgiveness to small differences in the values used for elastic parameters, that care should
be taken when comparing elastic parameters derived from different models.

As evidenced by the results of Table 3.2, there has been a wealth of conflicting reports
with regard to these parameters. It is noted that these differences occur regardless of
equation of state employed. Calculated by Fuchizaki’, the temperature dependence of
the bulk modulus, (dByr/dT)y = 1 x 1072 GPa/K, is somewhat too small to account for
these differences in room temperature; this could only contribute to the uncertainty in a
small proportion. Moreover, first-principles calculations have shown that many layered
structures are possible in the hBN system due to differences in stacking sequence'®. Ac-

cording to published reports, true structural nature of hBN may then be that of a mixed
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FIGURE 3.4: Fitted EoSs for hBN. The solid lines depict the equations of state using
the fitted parameters (Table 3.2) for the BM-EoS (black), the M-EoS (blue), and the VR-
EoS (red). The dashed lines depict those equations using the parameters taken from
the average of the three fits. The solid lines being hard to differentiate from each other
shows that they are in good agreement, and they are indeed well fit to the given data.
However, the exchange of parameters for the average values By = 30.6 = 0.5 GPa and
B}, = 8.7 £ 0.7 leads to a measurable change in the B-M EoS and a drastic change to the
Murnaghan EoS, such that the equations no longer are in a good fit.

structure of three energetically degenerate layered structures, two belonging to P63 /mmc
while another to P3m1. True to the diffraction conditions of these symmetry groups, a (0 0
4) peak is observed in most patterns which, as Fuchizaki® points out, is curiously missing
from the classic hBN structural investigations such as Solozhenko’s’.

Another possible explanation for these differences is nonhydrostatic conditions lead-
ing to a rise of unisotropic pressure response’. Considering all of the cited reports are for
experiments with an NaCl PTM (or a combination of that and MgO®), the differences in
hydrostaticity should be at least comparable between all the studies, and wouldn’t reason-
ably lead to the great variation observed. N, PTM has been shown to maintain minimal
pressure gradients and maintain essential hydrostaticity until above 10 GPa'?, which is
considerably higher than for NaCl, which maintains a fairly stable but small gradient up

to 14 GPa'®. The lack of a resolution by the use of a better PTM points to a need for further



Chapter 3. Room Temperature X-Ray Diffraction 70

explication for these differences.
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FIGURE 3.5: Graphical representation of reported elastic parameters By and

B} for hBN. In black are values from previous reports by Fuchizaki’, Le

Godec?, Urakawa®, and Solozhenko’ respectively left to right. Our findings

for different EoSs are shown (red), and their average (blue). The red dotted
lines represent the covariance curves.

The elastic parameters presented in Table 3.2 are plotted out in Figure 3.5. Here it
is clearly demonstrated that the chosen EoS does indeed have a considerable impact on
the fitted result, but not enough to bridge the gap between various reports. This also
communicates the consistency of a relation between By and B}, that was illustrated by the
confidence ellipses in Figure 3.3: A smaller By implies a larger B, and vice versa.

All of the reports lay near the extrapolation of the major axes of the x? ellipses of
one of the fittings, but there is not convergence near any singular point; the major axis
of the x? from the 3rd order B-M EoS extrapolates towards the reports of both Fuchizaki
and Le Godec®*, while that from the 1st order Murnaghan EoS points towards the re-
port of Solozhenko®. Only the parameters reported by Le Godec* lie anywhere near the

parameters we now report. While the parameters reported separately by Le Godec and
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Urakawa®® align with the curve for our V-R EoS, it should be noted that these two studies
did not employ this EoS and therefore these parameters cannot be readily compared.
While there have been proposals for hBN to be used as a PTM and pressure calibrant

due to the great variation of volume with pressure®!’

, the necessary step of standardiza-
tion of the structural pressure response is yet to be obtained despite internal consistency,

and thus the use of hBN as a potential pressure calibrant is still not globally viable.

3.2 Analysis of the wBN structure

Starting above 9 GPa, a transition is observed for BN, marked by the decrease in intensity
of the phase I hBN lines and the appearance of phase II wBN lines. Because of the over-
shadowing intensity of the solid Ny lines, as illustrated in Figure 3.1, the specific changes
across this transition are better represented differently as in Figure 3.6, which gives a de-
tailed presentation of the X-ray diffraction pattern before and after the transition. The
characteristic (0 0 2), (1 0 0), and (1 0 1) lines of hBN weaken in intensity as pressure in-
creases across the coexistence range, while the wBN lines of the same hkl indices appear
with growing intensity the same pressure range.

There are a few notable differences of the wBN diffraction pattern compared to that
of hBN. Particularly, the (0 0 2) line of wBN appears between the (1 0 0) and (1 0 1) lines,
illustrated in Figure 3.6, representing a difference of around 25% in the c-direction between
the two structures. This is the evidence of a denser material; the (0 0 2) line being scattered
at a wider angle than the (1 0 0) line indicated that the value of the c-parameter is now
less than twice that of the a-parameter. Interestingly, the value of the a-parameter does
increase across the transition, marked by the shift to lower diffraction angle, although
only by about 1.5%. The (0 0 2) line of the high pressure phase is also quite weak, making
it measurable only once there is more wBN, that is to say toward the higher pressure end

of the coexistence region (and beyond, for that matter).
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FIGURE 3.6: XRD patterns from before and after the phase transition from hBN to wBN
in a nitrogen medium. The most notable diffraction feature differentiating hBN from
wBN is the displacement of the (0 0 2) diffraction line due to the contraction in the c-axis
upon the transition. Diffraction lines from the solidified nitrogen are observed and noted
with "|". A peak potentially related to the (1 0 0) line of wBN is marked with "x".

The changes observed for the (1 0 0) and (1 0 1) lines are less immediately evident. The
wBN (1 0 0) line lies at a 26 value about 1.5% lower than the (1 0 0) of hBN, making it hard
to discern in the coexistence region. As shown in Figure 3.7, the FWHM of those lines can
be used to differentiate them in place of their relative angles. While the FWHM of the hBN
(100) line is a consistent value of FWH Mg (100) = 0.052 £ 0.001°, that of wBN is around
twice that value, FWHM,gx(100) = 0.111 £ 0.002°. There is also a demonstrable increase
with pressure, likely owed to the non-hydrostatic stresses expected by the nitrogen PTM

above 10 GPa, according to literature'?

. Interestingly, there is a large jump in the (1 0
0) FWHM around 14 GPa, but observed only for single crystal. This is likely caused by
the transition of nitrogen to the 5* phase?’. The single crystal of hBN is likely confined

between forming crystal grains of the nitrogen solid, causing stress upon the structure,
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whereas the crystallites of the powder are small enough not to be affected by these grain
boundaries. This is supported by the fact that we observe the FWHM fall back to average,
unstressed values upon decompression and crossing the § — * phase boundary around
14 GPa?". Apart from the values for stressed single crystal, the FWHM of the (1 0 0) line
is consistent, with a value of FWHMpn(100) = 0.111 & 0.002° below 10 GPa, thereafter

increasing by a factor of about 0.005° /GPa.
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FIGURE 3.7: Variation of the FWHM for selected diffraction lines under pressure. Data
points for single crystalline sample are shown in black, while those from powdered sam-
ple are shown in red. Points corresponding to hBN are marked with triangles; those for
wBN are noted with squares. Hollow symbols are for data taken upon decompression,
and partially filled symbols for any following compression.
Straight lines are guides to the eye.

The linewidth of the (1 0 1) diffraction lines tell a similar story. The (1 0 1) line is
consistent below 10 GPa with a value of FWHM),pn(101) = 0.058 & 0.001°, which rapidly
increases above 10 GPa as conditions become less hydrostatic. The lines from powdered
samples are also noticeably higher than that of single crystalline sample. This can be
attributed to grain size broadening: the peak width is inversely proportional to the crys-
tallite sizes in XRD?!. Below 10 GPa, the FWHM of the wBN (1 0 1) is also consistent, with
a value of FIWHMpn(101) = 0.153 £ 0.003°. Above 10 GPa, however, the linewidth spans

a large range of values, ranging from 0.14° to 0.022°.
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The substantial difference in FWHM between hBN and wBN lines indicates a differ-
ence in size, strain, or defect concentrations. The effect of crystallite size on the FWHM is
shown more clearly in the (1 0 1) plot for hBN when comparing powder to single crystal,
which is not nearly enough to explain the close to 3x difference following the phase tran-
sition. Strain undoubtedly plays a role, but nonhydrostatic strain is only observed above
10 GPa. This seems to imply that the origins of the large wBN line width could be due to
defect concentration. Methods to determine this by XRD unfortunately require good data
with a high S/N ratio, which is especially hard for microscopic quantities of low Z mate-
rials like BN. A high concentration of defects in the material that remains on the decom-
pression corroborates that defects may help to stabilize the structure at low pressures®”.
Furthermore, luminescent defects could be the cause of the massive background observed
in Raman spectroscopy experiments upon the phase transition, as discussed in Chapter 4.
Around the coexistence region of hBN and wBN, wBN diffraction lines lay close to and
are convoluted with those of other phases present; the marked difference in FWHM of
lines in the two phases can serve to reliably distinguish the identity of diffraction lines
within the coexistence region. Without proper use of these tools, incorrect structure fits
can be (and have been) easily made, resulting in many hours of lost productivity.

As alluded in the linewidth analysis, no further phase transitions are observed in BN
up to 20 GPa at room temperature. After releasing the pressure down to 1.46 GPa, wBN
remains present and a small fraction of hBN reappears, indicating that the transition is
partially reversible down to near ambient. The following recompression of wBN helps
in giving insight into the structural response to pressure in lower pressure regions. This
compression-decompression-recompression cycle was only successful for a single sample
series, on a hBN powder sample due to gasket failures during other attempted decom-
pressions.

Much like in the analysis of hBN, the response of the volume to pressure allows for an

estimation of elastic parameters by fitting a high pressure equation of state. Interestingly,
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FIGURE 3.8: Cell volume data for wBN under pressure with fitted EoSs. Single crystal

plotted in black, with powder samples in red. The empty data points denote decompres-

sion data, whereas the partially filled points note recompression. The lines represent the
fitted EoS for the two high pressure trends.

as shown in Figure 3.8, two trends to this data appear. One trend is maintained upon de-
compression and subsequent recompression for both crystalline types, whereas the other,
more compressible trend disappears upon decompression.

The emergence of such a splitting is due to identification of the (0 0 2) of wBN. Upon
transition to the wBN phase, a new line appears with a d-spacing of 2.12 A at 11.2 GPa.
Because its emergence is paired with the other wBN lines, and because it persists across
multiple phases of nitrogen, this diffraction line can be safely assumed to be associated
with the sample. Furthermore, since it exists in the region where the wBN (0 0 2) would
exist, and without any other nearby features for many patterns, this line is taken as the
wBN (0 0 2) line, providing a good structural fit for the available wBN lines. However,
it should be noted that this diffraction line is much sharper than the other wBN peaks,

hosting a FWHM of around 0.06° while the other major lines have a FWHM of closer to
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0.14°. Furthermore, for the powder samples, there is another line with a larger d-spacing
similar to this line, which also provides an equally satisfactory fit to for the available
diffraction lines, providing a much closer fit to the EoS expected by Solozhenko®. This

raises the question: which diffraction line is the genuine (0 0 2)?
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o
e
= 18.9 GPa
g 5000 —
I 17.0 GPa
E
4750 14.8 GPa
4500 4t
13.413613.814.014.2144 146 148150152154 156 15.8 16.0

26 ()

FIGURE 3.9: Close-up inspection of the (0 0 2) of wBN for similar pressures on the com-
pression and decompression on the single crystal sample. The compression patterns are
in black, while the decompression is in red. Both identified lines refer to the wBN struc-
ture. The large curve around 13.2 ° leads to the wBN (1 0 0) line. The weak line the
appears above 17 GPa, marked with "*" belongs to the nitrogen € phase.

Comparing the identified wBN (0 0 2) diffraction line in Figure 3.9, there doesn’t seem
to be any major differences between the line at similar pressures on the upstroke or down-
stroke. The downstroke (0 0 2), however, is what causes the transition from one trend to
the other, as marked in Figure 3.8. The lack of any other phase(s) leads us to believe this is
the genuine behavior of wBN, and that our structural fits are accurate. For the two trends,
we should then do two separate analyses. The resulting EoSs of both are plotted in Figure

3.8.
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For low-compressibility materials such as diamond and ¢BN, an approximation to the

equation of state can be used by taking Bj, = 4, leading to the second order BM EoS

P=JBo((S0)7~ (1)) 67)

A x?* minimization is performed on this EoS, applied to the cell volume data for the
low-compressibility trend of wBN. The bulk modulus of wBN is determined with a V=
23.74A to be By= 391 GPa, which is higher than that measured for cBN with, Birch By=
369 GPa and Bj= 4 with the Birch equation of state*, or By= 387 GPa and Bj= 3.06 with
the Birch-Murnaghan equation of state’”. As a high hardness is related to a high bulk
modulus, this supports loosely proposal of wBN being harder than cBN. This hardness

can be calculated, as

Hy = 2(6—2)0-585 -3 (3.8)
B 0

where By is the bulk modulus, G is the shear modulus, and Hy is the Vickers hardness
as reported by Chen?®. The shear modulus reported by Deura”” lead to a value of 70.8
GPa, whereas cBN has a hardness of 67.1 GPa based on the values reported by ZhangZS.
In fact, using the bulk modulus of wBN reported by Deura?’, the hardness calculated in
this case is 84 GPa. Comparisons are made in Table 3.3 with structurally similar materials
such as the isostructural hexagonal diamond, or the softer wurtzite AIN, as well as other
competing ultrahard materials of interest.

Since the secondary trend observed in Figure 3.8 demonstrates an appreciable com-
pressibility, B, must also be considered, considering in for this case a VR EoS. The x-
squared minimization returned By=8.4 GPa, B6=21.4, and V0=28.1A3 . Such a small By in-
dicates this is an incredibly compressible structure, even more-so than hBN, which points
towards this not being a genuine phase due to a misinterpretation of the (0 0 2) line. Other-

wise, this phase may be caused by a high density of defects, which is corroborated by the
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Material p(g/cm3) | By (GPa) | Bj), | G (GPa) Hy (GPa) source
C (diamond) 3.52 446 4 538 115 29
443 535 96 30
wAIN 3.26 220 3.6 139 17.9 31
C (lonsdaleite) 3.49 442 3.8 613 122 * 32
wBN 3.47 392+5 | 4 - 68+1 *, using G from?” | this work
330 - 410 84 * 27
3.47 407 394 3
46 34
cBN 3.49 381 4 399 67 * 28
61 35
3.48 401 410 3
3.49 369 4 24
3.49 387 | 3.06 25

TABLE 3.3: Elastic parameters of wBN and similar materials. Hy values

marked with "*" calculation are based on the Chen model for hardness?°. Our

calculation for wBN uses the shear modulus reported by Deura® .

large increase in other wBN, shown in Figure 3.7, for conditions where this potential (0 0 2)
line exists. Studies of single crystal hBN to higher pressures, and especially with different
PTMs or paired with IR studies, may help to elucidate the true nature of this diffraction
line and potential phase. Unfortunately, attempts to do so revealed too low an XRD signal
from the sample, due to having a sample thin enough to perform IR spectroscopic studies.

