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Abstract

Properties of Low-Z solids at high pressure
by

Amy Elizabeth Lazicki
Doctor of Philosophy in Physics

UNIVERSITY OF CALIFORNIA, DAVIS

Professor Warren E. Pickett, Chair

The high pressure behavior of low-Z (lightweight, low atomic number) elements and com-
pounds is of great interest because of their abundance in the universe and their importance to geo-
physics and planetary physics (especially the hydrogen-containing dense ices which are predicted
to occur at the centers of the giant planets.) The general trend which seems to be emerging for the
lightweight molecular systems is that, at high pressure, they transform to extended nonmolecular
solid phases with an multitude of interesting and new properties which, in many cases, occur at pres-
sure regimes just out of our reach with conventional static high pressure experimental techniques.
Lithium is an electronic analog to hydrogen and at ambient pressure it forms compounds similar
to the dense ices, suggesting it as a good complimentary system whose behavior may provide new
insights into those important and difficult geophysics problems. The lithium compounds themselves
also have important potential technological applications ranging from battery materials to hydrogen
storage media, for which they merit a closer examination. Additionally, their simple physical and
electronic structures make them uniquely appropriate for testing computational electronic structure
models, particularly in the high density regime where material properties are less well-known. In
the studies presented here, we examine the high pressure behavior of a series of lithium compounds
in which we observe some new and interesting phenomena which may also have implications for
their analog systems. The combination of modern experimental methods and electronic structure
models here employed allow a better understanding of these materials and also of fundamental high
pressure materials physics.

X-ray diffraction and nitrogen k-edge X-Ray Raman Scattering (XRS) investigations of

the crystal and electronic structure of ionic compound LigN (an analog for NH3) across two high



pressure phase transitions are conducted in a diamond anvil cell and results interpreted using density
functional theory. A transition to new () phase is seen above 40(45) GPa, accompanied by an 8%
volume collapse, which persists up to 200 GPa. First principles calculations predict a remarkable
stability of the N3~ ion up to a six-fold volume reduction. A low-energy peak in the XRS spectrum
is observed in both low-pressure hexagonal phases of LisN which is absent in the high pressure
cubic phase, resulting in a quadrupling of the band gap. this peak is found to originate from an
interlayer band similar to the important free-electronlike state present in the graphite and graphite
intercalate systems. XRS detection of the interlayer state is made possible because of its strong hy-
bridization with the nitrogen p-bands. An unusual pressure-induced increase in the band gap of the
high pressure cubic phase of LizN is shown to originate from the differing pressure dependencies
of different quantum-number bands and, by comparison with related close-shelled ionic solids LioO
and LiF, is revealed as the standard behavior for low-Z ionic materials. Metallization in this mate-
rial is predicted to occur at pressures exceeding 8 TPa, one of the highest metallization pressures
predicted for any solid. The high structural stability, wide band gap and simple electronic structure
make this N3~ based system analogous to lower valency compounds (MgO, NaCl, Ne), suggesting
its use as an internal pressure standard.

Using synchrotron angle-dispersive x-ray diffraction (ADXD) and Raman spectroscopy
on samples of LioO (an H2O analog) pressurized in a diamond anvil cell, we observed a reversible
phase change from the cubic antifluorite (o, Fm-3m) to orthorhombic anticotunnite (3, Pnma) phase
at 50(+5) GPa at ambient temperature. This transition is accompanied by a relatively large volume
collapse of 5.4 (£0.8) % and large hysteresis upon pressure reversal (P g, at ~25 GPa). Contrary
to a recent study, our data suggest that the high-pressure G-phase (B, = 188+12 GPa) is substantially
stiffer than the low-pressure a-phase (B, = 90+1 GPa). A relatively strong and pressure-dependent
preferred orientation in 3-Li2O is observed. The present result is in accordance with the systematic
behavior of antifluorite-to-anticotunnite phase transitions occurring in other alkali-metal chalco-
genides. These systematics, along with similarities between ambient pressure cubic Li;O and a
predicted high pressure phase of H2O ice suggest that ice itself may exhibit similar behavior at high
density.

Diamond anvil cell experiments augmented by first principles calculations have been used
to investigate the behavior at high pressure of lithium borocarbide (LiBC), which is structurally and
electronically similar to the superconductor MgBs. It is found to remain stable up to 60 GPa with
no crystal structure change and without a previously reported lattice parameter anomaly. Large

anisotropy in the linear compressibility of the layered hexagonal structure is identified and related
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to the distinctly different bonding types within and between the hexagonal planes; a mixture of
covalent and ionic intralayer bonding and interlayer bonding consisting of van der Waals-type in-
teractions and weak (but increasing under pressure) covalency. Metallization is not found until a
calculated pressure of at least 345 GPa, and pressure removes the similarity in electronic structure
between LiBC and MgB,; reducing the cell volume causes an increase in the o and 7 electronic
band gaps. Metallization is finally an indirect gap closure and the holes do not go into any sigma

bands, ruling out the possibility of a new MgBs-type high-pressure superconductor.
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Science is not a collection of facts any more than an opera is a collection of notes. It’s...a method,
based on a single insight — that the degree to which an idea seems true has nothing to do with
whether it is true, and that the way to distinguish factual ideas from false ones is to test them by

experiment.

Timothy Ferris

What’s my view?
Well how am I supposed to know?
Write a review?

Well how objective can I be?

I like to wait to see how things turn out

If you Apply Some Pressure

What happens when you lose everything?
You just start again

You start all over again

I like to wait to see how things turn out

If you Apply Some Pressure

"Apply Some Pressure’

Maximo Park
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Chapter 1

Introduction

1.1 High Pressure Experimentation

Pressure in our universe is perhaps the thermodynamic variable with the widest range
variation: from effectively O Pa (intergalactic space) to over 1030 Pa at the centers of neutron stars
[Jayaraman, 1984]. A large amount of the matter in the universe exists at high pressures which
are only just now beginning to be accessible to us experimentally. In the laboratory it is possible
vary pressures from a ~10~! Pa vacuum to now reported 10-100 TPa (10'° - 10! Pa) in recent
laser shock experiments [Jeanloz et al., 2007]. The approximate range of pressures achievable in a
diamond anvil cell (the apparatus used in this study) is shown in Figure 1.1.

Pressure induced phenomena already seen in this relatively narrow experimental range
which is accessible to us include structural, electron and magnetic phase transitions such as insulator-
metal transitions [Bastea et al., 2001], superconductivity [Neaton and Ashcroft, 1999], volume col-
lapse transitions and Mott transitions [Yoo et al., 2005], electron delocalization [Maddox et al.,
2006], liquid-solid, solid-solid, and even liquid-liquid transitions [Katayama et al., 2000], amor-
phization [Santoro et al., 2006], molecular dissociation [Kenichi et al., 2003] and many others.

Some high pressure phases of matter can be quenched down to ambient conditions at
which they are metastable (diamond is a good example of such a phase.) The driving force behind
many high pressure studies is the hope of creating a new and exotic or useful phase of matter that can
brought to ambient conditions for practical applications. Some properties commonly searched for
include superhardness [Kaner et al., 2005], energetic behavior [Lipp et al., 2005], superconductivity
[Schilling, 2001], hydrogen storage capacity [Mao et al., 2002] and many others, with some success.

Additionally, the physical properties of materials that actually exist at high pressure in
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Figure 1.1: Accessible pressures in a diamond anvil cell. [Jayaraman, 1984]



practice, such as matter in the planetary interiors or the products of explosive detonation, are impor-
tant to understand.

The larger goal of high pressure work is to create a fully predictive model to describe
the behavior of matter as the atoms which compose it are pushed closer together. Particularly
challenging to characterize is the pressure regime in which localized electrons from neighboring
atoms begin to interact with one another, resulting in all sorts of interesting and unexpected physics.
The existing theoretical models require experimental data for confirmation and further refinement

of these models, and the experimentation is driven by the predictions of these models.

1.2 Motivation

1.2.1 Low-Z materials

Low-Z refers to the elements and compounds composed of elements from (approximately)
the first two rows of the periodic table (hydrogen through neon). Although they are only a small
percentage of all known elements, they are the predominant components of the universe (with hy-
drogen being far and away the most abundant). At ambient conditions their crystal and electronic
structures are rather simple and understandable, and so they provide a good basis for developing and
testing computational models. At high pressure (sometimes coupled with high temperature), how-
ever, we are seeing more and more new and unexpected phenomena. Several light elements have
recently been shown to transform to extremely complex low-symmetry crystal structures [Hemley
et al., 1989], and to exhibit such properties as superconductivity [Neaton and Ashcroft, 1999] or
superionic conductivity [Cavazzoni et al., 1999]. The low-Z molecular systems are being shown to
possess extremely rich phase diagrams, with phases ranging from the ambient molecular phases, to
fully extended solids and many intermediate phases in between [lota et al., 2007].