The end result of these studies can be shown in Figure 3.10, where data from both
phases are plotted alongside one another. The planar d-spacings of uninterpreted diffrac-
tion lines are represented in Figure 3.11. For single crystal, no unidentified diffraction
lines exist above 15.7 GPa, reaffirming the confidence in the identifications of existing
lines. However, for the powder sample, many such unidentified lines persist throughout
the decompression and recompression. Both powder and single crystal have such un-
knowns below 9 GPa, below the transition and within the easily fitted cubic  phase of
nitrogen, limiting opportunities for confusion with a more complicated structure arising
from the PTM. Furthermore, based on the groupings shown by the colours in Figure 3.11,

these unidentified lines are present in both single crystal and powder data.
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FIGURE 3.10: Compression of BN cell volume with pressure. The corresponding equa-

tions of state are drawn by lines. Data from phase I (hBN) are shown in black, with phase

IT (WwBN) in red, with equations of state matching in colour. Note that the unit cells of

both wBN and hBN contain the same number of B and N atoms, so the density changes
in a similar fashion to the volume.

Considering these additional diffraction lines appear at pressures where only diffrac-
tion lines from hBN and JN are expected, and the fact that no new lines are observed
in studies without Ny, a possible new phase with a different structure may have arisen
from the incorporation of nitrogen into the hBN lattice: a new compound could have
formed. This compound, if present, is more effectively stabilized in the powdered sam-
ples. This observation is certainly consistent with how intercalation occurs in layered
materials. The structures of predicted hBN intercalation compounds, however, would not
provide a diffraction pattern in agreement with the diffraction lines present. Furthermore,
following the phase transition, the novel BoN3, B3Ny, and B3N5 structures aren’t formed
either, as predicted in several other studies’*. The intermediary phase of bct-BN'/113
is not formed either, considering that the X-ray diffraction pattern expected for such a
structure does not match. Vibrational spectroscopy does not reveal any new structures ei-
ther, although Raman spectroscopy is a less practical tool upon formation of luminescent

wBN. This means that if a new structure exists, it has no Raman-active modes and only
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FIGURE 3.11: All planar d-spacings of unidentified diffraction lines from all XRD patterns.

The colours represent like X-ray diffraction lines. Empty points note decompression, while

partially filled points note recompression. Colours indicate like diffraction lines, meaning
those that are likely related to the same hkl of the material.

exists in insufficient quantities well above the transition to wBN to be detected and well

studied.

3.3 Analysis of retrieved samples

XRD analysis was performed on samples, retrieved (removed from the DAC) from high
compression, using the in-house X-ray diffractometer. The analysis revealed that in all re-
trieved samples, including those used for studies using techniques other than XRD (such
as spectroscopic methods) contained a mixture of hBN and wBN. The unit cell volume of
retrieved hBN is observed to be slightly larger than the original Vj, by a maximum of 2.5%
for any of the given samples. This corresponds with the estimation made based on the Ra-
man shift of the Ey, line, confirming that the downshift is caused by structural expansion
as discussed in Chapter 3.

A quantitative analysis was done to determine the relative concentrations of phases I
and II. By dividing the integrated intensity of a given X-ray diffraction line by the scat-
tering power calculated by the structure factor, a normalized intensity can be made. The

sum of the integrated intensities of all available diffraction lines, divided by the sum of
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sample type PTM | % wBN
recompressed powder | Nj >90
powdered N> 61
powdered N> >70
powdered N> 40
single crystalline N> >65
powdered none | <55
powdered none 40
powdered none | <20

TABLE 3.4: Recovery phase ratios of several experiments, as determined by quantitative XRD analysis.

that for the expected scattering power can give a theoretical quantity, however this quan-
tity would not be accurate due to beam interactions with the diamonds and gasket (the
beam size of the in-house XRD system is larger than that of the gasket hole of most sam-
ples). However, by dividing the scattering quantity of one phase by the other, a more
accurate account of the relative quantities can be ascertained.

The amount of phase II to phase I for several experiments are shown in Table 3.4. Im-
pressively, the recompressed powdered sample in Nj resulted in a 98.5% yield of wBN,
despite the amount of unidentified X-ray diffraction lines present throughout the pres-
surization. This is many times more than any other similar series, which showed at most
75% wWBN remaining. Meanwhile, powdered samples compressed without any PTM re-
tained only 20-55% of the wBN. This points towards good PTMs, or at least nitrogen,
being conducive to a higher retention of wBN since, for all but one sample, there was a
higher concentration of wBN than in the worst of those without a PTM. The outlier for
the powder in N, retention had graphite present in the cell (in the interest of heating),
which would have provided a nucleation point for like structures, such as hBN, to grow,
bringing the wBN yield down to 40%.

More of such quantitative analyses should be done on samples with other PTMs and
samples that are recompressed to elucidate the weight of each factor in the retention of

wBN. This should be paired with further experiments to answer outstanding questions,
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such as the true nature of the possible wBN (0 0 2) line observed dominantly in single
crystal samples. The initial compressions were kept to below a maximum pressure of 20
GPa to preserve gasket integrity with the intention of doing a recompression; this was an
unexpected limitation on the single crystal data especially, so an experiment that goes to
a much higher maximum pressure before decompression should give important insight
into the nature of certain diffraction lines, and the corresponding structures. XRD was also
not performed on any samples compressed without a PTM. The effect which this would
have on the linewidths, insight into defect concentrations, and its effect on wBN retention
would potentially lead to conclusive evidence about proposed wBN stabilization by de-
fect networks??. Finally, none of our experiment was capable of pairing consecutive XRD
and spectroscopic analyses on a single sample. While there is a wealth of data from exper-
iments done on matching experimental assemblies for all techniques employed, one can’t
be used to fully describe any unknown issues with the other. Furthermore, as discussed
in Chapter 4, pairing XRD with simultaneous measurements with Raman measurements
would clarify the nature of heating due to laser-defect coupling and resulting spectro-

scopic shifts.
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Chapter 4

Vibrational Spectroscopy
4.1 Phonons in hBN and wBN

This chapter details the Raman and infrared spectroscopic studies of BN under high pres-
sure. This section will discuss the phonon normal modes expected in the hBN and wBN
structures. The following sections will be split based on the spectroscopic technique em-
ployed, i.e. Raman or infrared spectroscopy.

For hBN, the irreducible representation of normal modes gives a total of 12 modes,
3 being acoustic modes (one Ay, and a doubly degenerate E;,), 3 infrared active optical
modes (again, one Ay, and a doubly degenerate E;,), 4 Raman active optical modes (2
doubly degenerate E5¢) and 2 inactive modes (both B, g)l. The calculated phonon frequen-

cies at the I" point for these normal modes are shown in Table 4.1.

Exe | Big | Agu(TO) | Agy(LO) | Byg | Eze | E1y(TO) | Eqy(LO)
Phonon frequency (cm~1) | 50 | 113 754 823 815 | 1382 | 1382 1614
Activity R | N/A IR IR N/A | R IR IR

TABLE 4.1: Calculated central frequency (in relative wavenumbers, cm~!) for optical
normal modes of hBN at the I' point at room conditions®. "R" refers to Raman-active
modes, "IR" refers to IR-active modes, and "N/ A" refers to inactive modes.

For wBN, the phonon normal modes are listed in Table 4.2. The irreducible represen-
tation of the normal modes gives 3 acoustic modes (A; and E;), 3 Raman- and infrared-

active modes (also A; and E;), 4 Raman-active modes (both E;), and two silent modes

(By)°.
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E; | B2 | By | A(TO) | A(LO) | E4(TO) | E4(LO) | By
Phonon frequency (cm 1) | 475 | 979 | 982 1043 1280 1075 1293 | 1134
Activity R | R |N/A IR IR Both Both | N/A

TABLE 4.2: Calculated central frequency (in cm~!) for optical phonon normal modes of
wBN at the I' point at room conditions?. "R" refers to Raman-active modes, "IR" refers to
IR-active modes, and "N/ A" refers to inactive modes.

4.2 Raman Spectroscopy

The Raman spectrum of hBN exhibits two modes of the same symmetry at strikingly dif-
ferent energies. At room conditions, there is an in-plane Raman mode at 1366 cm ! with
Ep¢ symmetry, as well as an E;¢ mode around 55 cm ! related to a shear-type inter-planar
mode*. This is a closely related with the Raman modes of graphite, which portrays a sim-
1

ilar inter-planar shear mode near 42 cm~! and an in-plane vibration around 1582 cm ™!,

also both of Ep, symmetry”. Schematics of these phonon modes are shown in Figure 4.1.

‘.\;\‘1 ‘ Boron

‘ Nitrogen

FIGURE 4.1: Schematics of the hBN Raman-active phonon modes.

For all samples, Raman spectra were taken at regular pressure intervals using the setup
described in Chapter 2. After reaching their maximum pressure, spectra were taken on
the decompression at pressure intervals of about double that of during the compression,
barring complications such as diamond breakage. Both E;, modes were tracked along the
compression, the central frequency of both modes shifted to higher wavenumbers with
increasing pressure, as shown in Figure 4.2 for a powder sample with N, used as a PTM.

No overtones were observed.



Chapter 4. Vibrational Spectroscopy 90

W~ 11.0 GPa

AWV S N
I / {
/ A\ \ 10.5 GPa
/ ’! VYo R /
[EANE o
T 9.5GPa

[ SN i S 9.4 GPR
N
— J\W
e
~8.7 GPa

/WW
- ALY
T

-~ ‘Pressure down
N S . 120GPa

11.0 GPa

Intensity (counts)
Intensity (counts)

10.1 GPa

5.1 GPa
46 GPa

T T T 1 T T T T T T T 1
1350 1400 \ 1450 1500 0 10 20 30 40 50 60 70 80 920 100 110
Raman Shift (cm™) Raman Shift (cm™)

FIGURE 4.2: Raman spectra of hBN powder as they change with applied pressure. Spec-

tra are stacked with a 10% vertical offset. The full structural transition is marked by a

change in colour. The diamond T, Raman line, centered around 1333 cm ™! at ambient

pressure, are cut from spectra at several pressure steps for clarity purposes. The ob-

served stress shifting of these Ty, is due the presence of stressed and unstressed portions

of diamond that are being probed, with the T, Raman mode of the stressed diamond
anvil being at a higher frequency.

Raman spectroscopic studies were done on two types of hBN samples, powder and
single crystal, both with and without N at the PTM. There were two studies accomplished
on single crystal hBN, one with and one without PTM, and five experiments carried out
on powder hBN, two with PTM while three were done without. This allowed the sys-
tematical determination of whether phase transition characteristics could be related to
crystallinity of the starting samples. Inspecting the pressure dependence of the Raman
modes communicated by Figure 4.3, the pressure dependence of the frequencies for all
samples seems to overlap. It would be safe to posit then that the PTM presence and the
order of crystallinity has no major impact on the pressure dependence of Raman mode
central frequency.

As shown by Hanfland et al.°, a Murnaghan-type relation can be used to model the

pressure dependence of phonon modes, taking the form of

w(P) = wo[1 + =P} (4.1)
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FIGURE 4.3: Pressure dependence of hBN E;, mode wavenumbers. Rotations of the

similar symbols indicate different series with the same experimental constraints. The

plotted curves are a Murnaghan-type relation for phonon frequencies (eq. 4.1), fit to the
respective Raman modes. "SC" refers to single crystal.

where w(P) and wy are the central frequencies of a given phonon mode at a pressure P, in
GPa, and at room pressure, respectively, ¢ is the linear pressure derivative of the phonon

frequencies at room pressure

1dw
(P)=—=5 (4.2)
and 1/’ is the linear pressure derivative of 1/6, such that
1 1 1
3(P) ~ % + WP (4.3)

This model can be used to fit to observed data and retrieve the fitting parameters. These
parameters can further be used to define the pressure coefficient at room pressure & =
dowp and the mode Griineisen parameter y; = Bydy.

The model is fit to the data with a y-squared minimization using

)? (4.4)
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where 0; = % is the standard deviation of the observed value O; for the phonon

frequency, and E; is the calculated phonon frequency based on the model using fitting
parameters ¢ and ¢’. The value for wy for the E;;gh mode is taken as the weighted average
of the observed the central frequency at room pressure, using 1/¢ as the weighting factor.
Unfortunately, due to Elzogw mode being of such low frequency, the spectral line is blocked
by the Rayleigh line filter and is hard to discern below 1 GPa. As such, no observation of
wo(Elzogw ) is made, so wy is used as a third fitting parameter.

The fitting parameters and related quantities can be found in Table 4.3 compared to
those reported in a similar recent study by Cuscé et al.” Whereas in their study the value
of By wasn’t calculated and rather quoted from literature for the purposes of calculating
G, we have previously measured a value of By = 30.4 + 0.5 GPa (calculated in Chapter 3);
as such, this calculation is likely more representative of our sample. The curves resulting

from this model are plotted alongside the observed values in Figure 4.3.

Mode | wy (cm™1) | &y (GPa™) 5 a(emIGPa ) | ¢ Study
Epe' | 136(8) | 0.003(6) | 0.04(9) 5.(0) 0.1(1) | this study
1367.3(3) | 0.0039(1) | 0.061(7) 5.3(2) 0.14(1) | Cuscé et al.”
EZC | 53.(6) 0.15(8) | 0.3(8) 8.5) 48(2) | thisstudy
52.1(2) | 0.151(4) | 0.48(1) 7.9(2) 5.5(2) | Cuscé etal.”

TABLE 4.3: Fitted and calculated vibrational parameters.

Because both observed modes are of the same Ep¢ point group, this can be used to
inspect the vibrational anisotropy of the system. Here we will approximate using a simple
spring model for binding forces.

The anisotropy in binding force related to interlayer and intralayer phonons can be
calculated as

Wintra2
. (Zntra 4.5
fani ( Winter ) ( )

Where a,,; is the degree of anisotropy, and the wj,s, and w;yy,, are the Eyg(high) and

Ep¢(low), respectively. The dependence on pressure of the anisotropy is plotted in Figure
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4.4. The result corresponds very well with previous studies done using this model®.
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FIGURE 4.4: Normalized degree of anisotropy between hBN E; modes under
increasing pressure. Data points from powder type samples are marked by
black squares, whereas single crystal type is marked by red circles.

As shown in Figure 4.4, the anisotropy measured is not different between the two crys-
talline states, and the trend is continuous until the full transition to wBN around 12 GPa.
Because the anisotropy depends on the relation between both E;¢ modes, it is unfortu-
nately missing above 12 GPa for the extremely non-hydrostatic cases, whose intralayer
mode remained present much past the transition region but the low frequency inter-layer
mode was lost, most likely into the background.

Near the hBN-wBN phase boundary at 9 GPa, the signal-to-background ratio of the
Ep¢ lines becomes increasingly lower, until the lines corresponding to the modes are com-
pletely lost; this is likely influenced by a phase transition. The accompanying increase of
photo-induced luminescence arising from the sample can be attributed to defects created
upon the transition. As observed in the XRD studies, there is once again a region of coex-

istence of hBN and wBN. No new Raman lines are observed with this transition. For most
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samples, the transition to wBN is assumed to be complete above 14 GPa, as no Elz‘;,w mode
is not observed above 13 GPa for any samples and the Egégh mode is not observed above
13 GPa for any sample loaded with nitrogen; XRD studies showed no sign of hBN above
14 GPa, so the expected complete transition occurs within 1 GPa of the loss of hBN signal
in the Raman spectrum. XRD results were shown in Chapter 3.