There is a great amount of interest in the qualities of in particular hydrogen and hydro-
gen compounds at high pressure. They have been identified as the dominant components of the
giant planets and also they form the major detonation products of energetic materials. Hydrogen
itself has been predicted to exhibit all manner of exotic properties at high pressure, including met-
allization in nonmolecular [Wigner and Huntington, 1935, Mao and Hemley, 1989] and molecular
[Ramaker et al., 1975] phases, room temperature T, superconductivity [Richardson and Ashcroft,
1997, Ashcroft, 1968] and metallic superfluidity [Bonev et al., 2004, Smorgrav et al., 2005] to name

a few.



1.2.2 Hydrogen and lithium as analogs

Hydrogen has been suggested to transform at high pressure to an ionic solid not unlike
lithium and, in further similarity, lithium becomes quite a good superconductor at high pressure
[Richardson and Ashcroft, 1997, Shimizu et al., 2002]. Alternatively, it has been suggested that
lithium may transform to a ’paired’ structure at high pressure which looks oddly like Hy [Neaton
and Ashcroft, 1999]. For hydrogen, the quantum effects that make it so unique have been shown
to decrease at high pressure [Stishov, 2001], enhancing its similarity to lithium. These provocative
similarities indicate that studies of these two elements may be very complimentary.

The focus of this dissertation is on the behavior of a series of low-Z lithium-containing
compounds at high pressure. The first two we will examine are lithium nitride (LizN) and lithium
oxide (Li2O) with the primary motivation being their similarity to their hydrogen-containing coun-
terparts ammonia (NH3) and water (HxO) which are of great importance for geophysics and plan-
etary physics. HoO and NHj exist in great abundance here on earth and, more importantly, in the
centers of the giant planets, where they are predicted to transform to nonmolecular solids which
bear some resemblance to LioO and LigN [Cavazzoni et al., 1999]. They not only possess the same
valence electronic configurations and similar crystal structures, but they are all predicted to exhibit
superionic conductivity (in which the positive ionic species is able to conduct unusually rapidly
through a fixed lattice of the negative ionic species - more details in chapter 4).

There appears to be a general trend in the low-Z molecular systems that high pressure
moves them towards non-molecular extended phases. COg, for example, has been shown recently
to take on SiOo-like crystal structures at high pressures and temperatures [Iota et al., 2007] (Figure
1.3. COq2 and SiOg, although isovalent, appear in completely different forms at ambient condition.
But at high pressure, the systematic behavior of compounds within a single family is revealed. As
further evidence for this principle, recent work on the melting curves of the alkali elements un-
der pressure show unusual and systematic behavior [Gregoryanz et al., 2005], and this in materials
whose ambient states range from molecular gasses to metallic solids. There is evidently good prece-
dent for studying lithium and lithium compounds as analog systems to the hydrogen compounds.

Another reason it is desirable to study lithium in lieu of hydrogen is the difficulty of per-
forming hydrogen experiments, particularly at high pressure. The electron density on the hydrogen
atoms is so low that their positions cannot be detected with x-ray diffraction. Neutron scattering
can reveal this information, but the experiment requires large samples which are so far incompatible

with diamond anvil cell techniques.
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Figure 1.2: Carbon dioxide phase diagram showing high pressure extended solid phases similar to
phases of SiO3. Red and blue arrow represent experimental paths taken in the particular study [Iota
et al., 2007].
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Figure 1.3: Melting curves of column I elements under pressure [Gregoryanz et al., 2005].



1.2.3 LiBC an example of an MgB,-like superconductor?

The third material we will examine in this study, lithium borocarbide (LiBC) is also in-
teresting because of an important analog: magnesium diboride (MgB2). MgBs, a very simple in-
termetallic, becomes a superconductor with an unexpectedly high critical temperature of 39 K -
much closer to that of the complex perovskite and cuprate ceramics than the conventional super-
conductors. The mechanism for superconductivity in this material, as well as analog systems which
display similar behavior, have been much sought-after. LiBC is one such compound which has been

suggested to be promising.

1.2.4 Lithium compounds under pressure

This research is important because of the potential that the results will provide new in-
sights into the hydrogen systems or MgB5 superconductivity, but also we anticipated that the lithium
compounds would display new behavior under pressure which would be interesting in and of itself.
Li3N’s nitrogen ion is the most highly electronegative that we know of with a charge of 3-, and it
is far from obvious what to expect from it at high pressure, as these highly charged ions are pushed
closer and closer together. Lithium oxide was predicted to undergo a significant structural phase
transition, and LiBC to show an anomalous behavior of the c-axis lattice constant under pressure.
The lithium compounds themselves are also of technological interest; they have potential for hydro-
gen storage and as lithium battery materials, among other things.

We investigate all these predictions of interesting or anomalous behavior in this study
and discover some new properties in the process. Our primary experimental apparatus is the dia-
mond anvil cell, and we employ techniques of x-ray diffraction and spectroscopy performed at 3rd
generation synchrotron sources as well as laser spectroscopy. We perform first-principles density
functional theory calculations to explore the electronic changes occurring over the pressure range

investigated experimentally.

1.2.5 Dissertation outline

The remainder of the dissertation is arranged into five chapters and three appendices. In
chapters two and three, we give a basic introduction to high pressure experimental techniques, and
to the theoretical models used in these studies. Some more detailed analysis procedures will be
covered briefly in appendices. In chapters four, five and six we present work on LisN, LioO and

LiBC, respectively. A more extensive review of the literature concerning these materials will be



presented in the context of each chapter. This work has been published in the Physical Review

journals [Lazicki et al., 2005, 2006, 2007].



Chapter 2

Experimental Methods

2.1 Introduction

2.2 The Diamond Anvil Cell

Diamonds were first used to generate high pressures by Lawson and Tang [Lawson and
Tang, 1950] for x-ray diffraction studies, and the first diamond anvil cell (DAC) was made by Weir
et al. [Weir et al., 1959] for performing infrared spectroscopic measurements. Since then the DAC
has remained the only device for exerting ultra-high static high pressure. The advantages of this
technique are several; diamond is the strongest material we know of, and it is transparent to x-rays
and light so many kinds of measurements as well as laser heating become possible in situ. The
principle is very simple and has not changed, in essentials, since its invention. The DAC apparatus,
pictured in Figure 2.1, consists of a few basic components: a sample mounted between the parallel
faces of a pair of brilliant cut diamonds mounted in a cell made to transfer load to the diamonds, and
a metal gasket encapsulating the sample. Pressure is exerted when the opposing anvils are pushed

together.

2.2.1 Types

Many types of DACs are in existence but I will here describe only the types of cells used
for the experiments in these studies. These LLNL-designed cells are based on the DAC developed
by Mao and Bell [Mao and Bell, 1978] and consist of a piston-cylinder assembly made of hardened

steel. Diamonds are mounted and aligned in the cell on tapering cylindrical tungsten carbide seats.
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Figure 2.1: Diamond Anvil Cell

In the LLL (for Lawrence Livermore Laboratory) and SAX (for Stress- and Angle-resolved X-
ray diffraction) cells (Figure 2.2), screws tighten the piston and cylinder together and the load is
transferred to the tips of the diamonds. The cells are designed with a wide conical opening such
that emitted x-rays can be collected at a large solid angle; the LLL cell is for experiments in which
emitted x-rays are collected through the back diamond, and the SAX cell for collection at 90° from
the incident beam, through an x-ray transparent gasket.

In the membrane DAC (Figure 2.3), a pressure membrane assembly is screwed onto the
DAC, replacing the manual pressure adjusting screws. A metered amount of inert gas is introduced
into a chamber, causing the membrane to expand and tightening the cell. This method is not only
very precise and systematic, but it also allows for remote pressure application. This is a major
advantage when performing synchrotron experiments where the sample must be enclosed inside a
hutch while being exposed to x-rays, and the method allows for much higher quantity and quality

of data than is possible with a manually adjustable cell.

2.2.2 Diamonds

The diamonds used in these experiments are of gem quality and brilliant cut, ranging
from 0.16 to 0.5 carat. Size and cut of the diamonds are very important in determining the pressures

which can be achieved. Since pressure applied to the sample is roughly defined by the relation



Figure 2.2: (a) LLL cell (b) SAX cell

Figure 2.3: Membrane Cell
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Figure 2.4: (a) Flat culet (b) Beveled culet

F

reducing the surface area of the culet will result in significantly higher achievable pressure. How-
ever, at ultra-high pressure, the stress concentration on the edges of the culet limits the amount you
can decrease the culet surface area before it becomes necessary to change the geometry. Mao and
Bell were the first to experiment with a beveled anvil face [Mao and Bell, 1977] (Figure 2.4), and
a finite element stress analysis by Bruno and Dunn [Bruno and Dunn, 1984] determined that the
optimum beveled angle to achieve minimum stress is near 15°.

Diamond anvils with 500 pm flat culets can generate pressures up to near 35 GPa. 300
pm flats will generate up to ~80 GPa and 200 pm flats to ~100 GPa. To achieve higher pressures
beveled diamonds are necessary. Standard sizes are 25-100 pm central flats on a 300-500 pm culet.