For the samples loaded without nitrogen as a PTM, while luminescence is observed to
grow above the transition pressure, the intralayer Ey, mode is still observed up to very
high pressures, while the low frequency mode is lost in the luminescent background, if
it were to still exist; this could imply the existence of an incomplete transition. Indeed,
all the samples did transition into the high pressure wurtzite phase to some degree, as
confirmed by XRD of retrieved samples. However, our results in Chapter 3 showed that
the transition to wBN is complete above 14 GPa for samples with a PTM, and partially
reversible, with all samples partially reverting to hBN upon retrieval at room conditions.
As such, we cannot use the relative concentrations of the retrieved samples to infer what
the concentrations of any samples would have been at higher pressures. Nonetheless, for
these samples that never underwent a full structural transition, we can still assume that
the majority of the sample would have been converted considering the large presence of
luminescence in their Raman spectra past the transition region and because their wBN
recovery yields are close to that of some samples which had fully converted.

This incomplete transition can be related to the lack of hydrostatic conditions within
the sample chamber. While non-hydrostatic pressure gradients exist, it is unlikely that
these gradients would be large enough to keep some portion of the chamber below 14
GPa. Indeed, this is later confirmed by IR studies using a PTM with known pressure
gradients, that the transition is incomplete above 14 GPa for non-hydrostatic conditions.

It’s likely then that the transition is inhibited by the non-hydrostatic stresses present. In

low

28
follow the same trend as the intralayer El;;g " mode. Unfortunately, as noted, the interlayer

the case of biaxial strain, we would expect to see that the interlayer E5 mode does not
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mode could not be observed post transition region pressures.

Upon decompression, the Ey, mode is not observed becoming any more defined until
under 2 GPa, where it remains still quite weak. This would seem to imply that the high
pressure phase of wBN remains strongly metastable until near room pressure. This lack
of a full conversion can likely be attributed to the incredibly non-hydrostatic conditions
and high order of the crystal.
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FIGURE 4.5: Extended Raman spectra of an hBN sample at low pressure be-
fore and after compression past the phase boundary. The red spectrum (bot-
tom) is of a powdered hBN sample with a nitrogen PTM at 2.4 GPa during the
pressure ramp. The diamond T, Raman line can be found near 1330 cm ™!,
with the hBN E;; Raman line just to the right at 1330 em™~!. The black line
spectrum (top) is of the same material upon decompression to 0.4 GPa from
18 GPa. As can be observed, the background is much more intense compared
to the diamond Ty, line, which has a markedly lower signal to background
ratio here. There is no vertical offset in this figure.

Throughout decompression there was intense luminescence and no observable hBN
modes. A comparison of the spectrum before and after the phase transition is shown in
Figure 4.5. hBN modes are only again observed once the sample is exposed to ambient

conditions and removed from the DAC, marking a large hysteresis to room pressure.
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Only the luminescence, and no new Raman lines, was observed across the phase tran-
sition above 14 GPa. The Raman modes of wBN are expected to be present though lost
in the luminescent background. They have been demonstrated to be near 960 cm ™!, 1060
cm~!, and 1310 cm ™! by Chen et al.”, with one more Raman mode calculated to be near
475 cm~! from Ohba et al.”. The luminescence is likely the result of many closely related
electronic transitions. Luminescence masking could in principle be avoided by using a
laser of shorter or longer excitation wavelengths, shifting the Raman light emission to a
different part of the electromagnetic spectrum while having the luminescence remain at
the same wavelength.

As demonstrated by Chen et al.’, the Raman modes of wBN are incredibly weak com-
pared to those of hBN, such that resolving them is even a challenge on a recovered sample
of wBN of modest size under ambient conditions. Thus, impeded by the microscopic size
of our sample, which is located in a DAC resulting in a weaker response, it is deemed
challenging that a Raman signal from wBN would ever have been recorded in-situ with a
satisfactory signal-to-background ratio during our experiment. A recent study by Cuscé
et al. recently showed the Raman spectrum of wBN from a similar experiment, but only
upon retrieval of the sample to room conditions’.

Interestingly, from samples recovered from the DAC following a high compression
above 14 GPa, the intralayer E;; mode is at a lower frequency as compared to the initial
value from a fresh sample. Furthermore, this spectral downshift seems to be correlated to
the incident power of the laser, which leads to a difference of up to 20 cm ™! between the

highest and lowest laser powers. This is shown in Figure 4.6, where the frequency of the
high

EZg

mode converges to an accepted value as the power of the laser tends towards zero.
We can therefore expect that this is still related to the same hBN mode as before, and at-
tribute the additional shift to the newly introduced structural defects. Later inspection by

quantitative XRD confirmed that the yield recovery ratio of wBN to hBN was much higher

for samples containing a PTM, but that there is still hBN present in all these samples, as
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FIGURE 4.6: Raman shift of intralayer E;; mode with relation to incident laser

power, as measured at the source, recorded from different powdered and sin-

gle crystal sample of hBN recovered from high pressure. Different symbols

are used for different samples. Rotations of the similar symbols indicate dif-

ferent series with the same experimental constraints. The laser source power

is estimated from the laser output (200 mw) and the attenuation provided
from calibrated neutral density filters.

discussed in Section 3 of Chapter 3. The structural defects would manifest themselves in
the form of colour centers; this is supported by the orange colour the crystal takes on upon
re-conversion to hBN in contrast with the white, translucent colour that it has prior to be-
ing exposed to these high pressures. The colour centers act to absorb incident photons (at
a wavelength of 532 nm) rather than scattering, which leads to an increase of temperature
of the sample, and with that an increased volume of spacing of the crystal lattice and a
reduction of the phonon mode frequency. This is in contrast with what was reported by
Cusco et al.'?, who predicted a frequency increase with temperature.

The important parameters leading to this thermal shift are hard to determine. The
characteristic of the laser power dependence such as the high power frequency wpp =
w(P = 200 mW), low power frequency wip = w(P — 0 mW), their difference Aw =

wrp — wip, the difference between these parameters to wy, and the slope of this relation
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were all recorded and compared to experimental parameters. None of these characteris-
tics showed any trend with any given experimental parameters, such as maximal pres-
sure, wWBN/hBN relative yield, crystallinity, PTM presence. The underlying phenomenon
occurring most likely requires a more in-depth analysis of the related defects, which un-
fortunately fell outside the scope of this project.

In Chapter 3, the pressure dependence of the unit cell volume of hBN was effectively
modeled with three equations of state (EoSs, the Murnaghan equation among them). In
this chapter, the pressure dependence of the Raman mode central frequencies has been
modeled. With these two together, devising a relation between the frequency and cell
volume should be possible. This could potentially be a way to estimate expansion due to
heating.

This relation was explored in two different ways. First, using the Murnaghan equation
of state,

By, V

—By _
= B_{)[(Vo) 1] (4.6)

the pressure can be calculated based on a given unit cell volume, or vice-versa. For an
observed frequency, the unit cell volume can be calculated using the observed pressure in
this EoS. A fit could then be performed between the two to model the trend. However, a
more physical model is desired. This can be obtained by combining equations 4.6 and 4.1
to produce

%4 % By V

7) = @l + 5 (7)o -1l (4.7)

w(
which is now an effective model between the Raman mode frequencies and the unit cell
volume. The samples for which we are observing these heating effects in, however, are

not pristine. At low laser powers (less than 10 mW), where there is limited laser heating

effects, there is already a downshift of the phonon frequencies and an expansion of unit
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cell volume, which would incorrectly translate to an effective temperature. To account for
this, the low power, room pressure frequency observed for a given material is taken as wy,
and the calculation is done in terms of the frequency difference Aw = wy — w rather than

in terms of w.
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FIGURE 4.7: Estimation of thermal expansion/static compression based re-

lated to difference in frequency. The black points are from static compression

at room temperature, where V' /Vj is calculated based on eq. 4.6. These points

are extrapolated with a quadratic fit to form the black line. Equation 4.7 forms

the red line. Red crosses are placed along both lines to show the observed
thermal measurements based on both models.

Plotted alongside each other in Figure 4.7, there is an obvious divergence between both
estimates of thermal expansion. The polynomial fit estimates that the thermal expansion
lies below V/V,) = 1.1 for any observation, relating to a temperature of less than 600 K
based on previous reports'!. Meanwhile, equation 4.7 diverges asymptotically around
a frequency difference of 20 cm ™!, which is just above the highest observation, leading
to an estimated expansion upwards of V/Vy = 1.7, or 2000 K. This is quite a bit higher
than we would believe reasonable. A comprehensive model would consider the effect

of temperature on the present parameters as well, such as By and Jp. Attempts to make



Chapter 4. Vibrational Spectroscopy 100

this consideration for By(T) based on Solozhenko’s work'!! led to even higher, less realistic
values of temperature (up to 8500 K). While there is potential to use this model for thermal
measurements, it would be necessary to first perform similar Raman experiments under
a range of temperatures before this model, let alone the estimated temperatures, can be
considered genuine.

While there still exists many outstanding questions from the Raman spectroscopy ex-
periments, there has also been plenty answered. The observed E;; mode parameters cor-
relate well with those previously reported in literature, and there is good correlation of
measured parameters between all sample configurations attempted. The underlying dy-
namics of the recovered, defective hBN remain uncertain, and subject for a compelling

future investigation.

4.3 Infrared Spectroscopy

4.3.1 IR-Active Vibrational Modes of hBN

Similar to the E;, Raman modes, the IR active modes of hBN consist of a low frequency
out-of-plane Aj, mode and a high frequency in-plane E;, mode, represented by Figure
4.8. Both these modes have been observed to possess LO-TO splitting, though reports on

the Ay, (TO) are rare'>!3

C et
Ce o vt

FIGURE 4.8: Schematics of the hBN IR-active phonon modes.
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LO-TO splitting is much less for polycrystalline samples, leading to unsplit or unre-
solvably small split for the Ay, at 811 cm~ ! and a split for Eq,, which has a TO mode at
1377 em~! with weak LO mode at 1514 cm 114, Considering we don’t see the split Ay,
mode, and the LO of Ej,, is much weaker than the TO, it is likely our crystalline samples
are ordered hBN flakes, but necessarily polycrystalline.

The refined band breakdown of the hBN IR absorption spectrum provided many chal-
lenges. While the IR spectrum of bulk hexagonal and nanostructured BN has been re-
ported in several studies, to our knowledge only few exist on hBN at high pressures; those
studies that do exist presented either saturation for the E;,, band!3, or lower resolution'?.
As such, some of the finer structures of the spectra are missing from high pressure analy-

Ses.
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FIGURE 4.9: Deconvolution and fitting of the IR absorption spectrum of an
hBN sample at 0.36 GPa. An R? value of 0.998 was achieved for the fit.

In the current study, no LO-TO splitting is observed for the Ay, mode; this is con-
sistent with studies that have shown that smaller samples exhibit less LO-TO splitting'*.
This means that the band near 830 cm ! can just be labeled as Ay,,. Zhi et al. reported a vis-
ible shoulder on the low wavenumber side of the broad band for BN nanotubes!®, which

we believe to observe; the origins of this peak are unfortunately still unclear. Most IR
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studies on BN materials assign the remaining broad band around 1370 cm~! to be the Ey,,
(TO) mode, with a broad, weak shoulder at higher wavenumbers as the E;,, (LO) mode.
However, this model overlooked some of the finer features of the band.

Visible in Figure 4.9 are two sharp features that break out from the broader band, at
1335 and 1358 cm ™!, respectively. These features are referred to as "fingers" within the
confines of this research (due to their reminiscence to the foam fingers that are/were of-
ten seen at sports exhibitions). These fingers were initially thought to be artifacts caused
by Fabry-Perot type interference due to the cavity formed by the diamond anvil surfaces.
Once an effective method for filtering was developed, these features remained; they were
then ascribed to being artifacts resulting either from Fourier filter "ringing", as often ob-
served near the frequency of the Ay, peak, or from insufficient filter effectiveness. How-
ever, the bandwidth of these features are observed to be independent of the period of the
interference fringes. Furthermore, similar features have been shown in nanostructured
hBN spectra outside of a DAC, where there wouldn’t be any Fabry-Perot effects, though
they have either been labeled as E;,,(TO) modes or otherwise undetermined'*'°. Further-
more, in any of these studies only one such feature is observed, never two. Whether or
not one of these fingers is truly the E;,, (TO) mode, the other finger is a new observation.

Fourier self-deconvolution'”

was considered to elucidate the central frequencies of
each feature in this band. The main requirements for a successful and meaningful de-
convolution with this method is that the bands be all of similar widths (which they are
not), and that the S/N be no less than 100, preferably above 1000; because of strong IR
absorption introduced by atmospheric moisture, the S/N is at worst 20 for some spectra
and only around 100 at best. This type of deconvolution was attempted nonetheless and,
as expected, returned only meaningless results. The method was thus not pursued.

Peak fittings were performed based on a band model which includes 6 peaks: the low

1

Ay, mode near 830 cm~!; a weak shoulder to the broad band, near 1250 cm™~!; the two

sharp fingers observed around 1330 and 1360 cm~!; a broad, intense line central to the
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band around 1370 cm ™!, which has classically been assigned to the Eq, (TO) mode; a high
wavenumber shoulder to the broad band around 1600 cm~!, classically assigned to the
Ej, (LO) mode. This fitting was done using the Matlab curve fitting toolbox'® for selected
spectra, with each peak being Gaussian profiles with central frequency bounds set to be
within twice the expected bandwidth. The other parameters were adjusted to produce a
tit that well represented the features of interest and provided an R-squared result of no
less than 0.998. In the interest of time, deconvolution of remaining spectra was performed
using XRDA".

With these fits, the convoluted line profiles were estimated. For the near-ambient pres-
sure (0.36 GPa) spectrum shown in Figure 4.9, the fingers were found to have central fre-
quencies of 1335 and 1358 cm ™!, with FWHM of 10 and 8 cm ™!, respectively. One of the
main objectives of this part of the project was elucidating the reason for the difference in
band profiles between the Ay, mode and the E;,, mode. Should these fingers truly be the
manifestations of the E;,, mode, then the difference in intensity and bandwidth isn’t quite
as marked as earlier thought. Comparing values for py'gp; X 100% both the values for
the Ay, mode is 0.18%, while the fingers have values of 0.75% and 0.59%, whereas all the
other peaks are much more than one percent. While this normalized width for A, is still
a fraction of that for the Ej, fingers, it is much more comparable. Furthermore, because
the E;, mode is an intralayer vibration, it is likely to be much more sensitive to defects
than the interlayer A, mode, leading to more broadening. Additionally, the intensity of
the A, mode is between the values for intensity of respective fingers.

Interestingly, upon turning the sample about the probing axis, a change is observed in
the large band profile. This change is caused by an increase by around 50% in the intensity
of the lower wavenumber finger, while the other features remain more or less the same.
This was initially interpreted as a third finger resulting from the turn, and much of the
analysis has been done considering such a model, but as shown in Figure 4.10, a model

with 2 fingers is sufficient to fit the band with a high degree of confidence. The higher
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FIGURE 4.10: Spectral fitting of IR absorption spectra from a sample of hBN at 5.18 GPa, for 90°
rotations between them. The recorded spectra are drawn in black, with the band breakdown in
blue and fitted equation shown in red. the inset shows an image of the sample, with the respective
orientation of the IR aperture overlaid. The cumulative R?>0.999 for both fits.

wavenumber mode demonstrates a pressure coefficient similar to that calculated for Ey,,
(TO)'3, with a value of 4.3 cm~!/GPa compared to the calculated value of 4.1 cm~!/GPa.
This would lead us to believe that the higher wavenumber finger is the E;,, (TO) mode,
while the turn-dependent finger is possibly something else entirely.