The highest pressure one may reasonably expect to reach is 3 Mbar (300 GPa).
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Figure 2.5: X-ray transmission of diamond, Be and Re at the characteristic diamond and gasket
thickness of 2.5 mm.

2.2.3 Gasket materials

The gasket is prepared by precompressing a metal foil between the diamonds and drilling
a small hole through the center of the indentation created by the diamond culets. The gasket serves
two basic purposes: it contains the sample and supports the diamonds. Rhenium metal was used
for the gasket material in most of the experiments performed in this study. It is uniquely practical
because of its reasonably high yield strength (preventing the sample from becoming too thin at very
high pressure) and ductility (allowing it to plastically deform upon indentation with the diamonds),
as well as its stability (it maintains the same hexagonal close-packed crystal structure up to 215 GPa
[Vohra et al., 1987].

Re is opaque to x-rays due to its high absorption, and so it becomes inappropriate for
DAC experiments in which emitted x-rays must be measured at 90° from the incident x-ray beam or
when the incident or emitted x-rays are of an energy too low to penetrate through the diamond. In
such cases beryllium (which has a lower absorption than diamond - see Figure 2.5) was substituted

for Re in the experiments performed in this study.
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2.2.4 Loading Techniques

The materials examined here were all in the form of a powder or polycrystalline solid.
In general, when loading a solid sample, it is necessary to place a small piece of the sample in
question into the sample chamber and then fill the remaining space with a pressure medium (a soft
and inert material) so that the bidirectional stress from the diamonds anvils is distributed relatively
homogeneously onto the sample. Inert gases are often used as pressure media, and there are a variety
of techniques that can be used to load these materials into the cell. One method involves loading
the gas by lowering the DAC and gas down to cryogenic temperatures and trapping the condensed
gas in the sample chamber. In this technique, the DAC is contained in an airtight bomb such as the
one shown in Figure 2.6. The cavities inside the bomb are filled with slightly pressurized gas, and
the entire bomb cooled down to the temperature at which the gas will condense by immersing it in
liquid Ns or Argon. The temperature is carefully monitored with a K-type thermocouple placed near
the sample. Wrenches used to open and shut the DAC by loosening and tightening the screws on
the cell are mounted into the bomb through teflon seals. A second loading technique is to pressurize
the inert gas up to near 25,000 psi in a high pressure gas loader and then introduce it into the sample

chamber.

2.2.5 Pressure Media

Choice of pressure medium in an experiment can have a significant effect on quantities
measured. Under non-hydrostatic conditions, a crystal structure may exhibit significantly different
behavior under pressure, to the point that a structural phase transition to an energetically more
stable material may not even occur, or the material may unexpectedly transform to a metastable
strained phase. In addition to inert gasses, other common pressure media include mineral oil or
silicon oil and various alcohol mixtures. Under pressure, all of these materials solidify and the
true hydrostatic limit (the limit under which the material supports no shear stress) is reached at
relatively low pressure. Angel et al. examined the true hydrostatic limit of a variety of commonly
used pressure media in [Angel et al., 2007]. Aside from hydrostaticity, a pressure medium is chosen
based on potential reactivity with the sample under examination, and the possibility of signal from
the pressure medium interfering with data being collected from the sample. In x-ray diffraction
experiments, for example, the pressure medium should not be a much stronger scatterer than the
sample, and the diffraction peaks from the medium should not overlap significantly with peaks

from the sample.



Figure 2.6: Cryogenic gas loader
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Figure 2.7: Shift of ruby R1 and R2 fluorescence lines for sample of Li2O without pressure medium.

2.2.6 Pressure Standards

Nearly as revolutionary for the field of high pressure as the invention of the DAC itself
was the development of methods for accurately measuring pressure. The calibration by Piermarini
[Piermarini et al., 1975] of the pressure-induced shift in fluorescence lines of ruby (pioneered by
Mao et al. [Mao et al., 1986b]) was particularly significant. The pressure was calibrated from the
known equation of state of NaCl, which was calculated by Decker [Decker, 1965, 1966, 1971] based
on previous dynamic shock measurements.