Above 9 GPa, a transition is observed with many marked differences to the spectrum.
Several new peaks appear in the span between the two bands in phase I (hBN), and with
increasing pressure the original bands weaken in intensity. Interestingly, while the sharper
yet weaker Ay, band disappears well before the full transition at 14 GPa, the broad intense
band associated with the E;,, continues to weaken across the transition and is still present,
though quite weak, even at incredibly high pressures. This corresponds with reports of
the E1, mode persisting to pressures of 23 GPa'?. Considering that partial conversion
to wBN is observed by Raman spectroscopy only in samples loaded without a PTM, the
transition could be inhibited by non-hydrostatic stresses, because KBr has been shown
to be an imperfect PTM?. While XRD was performed on samples with a similar quality

PTM in Chapter 5, these were only brought up to a maximum pressure of 12 GPa, so an
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FIGURE 4.11: Central frequency of E;, mode with pressure. Linear fits are
displayed for the data before and after transition to the wBN phase. Empty
points represent values measured upon decompression.
incomplete transition could not be confirmed.

While this large band persists to high pressures, only one of the fingers persists, the
one without a turn-dependence; though it is only observed in the spectrum for turned
samples above 10 GPa. Across the phase boundary, this mode develops a negative depen-
dence on pressure, which is maintained upon decompression, as shown in Figure 4.11.
This makes sense should this mode be the E;,,, which is a vibration in the a-direction, as
the a-parameter increases in the transition to wBN. This increase in the a-parameter isn’t
manifested in the hBN structure as detected by XRD (Chapter 3), however , and this type
of deformation still doesn’t explain the increasing frequency upon decompression. XRD
analysis of an hBN sample with a similar PTM across the phase boundary pressures is
necessary to elucidate the relation between this mode softening and the a-parameter. It
may be that above the line being observed with a negative pressure coefficient is a differ-
ent mode entirely, one related to wBN; however, this wouldn’t explain why the intensity
decreases with increasing pressure, nor aids in identifying the mode, as no phonon mode

is predicted with such a high frequency and such a narrow distribution isn’t expected for
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any 2-phonon processes.
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FIGURE 4.12: Central frequency of Ay, mode with pressure. Vertical bars
indicate the standard deviation of the Gaussian fit. Data from different series
are defined with different colour and symbols.

The pressure dependence of the Ay, mode is plotted for several sample series in Figure
4.12. Up to the transition, a similar progression is shown for each sample, with pressure
coefficients ranging from 0.78 to 1 cm~!/GPa (corresponding well to previous calcula-
tions predicting a value of 0.88 cm ™! /GPa for the Ay, (LO)!'®). Measurement of the Ay,
under a pressure ramp by FTIR reflectance and absorption methods was used to reaffirm
correspondence between the two. The sample was then left just below transition pressure
and taken to the Canadian Light Source Mid-IR 01B1-1 beamline. Spectroscopy was then
performed during a decompression and secondary compression ramp on the sample. For
both cases, the difference between values measured with each method is much less than
the resolution at of 4 cm ! at 4000 cm 1.

Above 9 GPa, the peak width of the A, mode increases, while the intensity and central
frequency rapidly decrease, as shown in Figure 4.12. Because this occurs at the same pres-
sure that new peaks related to the wBN phase appear, this effect is attributed to the phase

transition. This effect is consistent whether the A, band fitting takes into account LO-TO
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FIGURE 4.13: Pressure dependence of the hBN A, mode using difference

techniques and sources. Linking lines are added to guide the eyes. The accu-

racy of the measurements are within 1 cm 1.

splitting or not (whether the fit has two profiles or one). While softening under pressure
has been observed for the Ay, (TO) mode, this effect is a linear effect beginning at room
pressure, and no softening is expected nor observed for the LO mode'®. Further, this soft-
ening of the Ay, band is not consistent between sample series. The degree to which this
softening occurs is proportional to the depth of the sample chamber (unfortunately, the
crystallite size was not measured in these experiments), with the smallest sample cham-
ber producing little to no softening above 9 GPa. This shift is independent of the sample

pressure coefficient.

4.3.2 IR Modes of wBN

Along with changes in the hBN phonon modes, the transition at 9 GPa is characterized by
the appearance of new spectral features, as shown in Figure 4.15. These new features are
expected to be related to the phonon modes of wBN. At 9.3 GPa, there are sharp features at
870 and 995 cm !, and two broader weak peaks at 1040 and 1092 cm L. There additionally

seems to be a large background above 700 cm~! to somewhere near the hBN Ey,, band,
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which indicates one or more additional peaks that are masked by convolution with these

modes.

G Boron
. Nitrogen

FIGURE 4.14: Schematics of the wBN IR-active phonon modes.

Two phonon modes are expected in wBN, with A; and E; symmetry like in Figure
4.14, and each with LO-TO splitting for a total of four expected modes. The peak found at
1092 cm~! lays right between the predicted value for the A; (TO) and E; (TO) modes by
density functional perturbation theory”!. Previous studies of wBN have not been able to

deconvolve the two modes either'2?!

and have assumed the band to be formed of equal
contributions of both. However, the sharpness and lack of any shoulder to the peaks
may imply it’s just one. Because the sample is oriented such that the IR radiation probes
through the c-direction, electric field oscillations would be in the a-direction and couple
better with the a-direction E; vibrations. This may results in negligible contributions to
the band from the A;.

The case is similar for the A; and E; (LO) modes. Though they not shown in Figure 4.15
due to convolution with the intense hBN E;, band at lower pressures, the mode observed
that is attributed to the A; and E; (LO) modes is incredibly sharp and lies right between
the expected value for both modes, as shown in Figure 4.16. Because of the incredible

sharpness of the mode, it is a safe assumption that it is only one mode there; this is likely

the E; (LO) mode, using the same logic applied to the TO modes.
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FIGURE 4.15: IR absorption spectroscopy of the hBN-wBN phase transition. The wa-
terfall plot (left) displays a series of IR absorption spectra before and after the phase
transition in near 1 GPa steps. Spectra containing only hBN are shown in black, spectra
with coexistence of hBN and wBN shown in blue. A vertical offset is added for clarity.
The figure on the right displays a deconvolution of the spectrum at 9.3 GPa. Fit curves
are displayed in blue for normal modes of hBN, red for optically-active normal modes of
wBN, and purple for defect-activated modes of wBN. The expected curve for the A;/E;
(LO) of wBN is plotted with a dotted line. The inset shows the phonon density of states
for wBN at ambient pressure in red, for 20 GPa in blue, and is adapted with permission
from Segura et al. 2019. Copyright 2019 American Chemical Society.”".

The remainder of the new modes in Figure 4.15 are not predicted IR-active modes of
hBN, nor of wBN. Of these new features, only the sharp one at 870 cm~! have been ob-
served before, begin attributed to either the Raman-active E; mode!?, or because of a large
peak in the phonon density of states (PDOS)?!, in both cases the mode becomes IR-active
due to the wBN being highly defective around the transition. Because the observed peak
at 9.3 GPa is much lower frequency than the one in the PDOS (even at ambient pressure),
it is more likely that this mode is due to the activation of the wBN E; mode; however, the
pressure coefficient of this mode is calculated to be around 2 cm~!/GPa, almost half the
3.5cm ™1 /GPa that was previously calculated?'. Though it does weaken at high pressures,
the mode is still observed up to 20 GPa and throughout the decompression, as shown in

Figure 4.17a. The other additional peaks can be described by the shape of the PDOS at
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note the values measured on decompression. The lines indicate the lines progression predicted by
density functional calculations by Segura et al.”!.

those energies. The peaks at 995 and 1092 cm™~! both respectively lie between where cor-
responding peaks in the PDOS are at 0 and 20 GPa; because this measurement is done at
9.3 GPa and often phonon modes have a nearly linear pressure dependence, it is expected
that they would be halfway. Furthermore, the additional background that is observed be-
low 1400 cm ™! is also expected with more phonons far from the I'-point become IR-active.

Unfortunately, most of these novel spectral features could not be clearly observed at
higher pressures due to convolution with the wBN A;/E; TO band. The sharp feature at
870 cm ! was still observable to higher pressures. This mode decreases in intensity with
pressure and the growing intensity of the IR-active wBN modes, reassuring that this is a
defect-activated mode.

A mode with a negative pressure dependence is observed between 9-14.5 GPa, shown
in Figure 4.17b with the finger mode that showed negative pressure dependence. Un-
like the finger mode, this new mode is broad, has a large pressure dependence close to
8 cm~1/GPa, and is short-lived, disappearing above 14.5 GPa and not reappearing upon

decompression.
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FIGURE 4.17: Pressure dependence of anomalous and defect-activated modes

after wBN transition. Empty symbols are values recorded on decompres-

sion. The higher frequency mode with negative pressure dependence, de-

scribe with the red circles in Figure 4.17b, is the same mode that has been
related to the E;, mode shown in Figure 4.11.

The remaining new modes display a positive pressure dependence to 14.5 GPa. As
shown in Figure 4.17c, the pressure dependence of these modes plateaus above 14.5 GPa.
Interestingly, upon decompression, these modes regain their original pressure depen-
dence, unlike the finger mode which retains its negative pressure dependence through-
out the decompression. While this is certainly a shocking result, the prior mentioned fact
that these modes are so heavily convoluted casts a shadow of uncertainty over any in-
sight these modes may give. Nonetheless, this change in pressure dependence could be
explained by a slight structural modification. For wBN under bi-axial compression, sheer
stresses leading to a bond flippage was predicted by Pan et al.>” to lead to a stronger ma-
terial. This structural modification was predicted to cause no change in wBN volume,
making it consistent with our XRD results. Such a structural modification may be pos-
sible at high pressures, possibly with the pressure gradients imposed by a KBr PTM. It’s

interesting that this phenomenon is not shown at all in the expected A;/E; LO or TO
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modes, but the reversibility of the pressure dependence of the modes in Figure 4.17c sig-
nals that such a transition may be reversible. The fact that many of these defect-activated
modes exist at all corroborates the predictions of wBN being stabilized by the presence of
defects’.

Whether the effects of these defects is consistent across the many experimental series
remains to be seen and should provide explanations or improve confidence for many of
the new results. It is interesting that our results differ so greatly with those from Segura
et al.?!. The lack of novel defect modes in Segura’s report is possibly due to a lack of
filtering the interference, leading to a different model for present modes being applied
to our respective spectra. They also report a complete, irreversible transition to wBN by
20.5 GPa, whereas our reports show all samples are partially reversible, even if taken to
higher pressures. It could be that these effects are sample-dependent, in which case more

experiments are necessary.

4.4 Summary

Raman spectroscopy was performed on several configurations of powder and single crys-
tal hBN samples with and without a PTM at high pressures, while IR spectroscopy was
performed almost exclusively on single crystal hBN in KBr. Both E;, Raman modes of
hBN were observed and tracked to high pressure, and their pressure dependent param-
eters were in good agreement with prior reports. No correlation could be drawn be-
tween the type of sample configuration and pressure dependence of the modes, mode
anisotropy, or observed defective properties of recovered sample. The phase transition

to wBN produced a large luminescence background such that the Raman modes of wBN
high
28

above 14 GPa, but only for samples loaded without a PTM. Thus, it is likely that pressure

were not observable, even for the recovered samples. The hBN E, " mode was observed

gradients inhibit the transition to wBN; this is corroborated by the incomplete transitions
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observed in IR spectroscopy, where a KBr PTM was used, providing small but substantial
pressure gradients.

Recovered hBN was defective, gaining a yellow-orange tint as observed by optical mi-
croscopy. A softening of the frequency of the Egggh mode is observed in recovered hBN,
which is highly power dependent. This is attributed to heating effects due to the hBN
defects coupling with the laser. A model was developed to attempt to describe the tem-
perature based on the shift of the Ey, and previously determined parameters; the model
diverges near the maximal shift observed, and is therefore expected to be greatly over-
estimating the temperature. Raman spectroscopy on these samples under variable tem-
peratures, better yet variable pressures and temperatures, could elucidate the accuracy
and oversights with the model, such as the temperature dependence of the vibrational
pressure coefficients.

Infrared absorption spectroscopy of hBN proved to be nontrivial. Because appropriate
filtering methods, to remove interference features due to the Fabry-Perot cavity, weren’t
developed until later into the project, finer features of the spectra were obfuscated by
periodic interference. Until then, many spectral features were overlooked, attributed to
artifacts, and an incomplete model for the spectral bands was applied. Nonetheless, a
complete model was eventually developed, providing a good fit to the IR absorption spec-
tra. Two sharp features of the hBN E;,, band were fitted to have similar profiles to the A,
mode. One was therefore considered to be the Eq,, (TO); the other showed a strong depen-
dence on the sample orientation. Above 10 GPa, the mode attribute to E;, (TO) developed
a negative pressure dependence, which it retained throughout the decompression. This
was attributed to the increase of planar bond length about the transition to wBN. A more
rapid softening, coupled with broadening, is also observed for the Ay, mode around the
same pressure. Interestingly, the degree to which this softening occurs shows a correlation

to the depth of the cell.
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Many new IR modes were observed upon the transition to wBN. While there are 4 IR-
active modes expected for wBN, LO and TO modes of both A; and E; modes, only 2 are
observed in the predicted regions. Previously this has been attributed to convolution of
the A; and E; modes, where both their LO and TO counterparts are respectively predicted;
however, no indication of any sort of convolution is observed. In fact, the sharp feature
observed where the LO modes are predicted makes convolution doubtful. This would
imply that one mode is contributing much more. We propose this mode is the E; mode,
which has a vibration parallel with the IR beam electric field. The other modes are at-
tributed to other defect-activated modes, only one of which has been reported previously.
The other modes showed interesting dependence on pressure, 3 of which developing a
reversible change in pressure dependence above 14.5 GPa to a minimal value. This may
be related to the structural modification predicted by Pan et al.?? for wBN under bi-axial
compression and sheer stress.

Many of the outstanding questions relating to the IR spectra may be solved by thor-
ough analysis of outstanding IR spectra using a more rigorous fitting to the newly de-
veloped spectral model. Bridging the gap between IR and Raman experiments, it would
be interesting to see what type of correlation the defect hBN E;, mode has with the in-
tensity of defect-activated IR bands in the sample. Vibrational spectroscopy at low tem-
perature conditions may help to improve understanding of the intrinsic IR spectrum of
wBN, greatly reducing defect-activated modes and 2-phonon bands, while also providing

insight into the temperature dependent model developed based on the Raman E;¢, mode.
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Chapter 5

Heating Under Pressure
5.1 Introduction

Inspections of hBN under high pressure and high temperature are motivated in the search
for new BN crystallographic networks. As outlined in Chapter 1, in their separate com-
putational results, Hromadova' and Wen? have predicted a meta-stable body-centered
tetragonal phase of BN (bct-BN) that would be formed at HPHT conditions near, but be-
low, the hBN-wBN transition pressure. This phase has yet to be observed experimentally.
Furthermore, heating hBN in a N, atmosphere could potentially promote the incorpo-
ration of N, molecules into the hBN network, essentially creating an intercalation com-
pound. Nitrogen intercalation compounds of BN under sufficient pressures (10-15 GPa)
could lead to BN networks possessing single bonded nitrogen, and other features of great
interest’, as discussed in Chapter 1.

We have experimentally explored the changes of dense hBN at elevated temperature
with the goal to find pathways to synthesize novel phases of BN, like the predicted bct-BN

and the intercalation and related compounds.

5.2 Experimental Procedure

Laser heating on samples at high pressures was performed at the SPring-8 synchrotron
radiation facility, BLIOXU beamline, and the Advanced Photon Source (APS), HPCAT
(16ID-B) beamline. The heating apparatuses included a near infrared laser directed by

glassy carbon mirrors into the DAC from both sides, simultaneously both sides. At the
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BL10XU and 16ID-B beamlines, laser heating and X-ray diffraction could be performed
simultaneously, probing through the glassy carbon mirrors. The incoming laser power
from upstream and downstream directions, defined with respect to x-ray propagation as
shown in the setup in Figure 5.1, could be adjusted independently to provide the same
amount of heat from both sides, judged by the measured temperature from blackbody
radiation. The blackbody radiation produced in response to being heated was reflected
by the glassy carbon mirrors and collected in a spectrograph, where the spectral profile
would be fitted to the Plank radiation function®. Though the reported standard deviation
of the temperature measurement is reported to be around 5 K for their for an extended
exposure (1-2 hours)®, we would observe fluctuations in the hundreds of degrees K for a

given laser power incident on our samples.

_IR-lasers

Downstream
CCD

Upstream
Cccb

Thermal emission

Glassy mirrors

DAC

FIGURE 5.1: Schematic of the laser heating setup that was used at the APS 16ID-B beamline.

Because hBN has a very large band gap (6 eV, corresponding to a wavelength around
200 nm?), it does not couple with the heating lasers emitting at 1.15 ev (A = 1.07um), and
thus it cannot be heated directly (this was realized after two attempts to do so led to anvil
fractures). To perform laser heating, there needs to be a heating element to couple with
the laser light and impart the heat into the surrounding environment and hBN sample. In

our studies, we will describe 2 such methods.
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index | PTM Heating element Facility used
1 NaCl Re ring APS
2 none Li APS
3 NaCl | Graphene nano-platelets APS
4 NaCl Boron APS
5 N2 graphite APS
6 N2 Boron APS and SPring-8

TABLE 5.1: A quick summary of the different heating configurations at-
tempted. The APS and SPrin8 facilities used were the HPCAT (16ID-B) and
BL10XU beamlines, respectively. The two additional samples without any
pressure transmitting medium resulted in an anvil fracture and no observed
heating. The graphene nano-platelets, amorphous boron, and graphite heat-
ing elements all were used as powder heating elements. The configuration
containing lithium is discussed in the following chapter.

The first method employed a single, solid metal heating element with the sample en-
closed. In this method, a thin ring of rhenium packed with hBN, was placed under high
pressure conditions. This thin metal ring was used to couple with the near-IR laser and
provide a concentric source of heat, radially diffusing to the enclosed material. The pro-
cedures and results of these methods make up the following sections. Care was taken to
ensure that layers of thermally insulating NaCl separated the ring from the edges of the
gasket and the diamond anvils, lest the heat be conducted through them. This assembly
is presented in Figure 5.2.

The other heating method used was in the form of powder light absorbing elements.
Here, a powder of a non-reactive heating material is mixed with hBN powder. This mix-
ture is then placed within an insulating medium within the DAC, as shown in Figure 5.10.
When irradiated by the heating laser, this powder radiates heat into the surroundings,
including the hBN which has been mixed with it.

The many different configurations employed are summarized in Table 5.1. The results

of the successful experiments are discussed for the remainder of this chapter.



Chapter 5. Heating Under Pressure 121

5.3 Rhenium Ring Heating Element

The ring-shaped heating element was assembled in a two stage fabrication process. First,
the hBN powder was compressed inside a 20 ym thick Re gasket. Then the sample-packed
gasket was cut out and placed in an excavated bed of NaCl packed in the compression
chamber of a final gasket. Figure 5.2 shows the schematic diagram of the sample config-
uration and a photograph of the sample assembly. Additional NaCl was layered on top
of the ring to ensure thermal isolation of the sample. In sealing the DAC, the sample was

initially compressed to 1.41 GPa.

NaCl
Gasket " +——Rhenium

‘
FIGURE 5.2: Cross-section schematic and top-down picture (through dia-
mond) of the rhenium ring heating assembly within a DAC.

Laser heating cycles were performed at 7 pressure steps from 1.4 to 12 GPa. Diffraction
images were taken at the heating position for several laser powers during each heating cy-
cle. X-ray transmission/diffraction scans were performed before and after each heating
cycle to closely monitor the status of the sample, like the one shown in Figure 5.3 for
1.4 GPa. For the scan map illustrated in Figure 5.3, the first position within the bulk of
the NaCl region contains only NaCl X-ray diffraction lines, likewise for the third position
probing the gasket, which only shows Re lines. The second position shows X-ray diffrac-

tion from both species, as there is NaCl separating the Re ring from the anvils. Note the
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lesser intensity of the X-ray diffraction lines in the third plot. This is due to the immense

scattering intensity from Re, reducing the transmitted signal.
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(A) X-ray transmission scan. (B) Corresponding XRD patterns for the positions in
Figure 5.3a.

FIGURE 5.3: X-ray transmission scan of the rhenium ring system at 1.41 GPa.

5.3a shows x-ray transmission across the cell. The frame of dark blue (low

transmission) is the rhenium gasket, while the interior light blue section is the

rhenium ring. The red areas (high transmission) are where there is NaCl, the

section interior to the blue ring also containing hBN. For the selected regions
in 5.3a, the diffraction pattern is shown in 5.3b.

During most laser heating cycles, the signal from the heated source would drop due
to the ring moving away from the beam, by a combination of thermal displacement, laser
pressure, or from excavation of the target by the focused laser beam. The position of the
laser beam within the cell would be adjusted accordingly to maintain a continuous heating
over the course of the heating cycle. At the initial pressure of 1.41 GPa, heating was
performed to a temperature of 1280-1485 K, as measured by upstream and downstream
blackbody emission, respectively. The pressure was then increased to 7.34 GPa in 1 GPa
steps before heating was performed again, as this pressure was well above the predicted
6 GPa stability point for the bct-BN phase”. All heating cycles following the initial one at
1.41 GPa reached a maximum temperature of 2100-2500 K, with the exception of one at

7.34 GPa which reached a maximum of 1650 K.
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5.3.1 NaCl as a pressure and temperature gauge

Since the ruby microsphere was located outside the rhenium ring, local pressure difference
due to any existing pressure gradient would not be observed by this pressure gauging
method. Furthermore, the ruby fluorescence gives a measure non-representative of the
pressure within the adjacent ring. As such, the NaCl cell volume was used as a localized
sensor. NaCl has has been studied in depth®'?. As a soft material with a small bulk
modulus, NaCl has a dramatic dependence on pressure. For this reason, the use of the
change of the unit cell of NaCl as a pressure gauge has been investigated', where the
compression of NaCl under pressure would be consistent with it’s equation of state. The
)4

Vinet-Rydberg equation of state (EoS)* was chosen such that the corrections can be made

accurately for HPHT conditions. For the EoS,

V., 2 Vi 3 V.
Praci(V) = 3Bo(7) 7 (1= (5)3) exp(5 (By = (1 = (37)%)) (5.1)
the bulk modulus By and derivative bulk modulus B = % used were reported by

Chauhan and Singh et al.®.

Entering the observed unit cell volume Vj for NaCl into this EoS yields the pressure
expected for that region, with a precision related to the measured volume by X-ray diffrac-
tion. As shown in Figure 5.4, Py,c; and P,y correspond well around the position of the
ruby. Meanwhile, the difference in pressure between the interior and exterior of the ring
is significant. The pressure difference between the Py,c; at the ring interior and P,y
remained about 5.5% at room temperature, reaching up to £10% at some points in the
heating cycle. Using the X-ray diffraction pattern of NaCl, we now can calculate the pres-
sure local to the X-ray probe.

During the heating process, there was pronounced thermal splitting of the NaCl diffrac-
tion lines, due to the fact that the X-ray beam passes through the entire depth of the DAC,

including the heated regions and the more distant, unheated regions. The splitting and
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FIGURE 5.4: Pressure distribution at room temperature across the z-axis (ra-

dial) in the centre of the sample assembly, as measured by the NaCl com-

pression in blue. The X-ray transmission intensity is plotted (black) alongside

for reference, the two large dips in transmission marking ends of the rhe-

nium ring. The red line indicates the pressure measured by ruby fluorescence,

which is around a 0.1 GPa or 7% difference from the interior of the ring. Inset:
the path (shaded in grey) which is being referred to.

broadening was so pronounced that many of the XRD lines were split beyond convolu-
tion, meaning that distinct X-ray diffraction lines were present from the heated NaCl, as
well as from the unheated NaCl environment, as shown in Figure 5.5a. The unheated
NaCl could therefore be used to determine the local pressure during heating, but the
shifted NaCl lines could also be used to determine the local temperature with a much
better local accuracy than the blackbody emission calculation, which only describes the
highest temperature with the most intense emission.

Using thermal expansion of NaCl as a temperature gauge is much more complex than
for pressure. Using the same EoS is no longer an option since the majority of the given pa-
rameters have a temperature dependence, and the volume of the heated, expanded NaCl
unit cell can only be calculated if the diffraction lines can be sufficiently de-convoluted. A

temperature-dependent representation of the equation 5.1 would be:



Chapter 5. Heating Under Pressure 125

185" .
AR > —a— Hot NaCl
8 s N . —=— Cool NaCl
“1 ~— 175 S
g ‘ 170 s
- ” Cold NaCl < -~
z & ‘ £ 1854 . “~. T=800K
= | —~ N S
g 7 \ 0 450 ] ~. _ .
£ 5 @oo) : 5 e T=450K  To.
g 3] | \ 35 155 .
E g e (220) \ > 0] ‘
| NTHotNeCl—oo .~ | 3
5] i N g \\‘ 145 |
] )i\ Y SN A = 140
g% =5 i 0 n 1 1 135 4
20 (°)
. . 130 — T T T T T T 1 — T T T T — 1
(A) XRD pattern during a heating cycle at 7.3 0 2 4 6 8 10 12 14
GPa, showing a distinct splitting in NaCl lines. Pressure (GPa)

(B) Vinet-Rydberg equations of state for different
temperatures.

FIGURE 5.5: Example of an XRD pattern (left) and EoSs of NaCl (right) during heating to

451 K. The unit cell volumes of NaCl are calculated from the pattern in Figure 5.5a and

plotted in Figure 5.5b against the isothermal equations of state at 3 different temperatures

for reference. The black square corresponds to the pressure calibrating cold NaCl data,
and the red circle to the temperature calibrating red circle.

V1) = 3K0(T)(VO(T))§(1 ~ ) eXp(g(Ké(T) -1)(1- (VO‘(/T))
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where T is the temperature of the system, in Kelvin, for the given measurement. Finding
a relation for Vj(T) is an essential first step. The important parameters in determining
thermal expansion are the thermal expansivity a« and the Andersen-Griineisen parameter

o1, defined such that

(a/ag) = (V/Vp)or (5.3)

Where «y and Vj are the values of thermal expansivity and volume at P=0 and T=0. Pres-
sure and temperature both influence these parameters, the bulk modulus Ky and its pres-

sure derivative K{,. This means that finding the expected change in volume due to an
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elevated temperature - or even more useful, the temperature based on a change in volume
- requires the consideration of the EoS for both room temperature and heated conditions.

Using the HPHT data for NaCl from Sheelandra and Vijay'’, the bulk modulus, deriva-
tive bulk modulus, thermal expansivity, and Andersen-Griineisen parameter at zero pres-
sure were numerically interpolated in relation to temperature, ensuring a goodness-of-fit
of no less than R = 0.9995 within the 300-1050K temperature range. This produces an EoS
for that temperature, as shown in Figure 5.5b.

Knowing the local pressure from the cold NaCl and being able to come up with a se-
ries of equations of state for any given temperature, the temperature estimation is simply
a matter of finding the EoS that includes the observed volume at the calculated pressure.
With all the independent relations feeding into the EoS, the temperature can be estimated
by a numerical modulation of temperature for a chi-squared minimization of the differ-
ence between the calculated pressure and observed pressure: respectively, the pressure
calculated from the EoS and the pressure estimated by the unheated NaCl cell volume
calculation (using the same EoS at room temperature) with modulation of the tempera-
ture. The chi-squared curve shown in Figure 5.6 is much more precise than the blackbody
emission calculation, with a statistical uncertainty of several degrees rather than several
tens to hundreds of degrees for the latter.

Performing these temperature corrections for the heating cycles, we find that despite
some of the blackbody temperature measurements reaching well above 2500 K, the NaCl
temperature measurement barely estimated anything over 500 K, a temperature which a
DAC can safely achieve in an evacuated oven. These two measurements are still com-
patible given that the temperature of the NaCl is likely to be much less than that of the
rhenium which is the cause of much of the blackbody emission. This means that the
rhenium much likely imparts much less heat inwards onto the sample than optimally de-
sired. Further disappointingly, Figure 5.7 shows that there seems to be no obvious relation

between the blackbody measurement temperature and the calculated NaCl temperature,
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the HPHT EoS, and that calculated by the low temperature EoS. Modulation of temper-

ature in the temperature dependent EoS modulated the pressure in order to minimize

this difference and calibrate for temperature. The values shown are of the temperature

calculation for the sample at 7 GPa and heated by lasers above 16 W on both upstream
and downstream side of the DAC.

indicating that the probe being used was unreliable for the purposes of this experiment.
This non-correlation between estimated temperatures an be related to several aspects. The
main two possible explanations are considered next.

The rhenium heating target may indeed not be imparting enough heat onto the sur-
roundings to sufficiently or reliably raise the temperature, whether that heat be transferred
into the rest of the rest of the ring or just not far enough into its surroundings. Much of the
thermal energy could also be lost from the ring by thermal conduction through the NaCl
to the diamond heat sink. Simulations of heat losses could help in understanding the
problem but has been judged beyond the scope of the present work. Another explanation
could be imperfect alignment between the X-ray probe and laser heating/blackbody spec-
trometer focus, where the spot closer to the laser is of higher temperature than the region
probed by the X-rays. While this is certainly true to some degree, the post-heating X-ray
transmission scans yielded no sign of any substantial difference in temperature, such as

recovered metastable phases.
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FIGURE 5.7: Relation between the temperature estimate from the NaCl EoS

method and the measured temperature from blackbody emission. The odd,

triangular shape of the data points seems to imply that there is a nontrivial
relation between the two measurements.

5.3.2 Analysis with improved P-T measurements

With better estimations of the local pressure and temperature, the effect of laser heating on
the hBN sample can be investigated more accurately. Unfortunately, since too little heat
was imparted to the material under study to reach the desired temperatures, no novel
phase transition behaviors in BN were realized. The observed expansion which results
from increased temperature is shown in Figure 5.8. The correlation between temperature
and sample expansion is weakly in agreement with previous literature!>. Were higher
temperatures reached, the relation here would presumably be much clearer.

Upon nearing the 9 GPa hBN-wBN transition pressure boundary, the pressure rapidly
increased, surpassing the pressure for the expected transition, reaching a pressure of
Prypy = 12.0 GPa (Pygci(ring interior) = 14.2 GPa). Figure 5.9 shows that this lead to
hBN being totally converted to wBN. This is in interesting contrast with the spectroscopic
studies of BN in KBr, where non-hydrostatic strain inhibited the hBN-wBN transition.