Ruby is composed of a corundum (Al,O3) lattice with chromium (Cr®*) ions occupying
a percentage of the Al sites. The strong cubic (Op) symmetry of the crystal splits the degenerate
valence 3d electrons on the chromium into ?5, and e, eigenstates. Electronic degeneracies are
further lifted by trigonal distortions of the octahedral Al site, and spin-orbit coupling between the
Cr ion and its d electrons. With a laser one can excite Cr electrons from the ground state to a
higher energy band, from whence they decay nonradiatively to somewhat lower energy states (a
slow process which can be neglected). This is the process of populating states above the ground
state, which then decay radiatively to the ground state, emitting fluorescence which can be detected
with a spectrometer [Eggert et al., 1989]. The electric dipole transitions from the two lowest energy
excited (PE) states to the (*As) ground state are denoted R; and R, and result in a pair of high

intensity fluorescence lines. These states are very sensitive to the separation distance between the
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ions and thus vary predictably with pressure. The redshift with pressure of the R; line can be fit to

A B
(M) - 1] 2.2)

where A = 1904 and B = 7.665. Sample ruby fluorescence spectra under pressure are shown in

the empirical formula:

A
pP==
B

Figure 2.7. The higher intensity peak is the R1 line. The ruby shown was under quasihydro-
static conditions (embedded in a soft solid), and at high pressure, the increasing non-hydrostaticity
broadens and weakens the R lines.

The ruby pressure marker has some problems above 100 GPa, however, as the signal
significantly broadens and weakens, and for high pressure diffraction studies it is preferred to cali-
brate pressure from the known equation of state of materials which may be included in the sample
chamber with the sample. Gold [Anderson et al., 1989] and copper [Nellis et al., 1988] are very
commonly used for this purpose, because of their simple and highly symmetric crystal structures
(leading to few and clearly defined sample peaks) and the stability of their phases up to very high
pressure. Care must be taken in selecting a pressure calibrant of this sort, that the calibrant diffrac-

tion peaks do not overlap the sample peaks too significantly, and that their intensity is not too high.

2.2.7 Electrical measurements in the DAC

Many augmentations to the basic DAC exist. One particularly useful measurement which
can now be performed in situ at high pressure is electrical conductivity. This measurement was first
performed by Mao [Mao and Bell, 1981], by means of carefully placing micron-thin wires or foils of
conducting metal into the sample chamber. This method has some difficulties, however, due to the
tendency for the foils to contact and short across the gasket, and also the impedance that develops in
the wires due to pinching between the diamond and the gasket can result in a faulty measurement.
A relatively recent alternative has been developed which involves embedding the electrical leads
into the diamond, effectively insulating them from the gasket and resolving any impedance issues.
First attempted in 2000 [?], the method involves patterning the leads directly onto the diamond
with standard deposition techniques, and then growing a layer of diamond over the leads using
microwave plasma chemical vapor deposition (CVD) methods [Yan et al., 2002]. The culet is then
polished so that the tips of the leads are exposed, allowing electrical contact with the sample in
question. A disadvantage of this technique is that it precludes the use of any pressure medium, due

to the fact that the sample must make good and firm physical contact with the electrical leads.
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2.2.8 Resistive heating in the DAC

A further augmentation to the basic DAC setup is including resistive heating capabilities.
These will be here summarized very briefly, as they were not used in these experiments. Some of
the considerations when incorporating a heater into the cell include transference of heat from the
coil heater to the diamond, symmetric heating of the sample, insulation of the diamond from the
DAC seat, and temperature measurement capabilities. The heater itself is made of a wrapped coil of
platinum rhodium (or other metal with high melting temperature) wire, embedded in a ceramic ring,
and mounted so that its position relative to the sample is symmetric. A cylindrical copper ring or
layer of ceramic epoxy is fitted around the diamond which bridges the space between the diamond
and the ceramic heater so heat is transferred directly to the diamond. Thin sheets of mica insulate
the diamond seats from the rest of the cell, and a thermocouple is placed as near to the tip of the
diamond as possible. For higher temperatures and more stable heating, it is also possible to build
a smaller heater around the second diamond. The heating is performed inside a vacuum jacket to
prevent the diamond from oxidizing at high temperature. Temperatures up to 1000 K are relatively

easily achievable with this setup, and can be maintained stably for days.

2.3 Diagnostics

One of the primary advantages to the DAC is that the transparency of the diamonds makes
it possible to diagnose the changes which are occurring under pressure. Diffraction and various laser

and x-ray spectroscopies allow access to structural, electronic and vibrational information in situ.

2.3.1 Synchrotron methods

The first and most powerful experimental techniques we will discuss involve a synchrotron
light source, so we will first provide a brief summary of synchrotron radiation and how it is produced

and utilized for our purposes.