The results for the wBN heating cycle were interesting from the beginning. The differ-

ence between Py,p, and Py,c; at the ring interior was more than 2 GPa, with P, =12.0
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FIGURE 5.8: Thermal expansion at Py, = 7 GPa and P, = 12 GPa for

hBN and wBN, respectively. There seems to be some expansion caused by

heating, but it is not much more than the uncertainty (error bars). The line

describes the expected value at the given conditions for hBN according to

Solozhenko'®, while no reports can be found for wBN. The colour plot
adds context to the state of the pressure within the wBN cell.

and Pyy,c; =14.2 GPa, respectively. Following the heating cycle, this difference closed by
half, measuring P, =11.1 GPa and Py, (ring interior) =12.3 GPa. In Figure 5.8, the
V/Vo(T = 300K) > 1 point occurs just before the heating cycle, indicating a reduction
in volume after the heating cycle. Interestingly, the cell volume is largest for the larger
values of Pyj,c;. This is the opposite of what would be expected from a either a reduction
in pressure or an increase in temperature, while here we observe both! If, as claimed by
Chen et al.'®, the wBN structure is stabilized by a network of defects, the heating may
have annealed some of these defects out of the network, resulting in a more condensed
network. The thermal expansion also seems to be much greater than that of hBN, owing
to the 3-dimensional bonding of wBN, and possibly due to the laser coupling with defects
in wBN. Nonetheless, the degree of volume change is shocking and deserving of further

investigation.
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FIGURE 5.9: XRD patterns of the sample before and after the hBN-wBN transition

above 12 GPa. The BN species, noted in red by the histogram, is completely dif-

ferent between the two pressures, meaning that all hBN was converted to wBN in

the second image. The pink lines (vertical) denote Re X-ray diffraction lines, while
green and blue lines denote cold and hot NaCl, respectively.

54 Powder heating element

For the following experiments, powder heating elements were mixed with the sample in a
fashion similar to shown in Figure 5.10. As given in Table 5.1, many sample configurations
with powder heating elements were attempted. While some showed no signs of heating
in hBN, neither an increase in the lattice parameters nor additional X-ray diffraction lines,
interesting effects were observed among the rest of the data.

For sample 6, by the index given in Table 5.1, hBN powder was mixed with amorphous
boron powder (98% purity) for the purpose of coupling with the heating laser and loaded
under a N, atmosphere. Heating was done under 3.7 GPa to a maximum average tem-
perature of 1650 K, as observed by thermal emission. At this temperature, no more than

0.6% increase in volume was observed in hBN, relating to 500K according to calibration
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FIGURE 5.10: Sample assembly for laser heating using a powder heater. The sample (green) is
roughly mixed with a laser absorbing powder (red) and placed in an insulating PTM (yellow). The
diamonds are shown in blue and the metal gasket in grey.

reported by Solozhenko!®. Several additional X-ray diffraction lines were observed in the
pattern following the heating, as shown in Figure 5.11. The new existing X-ray diffraction
lines could be resolved with the combination of two structures, one hexagonal and the
other tetragonal. The structural parameters of the proposed structures are listed in Table
5.2 alongside that of the potentially corresponding compounds.

The hexagonal structure fitted to the parameters is what could be expected of an hBN
lattice that has expanded due to the intercalation of light material. The difference in lat-
tice parameters between this new phase and that of hBN would an increase of 2% and
12.5% in the a- and c- directions, respectively. This is strikingly similar to the expansion
that has been observed for lithium intercalation compounds, which may be noted from
Table 5.2 to be an increase of 2.48% and 12.9% along a and c directions, respectively, com-
pared to hBN'®. Furthermore, an expansion along the c-axis of 11-23% has been shown for
intercalation of larger molecules'?, placing our observations well within the appropriate
range.

Our reported tetragonal structure would have lattice parameters consistent with those
calculated for the proposed bct-BN structure. At the reported pressure, the observed unit

cell volume has less than a 0.08% difference with the bct-BN reported by Hromadova'
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FIGURE 5.11: Histogram of novel XRD lines from hBN heating experiments

and simulated XRD patterns of proposed. All unidentified X-ray diffraction

lines observed at 3.7 GPa after heating are represented by the red symbols.

The powder patterns for proposed structures, simulated in Diamond 3.2'7,
are shown with a vertical offset for clarity.

after accounting for pressure effects. While these proposed structures account for nu-
merous of the new diffraction lines, neither incorporates all of them, and most of those
used for each one’s refinements are shared between them. Due to the lack of additional
X-ray diffraction patterns displaying this, the weak intensity of these lines, and the low
maximum temperature observed, it is not very convincing that the potential tetragonal
structure observed could be the predicted bct-BN.

Substantial heating of hBN was observed for another sample (index 3), which pro-
vided a good opportunity to compare the optical thermometry carried out by thermal
emission to that of the NaCl thermal expansion approach. For this case, graphene nano-
platelets were used as a laser light absorbing material for another study of laser heating
of hBN. For this sample, the nano-platelets were mixed with hBN powder and placed in

the compression chamber surrounded by NaCl powder within a Re gasket. A heating
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‘ Substance ‘ a/c (A) at P=0 GPa ‘ a/c (A) at P=3.7 GPa ‘ Unit cell volume (A3) at P=3.7 GPa ‘ Source ‘
hBN 2.505/6.66 2.496/6.15 33.227 this work
Li-intercalated BN 2.567/7.5198 N/A 39.383 ®
Observed hexagonal N/A 2.55/6.925 38.867 this work
bct-BN (simulated) 4.37/2.52 N/A 47.659 ‘
Observed tetragonal N/A 4.33/2.54 47.622 this work

TABLE 5.2: Structural parameters of the observed HPHT structure/s and similar re-
ported ones. The unit cell volume of bct-BN at P=3.7 GPa is calculated based on the
BM-EoS and the structural parameters given from Hromadova'. The unit cell volume of
Li-intercalated BN at P=3.7 GPa is calculated based on the approximation that the % in-
crease of both a and ¢ parameters relative to the bulk hBN remains the same at the same
at this pressure. While the Li-intercalated BN structure is not fully representative of a
Ny-intercalated BN, it is the obvious comparison to make because it is a light element
and the only elemental intercalant experimentally observed in hBN.

cycle was performed under 4.17 GPa, as measured by the ruby gauge, to a maximum of
2200 K upstream, or 1781 K downstream, as measured by blackbody emission. However,
the maximum Ty,c; recorded by XRD was only 434 K, and measured much earlier in the
heating cycle than the highest Tyjscxp04y- The XRD diffraction pattern related to the high-
est calculated temperature by our NaCl method also showed new peaks, reaffirming the
need for the second temperature measurement. No additional peaks were observed for
any following acquisition.

Thermal expansion of hBN was observed, reaching a maximum expansion of 1.4%
by volume. As shown in Figure 5.12, the thermal expansion expected by Solozhenko
lies in between both schemes, where the 1.4% expansion relates to about 700 K, between
the highest NaCl temperature (Ty,c; < 500K) and the lowest blackbody temperature
(Thiackvody > 700K). The expansion curve cuts through the space between both measure-
ments. Interestingly, although the NaCl temperature data lies more closely to the expan-
sion curve, the blackbody data has a much more linear correlation. Our findings are that
these measurement schemes are complimentary. Even without considering the incredi-
ble speed of the blackbody method for estimating temperature, the trend of expansion
compared to this scheme is much more linear, but further from the expected value.

As the blackbody emission method is related to the thermal emission from the hottest
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Values are given with respect to both temperature measurement schemes, with the NaCl thermal

measurement left of the break and blackbody measurement to the right. The expansion lines ex-

pected, those reported by by Solozhenko'®, are shown for both reported pressures and indicate

that the pressure difference between the two would have a minimal effect on thermal expansion.
Note the different scales on the x-axis.

source in the probing region, this measurement sets an upper bound for the temperature,
we would propose that the NaCl temperature measurement would similarly communi-
cate a lower bound. The directly heated region of the sample is expected to be tiny (pow-
der grains are submicron in diameter). The laser is absorbed, the highest temperature is
measured by thermal emission, and heat is radiated into the surroundings by grains of
the present powder, in this case graphene nano-platelets. The amount of nano-platelets
(or other heating particles) present is so small that no XRD signature is observed from
those. Because the heat imparted by these nano-flakes is less further away from their lo-
cation with the sample, there is a greater amount of sample to probe which has a lower
temperature, as shown in Figure 5.13. The diffraction lines from heated NaCl is then giv-

ing insight into the temperature distribution about the depth probed, even if it lacks the
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small portion at the highest temperature where the signal is too weak to measure.

With the NaCl gauge describing of the temperature distribution as a lower bound,
and the blackbody gauge as a description of the upper bounds, it can be inferred the true
temperature the bulk of the hBN sample is exposed to lay somewhere in between. As
shown in Figure 5.12, this is the case, with the expected temperature from the hBN EoS
laying effectively between the two measurements for all points. Theoretically, for an as-
sembly with a higher density, or a more even distribution of heating element, much more
of the surroundings would be closer to the maximum observed temperature, leading to
a more bimodal temperature distribution (one mode at room temperature, the other near
the maximum temperature experienced by element particles), and the readings measure-

ments from both gauges would approach both each other and the sample EoS line.
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FIGURE 5.13: Schematic of the heat dispersion of a piece of powder heating
element and its effects on a sample diffraction pattern. Regions of higher
temperature are represented in red, and lower temperature in blue.

Based on the data recovered, the hBN unfortunately did not attain the temperatures
where we would expect the novel phase transitions of interest (i.e., bct-BN), around 1200K
or more’. Following heating, new X-ray diffraction lines were observed relating to inter-
planar distances of 2.50 and 1.46 angstroms. These new lines being weak and few, no new

structure could be ascertained nor even prepared; It can be confirmed, however, that the
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additional X-ray diffraction lines observed do not belong to an annealed graphitic carbon
structure (which could have arisen from the carbon-based heating elements) and don’t
correlate with any other lines from other heated samples. They could arise from some
form of C-B-N system, which is known to have numerous structures®’?'.

Laser heating was also performed on a sample of hBN mixed with lithium; this exper-

iment will be discussed in the following chapter.

5.5 Summary

Several combinations of different PTM and heating elements were used to heat samples
by mean of intense laser illumination. While all the heating elements were shown to heat
the sample, not all the experimental assemblies were successful in this goal. Notably, only
one of the samples loaded with a No PTM was showed a significant thermal expansion.
Several additional diffraction lines were present following heating cycles for some of the
series, but were too few and too weak to determine the structure responsible. One of
these series of novel diffraction lines seemed to fit either an intercalated hBN or bct-BN
structure, though the conditions it was under make this improbable.

An alternative pressure and temperature measurement technique was explored. Using
the unit cell volume of NaCl has been shown to be an effective way to get localized pres-
sure and temperature measurements, possibly synchronously for high enough thermal
expansion of NaCl. While these measurements will not replace the rapid thermal emis-
sion or ruby fluorescence measurements for many reasons, it has been shown to be highly
complimentary to the existing methods. While the standard method approach to temper-
ature measurement by spectral fitting of blackbody emission is rapid, it only sets an upper
bound to the measured temperature for indirect heating experiments, so the slower NaCl

EoS fitting gives insight to the temperature distribution and sets a lower bound for the
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temperature. In reality, the temperature experienced by the bulk of the sample will be

somewhere between the two temperature measurements.

5.5.1 Going Forward

One of the major challenges in the data analysis resulted from the fact that probing through
glassy carbon mirrors led to reduced visibility of some sample peaks and made analysis of
the sample imprecise or impossible in some cases. Future HPHT studies should consider
using a much larger volume of sample in order to secure the chances of observing vital
diffraction lines.

An alternative design for heating would be simply to heat recovered samples of hBN.
As shown in Chapter 4, upon retrieval of a sample which had majorly converted to wBN,
the transition was reversed resulting in varying relative quantities of hBN. This recovered
hBN showed a different colour, as well as the E», Raman active mode having a frequency
shift dependent on the incident laser light power. This indicates colour centres which
cause a heating and expansion of the crystal structure. Considering the amount of heating
we report due to coupling of the 532 nm laser used for Raman spectroscopy, the capability
of heating these samples in a DAC without the presence of a heating element should be
fully possible. The experiment may prove challenging due to the presence of unconverted
wBN, but the lack of other foreign material and the more even distribution of heating
source should provide a good setup for testing prior hypotheses. Unfortunately we did
not have the time to realise nor prepare a sample of recovered, colour centre-dense hBN
prior to the final synchrotron excursion. This is not very present in current literature, but
whether this is because it is a new idea or something that wouldn’t work is unclear. Most
likely, under increased temperature, the defects would anneal and heating would stop,
but this has still yet to be confirmed. This would nonetheless be a fruitful area of interest

for future research.
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Because the results from the rhenium ring assembly showed that it could be effective
for indirect heating, it would be worthwhile to perform further experiments with a similar
geometry. Other more complex heating element geometries could also be explored, such
as a metallic screen geometry that could be micro-fabricated, a series of smaller rings, or
a similar ring which is fragmented to reduce heat loss from conduction through the ring.
An element made of a material with a higher heat capacity, such as epoxy+cBN (which
could potentially cause confusion between the two phases) could be considered in order
to impart more heat onto the system rather than further down the element.

Another area for which heating would be crucial is the intercalation of lithium metal
into an hBN matrix, providing an intrinsic metallicity and further possibilities of novel

phase transitions. This idea will be discussed more in the following chapter.
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Chapter 6

Lithium-BN Mixture

This chapter details the brief side-project pertaining to mixtures of lithium and hBN under
HP and HPHT conditions. The motivations for these investigations, the experimental

procedures, results, and future research potential are discussed below.

6.1 Motivations

The objective of intercalating nitrogen into the hBN network is a large scale challenge
with solid support of creating useful materials if the compound synthesized would be
stable. One of the main issues with that proposal is that it is still not certain that nitrogen
intercalation in BN is even possible, nor how an intercalated hBN compound (BNIC) will
behave under increasing pressure (at least until the predicted phase transitions'=). So the
initial motivation for this side project was to find something else that could more easily or
reliably be intercalated into hBN. By studying such a material under extreme conditions,
insight would be gained into the potential behavior of a N-BNIC under similar conditions.
After all, nitrogen has often been used as a PTM in conjunction with hBN. It stands natural
to explore the possibility of any interaction of N2 with the BN compound.

Previous studies have shown intercalation in hBN to be much more challenging than
with its iso-structural analogue of graphite. Intercalation for graphite and transition metal
dichalcogenides are quite readily and regularly done; such materials compose massive
tield of materials chemistry due to the reliability of their intercalation compound’s cre-

ation and applications for the ion battery industry. The standard way this is done in



Chapter 6. Lithium-BN Mixture 143

industry is by redox reaction where the reaction between host and guest is sufficiently en-
ergetically favorable such that they can overcome the van der Waals attraction between the
sheets. The difference for the case of hBN is that it is a large bandgap semi-conductor with
a much stronger interlayer attraction, too strong for the redox reaction to produce a favor-
able result*. Reductive intercalation of potassium with hBN thin films has been shown?,
and bulk BN has been intercalated with certain Brensted acids through thermal drying®,
but none of the successfully intercalated acids had any nitrogen; as a reminder, our interest
in intercalated BN compounds is to increase the nitrogen content of the material, in order
to enhance N-N interactions. The other current hBN intercalant and the most well studied
would be lithium, having been intercalated into bulk hBN 7 hBN heterostructures®, and
hBN thin flakes’. Lithium has even been intercalated into hBN electrochemically, though

likely just on in the surface'’

. This is still a new area of research, and as such, much has yet
to be studied, including the properties of this class of materials under extreme conditions.