Synchrotron physics

Synchrotron radiation is defined as the light emitted by a charged particle following a
curved trajectory. This radiation was first observed being emitted from a particle accelerator called
a synchrotron in 1948: hence the name ’synchrotron radiation’. This is a natural phenomenon that

is observed by astronomers, and it is a byproduct of any particle accelerator. The technique for
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Figure 2.8: Advanced Photon Source (APS): third generation synchrotron source used for most of
the studies reported here.

producing synchrotron radiation involves generating electric charge, accelerating it by high voltage
alternating current fields to high energies and injecting it into a storage ring where charge is accu-
mulated and maintained in a fixed orbit at a particular (relativistic) speed by electromagnets (called
bending magnets). As the electrons change direction around the ring (a form of acceleration), they
emit high energy radiation in a direction tangent to their trajectory.

The first generation synchrotron sources were made for other research programs such as
high energy physics, and the radiation was parasitic. Second generation sources were designed
specifically to produce synchrotron radiation, but they had relatively low emittance. Third gener-
ation (currently state-of-the-art) facilities are designed to produce synchrotron radiation, and are
optimized for experiments by the addition of many insertion devices. These devices are inserted
into straight sections (between the bending magnets) along the storage ring for the purpose of pro-
ducing directional and very high intensity radiation. The device is made up of a series of magnets
of alternating polarity which produce a periodic magnetic field. The relativistic electrons moving
through this field experience transverse acceleration, causing them to emit radiation which is super-
imposed coherently or incoherently, and the resulting x-ray beam is much more intense than that
emitted from the bending magnets alone. Two types of insertion devices exist: the undulator and the
wiggler, of which the wiggler produces a wider range of energies and the undulator has much higher

brilliance (a measure of the number of photons per second in a narrow energy bandwidth per unit
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Figure 2.9: APS sector 16 insertion device beamline optical train.

solid angle). Other characteristics of synchrotron radiation include high collimation (small angular

divergence), low emittance (a measure of the parallelism of the beam in position-momentum space.)

and high polarization.

High pressure beamline overview

Some efforts are necessary to optimize a synchrotron beamline for high pressure experi-

ments. A very tight focus (in the range of 10x10 pm or smaller) of the x-ray beam onto the sample

is ideal because of the small sample sizes, because of the need to minimize the effects of pressure

gradients across the sample, and for the purpose of avoiding contamination from the gasket material

which lies close to the sample on all sides.

X-ray optics differ somewhat from beamline to beamline. At sector 16 of the APS (Figure
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Figure 2.10: X-ray scattering off of a crystal lattice.

2.8, where most experiments in this study were performed), for example, the x-ray beam is first cut
down with a pair of slits and then passed through a diamond branching x-ray monochromator which
splits the incident undulator beam using two diamond crystals into a white beam and a parallel and
separate monochromatic beam. For x-ray diffraction, a Si (220) single crystal monochromator fur-
ther monochromates the beam and a pair of Kirkpatrick-Baez (KB) mirrors focus the 500x500 pm
monochromatic beam down to a (ideally) 5x7 pm spot size at the sample. A slit just upstream from
the sample cuts down tails on the x-ray beam which may contribute to unwanted scattering from the
gasket. (A schematic of the optical train at sector 16 is shown in Figure 2.9.) DAC experiments
require hard x-rays ( 10 keV) to penetrate through the diamond, unless the experimental geome-
try and gasket material chosen allow for the incident beam to pass through the gasket. Because of
the necessarily small sample size, a high photon flux (high brilliance) and very sensitive detection

system are imperative.

X-ray Diffraction

X-ray diffraction (XRD) experiments are conducted for the purpose of determining crystal
structure. X-ray radiation is scattered off of the atoms in a crystal because it has a wavelength range
that is of the same order of magnitude as the atomic spacing. The lattice planes of crystals reflect

x-ray beams at certain angles of incidence which were first described in 1913 by Bragg’s Law:
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Figure 2.11: Powder x-ray diffraction rings with integrated 2-dimensional spectrum.

nA = 2dsin®. (2.3)

A is the wavelength of the incident x-ray beam, O is its angle of incidence, and d is the spacing
between atomic layers in the crystal (Figure 2.10). The law states that the x-ray beams reflected
from neighboring parallel crystal planes at a certain separation distance will emerge perfectly in
phase (their path length difference will be an integer number of wavelengths), resulting in a very
intense reflection at a certain angle. The intensity of that reflection will be related to the charge

density on the atoms which scattered it, described by this relation:

@) | / PreiT ()2 2.4)

where p is the charge density and ¢ = (k} — k:-), (Figure 2.10). Therefore, the lattice
parameters of a particular structure are known from the angular position of the x-ray diffraction
peaks, and the atom positions within the crystal lattice can be determined from the relative intensities
of these peaks.