Insofar, bulk lithium-hBN intercalation compounds (Li-BNICs) have been synthesized,
by way of milling and heating hBN powder with beads and powders of lithium nitride!!

or elemental lithium!%!3

, with considerable success. An initial interest in having an Li-
BNIC under pressure was inspired by the relationship between lithium nitrides of differ-
ent stoichiometry as formed under pressure. Upon densification, the stable stoichiometry
becomes increasingly nitrogen dominated, with the ambient being Li3sN and many other
phases, with increasing nitrogen content, with Lis being favourable above 45 GPa'* and
metastable to ambient pressure'®. While this isn’t evidence that lithium intercalation will
promote nitrogen intercalation, it is encouraging that some mix of the two are cause of
interest at high pressure. It is therefore worth looking into whether nitrogen is capable of
intercalation into Li-BNICs.

Nitrogen intercalation potential aside, Li-BNICs would be an interesting subject of re-

search at high pressures in it's own right. The introduction of Li atoms to the hBN lat-

tice would alter the structure of the compound, with the most likely result of changing
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its properties. The symmetry is also expected to change from a 2L to 1L stacking’-'¢,
which would make the interlayer A;u mode in hBN R-inactive, and make another Raman
phonon mode become active, still with Ay, symmetry and similar energy. The relation-
ship of this mode under pressure would be interesting to compare with the IR-active A,
mode of bulk hBN. Furthermore, the electronic properties would be changed. The atoms
introduced between the planes would supply extra electrons, closing the bandgap of the
material. The calculated band dispersions predict that this would make hbn-Li-hBN lay-
ers become metallic. They would also be promising candidates for high-temperature,
phonon-mediated superconductors, with a calculated critical temperature of 25K'°, while
most of these types of superconductor having a T¢ of less than 10K and the highest re-
ported being 39K (in MgB,'”), both of these values for room pressure.

The metallic properties of a Li-BNIC compound could be exploited as a laser light
absorber for heating purposes, with the plan to solve most of the problems discussed
in Chapter 5. The hBN-wBN-type transition may be inhibited to higher pressures in a
Li-BNIC compound. Lithium intercalated graphite transitions into the a diamond-type
phase only at much higher pressures than for bulk graphite'®. Li-BNICs, then, would not
likely undergo the expected transition to a wBN-type structure until much higher pres-
sures than that in bulk hBN. With this extended pressure upstroke hysteresis and heating
potential, the conditions illustrated in'” would then be much more accessible, and a HPHT
transition into a bct-type structure might be greatly simplified, even made possible. As
implied, the phase transitions of Li-BNIC wouldn’t necessarily be into wBN or the pre-
dicted bct-BN phase, but potentially into a similar but distorted structure with a notable
lithium content. They would possess similar, though likely weakened, elastic properties
while greatly different electronic properties, such as the LiCg hexagonal diamond being a
metallic state'®. We would also expect a large hysteresis on the down-stroke in pressure
for potential metastability in ambient conditions.

A notable by-product that is sometimes observed'! in these processes is the creation of
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a Li3BN, composite. There exists 3 closely-related phases of the composite?’. The research
on these composites seems quite limited, and no reports could be found on them under
high pressure conditions, meaning that if the intercalation ends up unfavorable compared

to the composites, the research will still be on a novel subject.

6.2 Experimental Setup

Sample preparation for a lithium mixture with BN poses several experimental challenges.
Foremost, lithium is incredibly unstable, and readily reacts with air under ambient condi-
tions to form lithium hydroxide, lithium nitride, or lithium oxide. Furthermore, the low Z
number of the element makes it to be a weak X-ray scatterer; detection and quantification
by XRD proved to be more difficult. Moreover, the small size of lithium atoms makes
it prone to diffusion into it’s surrounding materials. This is the case in diamond, where
lithium has been observed to diffuse, resulting in the cracking of diamond anvils while
under pressure’!. A pressure-induced reaction has also been observed above 200 K, lead-
ing to damage of the diamond anvils?”>. The challenge then is to prepare a sample of the
lithium-BN mixture without exposing it to air and moisture, while limiting the contact of
lithium with the diamond anvils.

It might not be necessary to mill the mixed sample to produce intercalation, heating a
mixture of hBN and either lithium or lithium nitride above 1000 K under standard pres-
sure seems to be enough to produce BNICs'!**. Consequently, in our experiment, it was
decided that a sample would be produced from a simple hBN/Li mix that would be put
under pressure. In the case that the application of mutli-gigapascal pressure is not enough
to promote intercalation of lithium, heat would be necessary. To that end, the encased
lithium, as a metal, would couple to an IR laser light, acting as a heating element (as dis-
cussed in Chapter 5). This approach may reasonably be capable of heating the mixture

above 1200K where lithium intercalation has been observed to occur in hBN.
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FIGURE 6.1: A 2D-map of X-ray transmission values of the Li+hBN sample area. The sample

is in a DAC. Each intersection of the overlaid cross-hatching indicates the location assigned

for each X-ray transmission measure and the corresponding X-ray diffraction pattern, for a

total of 650 separate measurement points and patterns in this case. A circle of 60ym diameter

is overlaid to represent the dimensions of the sample chamber. The numbered stars indicate
specific positions referenced within the text.

A diamond anvil was fitted with a rhenium gasket with a 60 ym diameter sample
cavity. hBN powder was packed into the cavity by applying a load from the piston, then
the cell was placed under a controlled argon atmosphere in a glove-box for loading of the
lithium. Pure lithium beads were placed on top of the packed hBN pellet. The sample
cavity was capped off with additional hBN powder, hence creating a lithium sandwich,
isolating the metal from the diamond anvil surfaces. No pressure transmitting medium
(PTM) was included in this sample.

The cell piston was replaced and a small load applied to the sample in order to seal
it off from the atmosphere prior to its removal from the glove box. Upon application of
the load, the initially whitish hBN powder turned dark and opaque on one side. Ruby
fluorescence showed a pressure of 4.3 GPa.

This sample was brought to the Advanced Photon Source (APS) at Argonne National

Laboratory for XRD. X-ray diffraction patterns were recorded at the central position for
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the cell with a 10s exposure. An initial 2D area scan which was a 50x50 ym region, cen-
tered on the central position. The scan took measurements at 26x26 points within the
region, forming a grid of patterns that were recorded with a 1s exposure per point. The
transmission measurement for each point in this scan forms the map shown in Figure 6.1.
The mismatch between the initial and measured sample cavity dimensions indicates that
the cavity deformed substantially upon applying pressure. With the X-ray beam aligned
with the counter-propagating infrared heating lasers set in the centre of the sample, heat-
ing was attempted. The incident laser power was slowly increased up to 13.1% (of the
maximum 100 W) before quenching the sample to room temperature. The black-body
emission from the sample was too weak for recording and curve fitting, and thus we were
unable to measure a temperature during the heating cycle. An X-ray diffraction pattern
was taken while the sample was illuminated at the highest incident laser power; no X-ray
diffraction was recorded after quenching, unfortunately. While it would have been use-
ful to keep this sample for future experiment, one of the diamond anvils broke shortly
after this experiment, following the heating, potentially compromising the sample with

exposure to ambient atmosphere at the very least.

6.3 Analysis

Due to the limited time and resources, analysis of the data was held until after the run
of beamtime at the APS. The X-ray diffraction images were processed using the Dioptas
software’* for the purpose of processing and integration to obtain a 2 theta diffraction
plot. Of the 650 images produced by this map, 36 were selected for in-depth analysis

using the XRDA program25

. This selection was made based on (i) the features of their
image and processed 26 plot; (ii) whether they had new features that weren’t present or
clear in other selected images; (iii) sufficient separation from the gasket in order to reduce

the appearance of X-ray diffraction lines or pressure effects related to the gasket, though
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an image directly on the gasket and 2 images on opposing gasket edges were taken as
references; (iv) an image was selected for thorough analysis at least once every 3 passes

(about 6um). The selection is shown in Figure 6.2.
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FIGURE 6.2: The same X-ray transmission mapping of the 2d scan taken of the Li+hBN
sample seen in Figure 6.1, now marked off with all the locations of which the correspond-
ing x-ray diffraction pattern was selected for in-depth analysis.

The analysis of the reference gasket X-ray diffraction image revealed a sustained signal
from hBN and, on the edges of the gasket, a stronger X-ray diffraction signal was received
than that in any position interior the sample chamber. This observation seems to imply
that upon the preparation of the sample and the final placement of the piston anvil, there
was a significant overflow of hBN from the sample chamber onto the gasket. The extra
spread of the capping hBN may provide an explanation of the failure of the diamond anvil
observed at the end of the experiment. If enough of this capping material had indeed
spread away from its initially intended central position, the likelihood for lithium to be
in contact with the diamond anvil is higher; lithium is known to diffuse in diamond and

cause breakage at 21 GPa and room temperature”!. This is what is assumed to have taken
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place for this experiment. Even though the pressure was well below 21 GPa, the laser

heating process could reasonably have increased the diffusion of the lithium.
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FIGURE 6.3: A collection of X-ray diffraction patterns from various regions of
the sample (Figure 6.2) depicting the general distribution of diffraction lines.
Patterns from different positions are marked by a difference in colour. In most
regions of the scan, these were all the lines observable, often with varying
relative intensities. Interestingly, while the majority of these features can be
assigned to the structures of hBN or Re, there are still a number of relatively
prevalent lines which cannot be assigned to any expected structure.

Initial inspection of the X-ray diffraction patterns revealed what was anticipated: a
very weak diffraction signal. In fact, no X-ray diffraction lines related to the Li metal
structure were observed from the sample. Given its small amount compared to hBN pow-
der and its low Z numbetr, it can be argued that our observation does not prove to whether
pure Li was still present in the compression chamber. Surprisingly, the X-ray diffraction
signal from hBN was just as weak as the signal from Re at positions deep into the sample
area, i.e., far away enough to expect a minimal to no diffraction signal from the gasket.
The sustained presence of such X-ray diffraction lines was discussed already in Chapter

5: it is potentially due to the incident X-ray beam having a larger size than expected with
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a distribution having substantially extended tails.

Most of the mapped area showed X-ray diffraction patterns that were very similar
in features, the main differences between them being the relative intensities of the XRD
lines, as shown in Figure 6.3. Most of these common features at different positions of
the samples were complete or nearly complete X-ray diffraction rings, therefore arising
from either powders or highly polycrystalline materials and the majority of these X-ray
diffraction lines were with no doubt related to the structures of hBN or (hcp)Re. The
remaining X-ray diffraction lines recorded are not easily accounted for with anything else
expected. The weak line at 26 = 5.7° is especially concerning, as it relates to a d-spacing too
large for any known lithium nitride, oxide, or hydroxide structures (with the exception of
a form of hydroxide hydrate, which has no other suitable diffraction lines in these given

patterns), nor for any other forms of BN or Re according to a thorough database search?®.
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FIGURE 6.4: The recorded X-ray diffraction image (left panel) and corresponding pattern (right
panel) from the # 234 location shown within the Figure 6.1 scan, as obtained within the Dioptas
interface’®. Red regions in the image show where a mask is applied to negate the contributions
of certain regions, due to either gaps between detectors (leading to 0 counts) or any points of
saturation, often from diffraction through the DAC itself rather than sample.

Focusing more on the XRD line at 20 = 5.7°, a convincing proposal for this line would
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be that of the (0 0 2) of hBN, with an expanded lattice due to the presence of an inter-
calant. Calculations and experiments reported in by Kim et al.?® predict an expansion
of the c-parameter by 12-17% with respect to pure hBN, whereas an expansion of 33.4%
would be required to produce this expected line, providing initial disapproval of the pro-
posal. However, the appearance of new features observed in the X-ray diffraction pattern
provided weight to the proposal of BNIC assignment for this line by considering 2- and
3-stage intercalations.

In certain regions of the scan area, new features appear in the X-ray pattern corre-
sponding to larger d-spacing. In the pattern, the have a have a partial ring quality, con-
fined along a small arc; this is best seen in the XRD image # 234 at position highlighted in
Figure 6.4. This 'smeared line” feature would seem to imply that they have a highly pre-
ferred orientation, while also not being a collection of single crystals, meaning this is likely
either co-oriented poly-crystals or possibly a powder with an incredibly preferred orien-
tation. These features are located in close proximity to the (0 0 2) line of pure hBN, and
are radially just past an intense region for that hBN line. The logic used before extended

in this direction can be summarized as "what if these, too, are (0 0 2) lines".

(A) 2-stage. (B) 3-stage.

FIGURE 6.5: The BNIC structural models developed based on the proposed
expansion/compression staging. From these models, X-ray diffraction pat-
terns were calculated and compared to the observed lines.



Chapter 6. Lithium-BN Mixture 152

Considering a multi-stage intercalation structure like those shown in Figure 6.5, the
expansion of the stages that have the intercalant may arguably express a "crystallographic
pressure’ on the unintercalated stages, causing a reduction of those planes. The resulting
compression of these stages would be 4 or 8% for a respective 3- or 2-stage model, accord-
ing to our diffraction data. The mix of compression and expansion of the opposite stages
would result in an overall expansion of 12.7 or 16.7% respectively for the 3- or 2-stage
models, which is well in-line with the 12-17% expected. A change between interlayer
spacings in different staging models may also help explain why the interlayer diffraction
line presumably witnessed around 26 = 5.7 ¢ is so broad and weak. As no structural data
has been published for these models, let alone with the specific lattice parameters and
expansion-compression considerations, the structures were modeled in Diamond 3.2’ in
order to provide a structural basis to analyze and a simulated powder diffraction pattern
to compare to our diffraction data to fit the structures as proposed present species. These
models were constructed considering those produced by Kim et al.”®, the A-Li-A stack-
ing shown by Sumyoshi'! and Shimada'®, and our own data, resulting in the structures
shown in Figure 6.5. These structures were utilized for the calculation of a corresponding
powder X-ray pattern.

The majority of the scan region remained this way, with all the patterns showing a
mix of the features seen in Figures 6.3 and 6.4. In the upper portion of the scan area, new
diffraction spots started to appear, bringing additional features to be considered in the
titting of structures. These singular spots are of high intensity, in very precise regions,
and sharing no others at that diffraction angle, as seen by Figure 6.6. These spots seem to
imply a single crystal of some kind. This would mean this is quite likely from a different
compound than those shown in Figure 6.5, implying the existence of a second unknown
species within the sample chamber.

The histogram was only analyzed from 5-15°, as above 15° the distribution of lines

from the simulated patterns became too dense, the observed lines were too weak, and the
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FIGURE 6.6: X-ray diffraction image (left) and processed plot (right) of scan # 518 of

the Li+hBN sample. The corresponding region can be found in 6.1. It is immediately

obvious that there are different diffraction characteristics and corresponding diffraction

lines than that seen in Figure 6.4, such as the incredibly intense Bragg spot near 14.7°,
hinting at different specimen within this region.

FIGURE 6.7: The XRD feature types in which Figure 6.8 has unlabeled peaks separated

into. Two of the most prominent additional rings are shown on the leftmost image, rep-

resenting powder-type X-ray diffraction (from the 211 position of the chamber). Intense

X-ray diffraction spots are shown in the middle image(from the 494 position). In the

rightmost image, an XRD pattern (from the 235 position) shows smeared-type features
laying close to the (0 0 2) of hBN, marked by the green circle.

reliability of the relation of observed lines to hBN or Re even became uncertain, mean-

while nothing was observed below 5°. Within this range, the lines that were associated
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to the known expected hBN and Re structures were removed and other simulated pat-
terns were compared with variable success. The BNIC models fit many of the observed
lines, which could be expected considering the models were simulated using an observed
line for their (0 0 2) d-spacing. Disappointingly, most other structures only provided 1-3
lines, if any, that were in somewhat close relation to those observed. One structure stood
out, however. The LIOH(H,O) structure fit many lines, including the weak, prevalent 5.7°
line that most were unable to approach. The structural parameters were fit based on ob-
served lines, providing a revised simulated powder pattern that could be compared with

the BNIC models as seen in Figure 6.8.
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FIGURE 6.8: Histograms showcasing observed lines from the Li+hBN sample which are not
related to Re or hBN structures (top three histograms) and simulated powder patterns (bottom
three histograms) for the structures with the best match of the observed lines.

Through systematically comparing powder patterns of possible structures, the three
contenders were considered to be the BNIC structures, both 2-stage and 3-stage, and the
LiOH(H;O) structure. In order to determine which one was the more likely between the
two, the number of corresponding observed lines for each structure was recorded, the

results of which are presented in Table 6.1. The table accounts for the number of compa-

rable lines for each structure to each pattern type, be it spotty, powder-like, or smeared,
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Material Spots Powder Smeared Problem lines

Contenders Matched | Total | Matched | Total | Error | Matched | Total | Error | Matched | Total | Error | Matched | Total | Error
LiOH (H,O) 16 27 10 19 4 6 0.25 3 115 | 0.25 0 8
Li-BNIC - 3S 11 26 10 19 3 2 6 1 5 115 2 0 8
Li-BNIC - 2S 16 25 10 19 1.5 3 6 0 5 115 | 0.25 0 8
Combined BNIC 37 12 19 4 6 0 6 115 0 0 8

Alternatives

dH LiBN composite 10 20 8 19 2 0 6 5 115 15 2 8
LizN 55 13 55 19 0.5 0 6 5 115 1.5 2 8
LibNy 5 13 1.5 19 0.5 3 6 0.5 115 | 05 1 8

TABLE 6.1: X-ray diffraction featured that correspond to the lines of the pow-
der patterns of proposed structures . "Total" columns denote the number of
observed lines, that may be matched with them, and "Matched" the num-
ber that may correspond. "Material" shows the total number of present and
matching lines, indiscriminate to the type of diffraction. "Problem lines" are
the lines which aren’t aligned with any of the top contenders proposed which
are considered in the histogram in Figure 6.9.
and compares it to the total the exist within the presented histogram shown in Figure 6.8.
The material columns consider how many observed lines total match with a unique sim-
ulated line for the "matched" column, and the maximum number of observed lines from a
certain species are matched with a unique simulated line in the "matched" column. Since
the smeared pattern types could arguably be from the same species creating the powder
or spot type diffraction patterns (but not both), it is included in the totals within the "ma-
terial" columns
As can be seen from Table 6.1, the LIOH(H;O) structure has an equal potential to the
BNIC models. Considering one of the proposed staging models exists in the sample, the
other similar model has definite potential of existing. As such, the correlation from both
BNIC models is considered as "combined BNIC", which considers any overlapping sim-
ulated lines from the 2 staging models as 1, as they are non-unique. Only with this does
the BNIC model correspond to more observed lines than the LiOH(H,O) model with fit-
ted parameters, and only just by a few. As such, it is hard to say definitely which one is
expected within this sample, and without more, higher quality data, no quantitative anal-
ysis with a proper figure of merit can be developed to consider either with a given level

of confidence.

Despite the BNIC and LiOH(H,O) structures correlating with a good number of lines,
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there still exist numerous X-ray diffraction lines that these structures cannot account for
entirely. These "problem lines" are taken for another round of structure fitting. Much like
what was done for Figure 6.8, the lines which are related to the proposed structures were
removed and the remaining observed lines are what are left in the histogram shown in Fig-
ure 6.9 for the third order structural fits. Once again, most of the reported species which
could have been created, lithium nitrides, oxides, hydroxides, and composites didn’t have
many corresponding diffraction lines, but of those lines remaining following the removal
of the LIOH(H;0O) and BNIC correlated lines, most of these structures had NO correspond-
ing lines. Those that had one or more potentially corresponding line were the dehydro-
genated LizBN> composite (or dH Li3BN5), LizN, and Li;Nj, which are included in the
histogram presented in Figure 6.9. The correlation of the powder pattern of these struc-
ture with the remaining observed lines is still not perfect, but more considerable than
any other previously reported crystal structure that may be found in this sample. The
correspondence of these structures with these remaining "problem peaks" is reported in
Table 6.1. Li3N has been reported as a by-product of mixing liquid Li with hBN?, so it is
interesting to note that there is such weak evidence for any being present.

Of course, there may be an entirely new compound with a unique crystal structure that
is responsible for some or many of these XRD lines, but with the data available it wouldn’t

be possible to even propose what this would be.

6.4 Conclusions and Future Potential

This work on the BNICs is obviously in its very early stages of development in our group.
Nonetheless, it has high potential as a research topic and constitutes a promising avenue

to generate novel compounds, while posing an incredible technical challenge in sample
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FIGURE 6.9: Histogram of powder patterns of other potential species within
the Li+hBN sample compared to the remaining unlabeled diffraction lines not
relatable to Re, hBN, or those considered in Figure 6.8.

preparation and XRD data analysis. With suitable samples and more XRD results, ques-
tions regarding the nature of any potential compounds that were produced in this ex-
periment may be revealed. But there exists even greater potential to this project. The
analysis of confirmed Li-BNICs under pressure would be a very clean and revealing ex-
periment. Following the guidelines of the reproducible intercalation method described
by Sumiyoshi'!, it would be interesting to observe lithium - hBN mixtures under pres-
sure that have undergone treatments of milling, heating, and both, as well as both these
treatments with mixtures of hBN with stable lithium nitrides.

Equally, the performance of these experiments with a mixture of hBN and graphite
could produce further advantages, as this has already been addressed”’ in producing
good BNICs at hundreds of kelvin lower than what could be achieved from the mix with-
out the graphite. Furthermore, graphite could serve in this case as a viable heating element
for further promotion of lithium atoms into the hBN lattice. Whether or not this level of

intercalation would be sufficient to allow the BNIC to transition into a metal wouldn’t
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matter for the purpose of heating in that case, and experiments on a hBN-like structure
and high pressures and high temperatures may be done with the potential of generating
novel and useful compounds, such as a lithiated betBN structure.

At low temperatures the Li-BNIC compound should demonstrate equally interesting
properties. Under ambient pressure LI-BNIC may be a high temperature superconductor,
with a critical temperature of around 25 K'°. It would be interesting to inspect those prop-
erties and how they change with increasing pressures, as most superconducting critical
temperatures tend to increase under sufficient pressure.

Considering the Li-BNIC compound is reported to be stable under an ambient atmo-
sphere, it would then be interesting to see how it would behave under pressure in a ni-
trogen atmosphere - whether the nitrogen would be promoted into the crystal structure
or whether the lithium would react to form lithium nitride, vacating the Li-B-N network.
In the case of nitrogen incorporation, this very well could lead to novel compounds with
nitrogen single bonds, interesting electronic properties, and ultra-hard properties, as dis-
cussed in Chapter 1.

The possibilities and interesting research avenues for this material under extreme con-

ditions forms a long list that merits future attention by all means.
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Chapter 7

Summary and Future Prospects

BN was analyzed under pressure using X-ray diffraction and Raman and infrared spec-
troscopy. Powdered and single crystal hBN was loaded with and without a hydrostatic
PTM to ensure the consideration of a variety of configurations. Starting at 9 GPa, phase
I of BN, hBN, transitions to phase II, wBN. This transition is complete above 14 GPa for
samples under hydrostatic conditions, but incomplete above 20 GPa for non-hydrostatic
conditions. This transition is reversible in all observed cases; reconverted hBN was ob-
served by XRD below 1.5 GPa on decompression, and a mix of hBN and wBN at ambient
were observed for all recovered samples. Recompression of hBN under hydrostatic con-
ditions lead to the greatest yield of wBN, with a wBN:hBN ratio of over 60:1.

The wBN formed has a high concentration of defects, shown by a broadening of XRD
line by 2-3 times, by a high luminescence signal, and by new, defect-activated IR modes
related to the phase. The luminescent background made obscured any potential observa-
tion of the wBN Raman lines. One of the defect-activated IR modes has been reported in
literature!?, but the others have not. These modes are most likely related to peaks within
the calculated phonon density of states.

The elastic parameters of hBN and wBN were estimated based on the pressure re-
sponse of the materials. For hBN, the reported values of By and B|, are varied within
literature® and highly dependent on the EoS used to estimate the parameters. Pressure
coefficients for phonon modes were in good agreement with those reported in literature’"®.
A softened E>¢ mode was observed in recovered hBN. This mode softening is likely related
to defects in the hBN structure. With increased laser power, the softening of this mode in-

creases, most likely due to heating effects by light absorption. An attempt was made to
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estimate the temperature based on of this softening, but this estimation is advanced with
minimal confidence until further experiments can be carried out.

While several new XRD lines were observed, which could not be related to any ex-
pected phase, no features of the Raman or IR spectra point to the presence of any new
phase(s) of BN.

Protocols were developed for filtering IR spectra to remove interference effects which
appear due to the DAC acting as a Fabry-Perot cavity. While the filtering does introduce
some artifacts, it is usually only around sharp features, and the artifacts are weak and
localized. This was a necessary step to discern between what features were inherent to
the material and which were a result of the interference or filtering.

A method was devised to use the NaCl PTM X-ray diffraction line to calibrate for pres-
sure and temperature within a single X-ray diffraction pattern. The pressure calibration
agreed with ruby measurements and allowed for local measurements of pressure any-
where within the sample chamber. The temperature calibration didn’t correspond with
the blackbody measurement, which was consistently higher than the NaCl calibration;
neither agreed with the temperature expected by hBN expansion, which laid between
both measurements in all cases. The NaCl and blackbody measurement thus make up
lower and upper bounds for the true temperature, respectively, of the area of interest.

Laser heating of hBN to generate HPHT conditions while performing XRD on dense
hBN proved challenging. Because hBN won’t couple to the heating laser directly, methods
for sympathetic heating of hBN using laser absorbers and heat diffusers were employed.
These were in the form of powders mixed with the sample or, in one case, a separated ring
of thenium. While some thermal expansion of hBN was observed by XRD, the tempera-
ture related to this expansion was nowhere near the 2000 K needed to form predicted new
phases of BN”.

Finally, a mixture of lithium and hBN was loaded into a DAC. Upon compression, the

sample was observed to turn dark. While only the hBN E; phonon modes were observed
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under pressure, several new XRD lines appeared. No singular, predicted or reported com-
pound within the Li,B,N; system accounted for all the new diffraction lines, though a
combination of a compound-staging Li-BNIC with proposed LiyN, by-products accounts
for most of these XRD lines. Future experiments could feature prepared Li-BNIC, syn-
thesized following the procedure in , under a N; or ionic PTM to see how the compound
behaves under pressure and whether lithium intercalant could promote intercalation of
N>. How the high predicted critical temperature for superconductivity for Li-BNIC be-

haves under pressure would be a further interesting avenue for exploration.

Challenges with HPHT experiments

Many challenges were faced over the course of the heating experiments that merit men-
tion. This is by no means excuses for not having more high quality results, but may answer
any questions of "why didn’t they just try it again, but better?".

The most concise answer to this question is often "time". Foremost, these experiments
are only possible at a handful of labs around the world, all of which are in high demand by
users. It should also be noted that all of these facilities are international, so travel to them
was not a possibility for the latter portion of the project. Though we were lucky enough
to be awarded time for work on this project, that time was limited to about 48 hours, for
a portion of which the beam was inactive (beam trips are a common nuisance in the life
of any synchrotron user). A concerted focus on data collection meant that analysis during
the experiment could not be done at any more than a superficial level, there was too little
time to recognize if a mistake was made let alone correct for it. The experimental skill and
patience required to prepare suitable samples in diamond anvil cell, align near-IR lasers
with an X-ray beam with micrometer precision, and the optics to measure temperature

and pressure on a microscopic sample also deserves to be taken into account.
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Not all the challenges were related to a lack of the valuable resource of time, several
challenges were technical, despite performing these experiments at some of the top labs
in the world. While the amorphous carbon mirrors didn’t diffract any of the X-rays, it
still scattered them. As shown in Figure 7.1, the scattering blocked any diffraction lines
from passing the mirror, leading to a region of no signal or reduced fidelity. Notably,
the important (0 0 2) diffraction line from the hBN structure fell into the region partially
masked by the mirror, often obscured to the point where it wasn’t recoverable. This line
is one of the most intense, and is essential in defining the c-parameter, without which
compression or thermal expansion is nearly impossible to judge.

To ensure that diffraction lines aren’t clipped by the DAC supports, the bulk of the
sample is usually placed closer to the downstream anvil. This means, however, that the
X-ray beam passes through more of the cold, less interesting PTM prior to reaching the

sample. Not only does this result in a higher signal from the colder region, imposing a
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bias in the thermal splitting in favor of the cold side, but the beam and resulting intensity
is weaker for the latter, heated portions of the cell. In the interest of a low Z material such
as hBN, this is troubling, since the scattering intensity being proportional to Z> means that
scattering from the sample is already weaker than from the cell cohabitants before even
considering this effect.

The Z? scattering intensity proportionality is especially notable considering that rhe-
nium is used as a gasket material and sometimes heating element. Rhenium has an atomic
number of 75, which means its scattering intensity is 156 times greater per unit cell than
hBN, which has an effective Z of 6. Near the gasket there is also much more rhenium
present, by a factor of a few orders of magnitude. Should the thenium be 100 times thicker,
and it is often more, this would mean that the beam would have to be at least 4 standard
deviations away from it in order for the rhenium signal to only be equal to the sample.
With a FWHM of 10um'Y, this equates to about 20 ym or more, which is a substantial
region of our cells.

Also to note is the microscopic size of the sample assemblies. All of these experiments
are assembled manually, with the exception of the laser machining process which utilizes
a motorized stage. Assemblage requires a considerable amount of time, patience, skill,
and sometimes attempts, and nonetheless perfection is never attainable, as with all things.
This is true for all experiments, not just the laser heating ones, but these experiments tend
to be much more complex.

Several challenges were faced in use of the rhenium ring attempt to have a suitable heat
diffuser. Some were conquerable, such as the pressure difference between ruby gauge
and sample expected from the rigid ring geometry, where the NaCl EoS was used as a
secondary pressure gauge. Some challenges, however, had no such elegant solution (none
yet thought of, at least). Unfortunately, due to the limited volume of hBN sample present,
the amount of additional information that could be found from this series is limited. Many

of the XRD patterns taken during the heating cycles demonstrated few XRD lines from
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(B) ring setup after heating.

(A) ring setup before heating.

FIGURE 7.2: Pictures taken of the Re ring setup before and after heating, respectively.
The paths taken by the heating lasers can be seen from the excavated ring interior.

hBN, making the calculation of the unit cell volume and lattice parameters less reliable,
if possible at all. The experiment showed that, despite not providing sufficient heat to
the sample, that this sample assembly has potential for use here, and that NaCl is just as
effective and convenient a pressure and temperature gauge as it is a PTM.

Future experiments should be done with a similar setup using a higher sample to NaCl
ratio, tuning the ratio to have a higher signal from the sample, while still being able to
resolve the heated NaCl lines for temperature calibration. The heating problem can be
solved in a few different ways. Now knowing how little heat might be imparted into the
surroundings, there is less fear of going much higher in power with the heating lasers,
immediately providing more heat. One area of concern is that the heating element is
damaged over the course of the experiment, as shown in Figure 7.2. This should be taken

into account in preparations of similar experiments in the future.
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