XRD can be performed on single-crystal or powder samples, and the method is slightly
different for each. In the case of a single-crystal, placing the sample in the x-ray beam at a certain

orientation will result in reflections from only a subset of the relevant crystal lattice planes. To
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Figure 2.12: Setup for ADXD in the sector 16IDB experimental hutch at the APS.

get all possible reflections, the sample must be rotated. Powder samples, on the other hand, are
composed of tiny crystallites oriented in every direction, so all possible reflections are seen at once,
spread out into concentric rings (Figure 2.11). The powder method is much more practical for DAC
experiments, since there is limited freedom to rotate the DAC to get all possible crystal orientations,
and at high pressure it is very difficult to maintain a sample in a single-crystalline state.

There are two main XRD techniques: Energy-dispersive x-ray diffraction (EDXD) and
angle-dispersive x-ray diffraction (ADXD). For EDXD, the x-ray source is polychromatic, and the
detector is kept at a fixed angle, so the acquired spectrum is in the form of intensity as a function of
energy. There are a few drawbacks to this technique; one being that fluorescent emission from the
sample is also excited by the incident x-ray at certain energies, and these peaks can contaminate the
diffraction spectrum. Also, if the sample is not a very good powder, one can miss some reflections
by looking at just one angle. Ideally, the sample should still be rotated to a few more angles and
the data at several orientations linked together. For ADXD, the x-ray source is monochromatic and
reflections at a range of angles are collected on an image plate or CCD. This is the technique used
for the experiments recorded here, and most of the work was done at sector 16IDB of the APS

(Experimental setup is shown in Figure 2.11). Their diffraction setup allows for a choice of CCD
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Figure 2.13: Rietveld refined powder XRD pattern.

(MARIG6S - best for fast data collection because of rapid readout time of collected image) or image
plate (MAR345 - best for high resolution, and used in all the studies presented here). The MAR 345
collection and readout mechanism is proprietary, but the basic physics of an image plate involves
the ionization of ions (such as Eu?t —Eu3*) distributed spatially across the image plate by the
diffracted x-ray photon. The excited electron is then captured in an F center (a small vacancy defect
in an ionic crystal) manufactured intentionally into the image plate. The electron will remain in the
trap until the image plate is irradiated with a low-energy laser (a process called photon stimulated
luminescence). The recombination of the electron will cause a photon to be emitted, which is then
collected in a photomultiplier tube. The intensity of the emitted photon is directly proportional to
the intensity of diffracted x-rays.

If the structure is known, the ideal diffraction pattern can be calculated exactly. Deviations
in the experimental data from the exact pattern (relative intensities, peak shape, peak position) are
related to such effects as: beam characteristics, experimental setup, size and preferred orientation
of crystallites within the sample, small distortions or less-than full occupation of a particular atomic
site, or thermal effects. Rietveld first proposed in 1967 that, if it is possible to include these effects
in the calculation of the profile, one can optimize the fit between the measured and computed pattern
[Rietveld, 1967, 1969]. In this way, the crystal structure and additional effects can be determined
very well, even for profiles with strongly overlapping peaks. An x-ray diffraction pattern along with
its Rietveld-refined calculated spectrum and the difference between the two are shown in Figure

2.13, with hkl reflections originating from two separate phases labeled.
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X-ray Spectroscopy

X-ray spectroscopy is the measurement of the interaction between x-ray radiation and
matter. It can be classified in terms of different interaction types: absorption, emission, and scat-
tering. In an absorption process, an incident x-ray with energy equal to the binding energy of some
core electron in a solid is absorbed, and the electron is excited to an unoccupied energy level (a
photoelectron is produced). Therefore, as an x-ray beam moves through a material, its intensity will

be reduced by absorption according to the Beer-Lambert Law:

In(ly/1) < pd (2.5)

where p corresponds to the linear absorption coefficient unique to the material and d is the thickness
of the material penetrated by the x-ray. The absorption coefficient as a function of incident x-ray
energy is the quantity measured in the x-ray absorption experiment. At the energies corresponding
to an electronic transition to an unoccupied state, there will be a sharp increase in absorption. Also,
the photoelectron created in this absorption process backscatters off of surrounding atoms and the
resulting waves interfere constructively and destructively, giving a unique shape to the absorption
edge which is related to the local structure of the material. The measured quantity (as an alternative
to p) can also be electron yield or fluorescence yield, which involves measuring the number of auger
electrons or photons ejected during the decay of the core hole created in the absorption process, as
a function of energy of incident beam. The absorption spectrum reveals features of the low-energy
conduction states which are involved in these transitions.

In an emission process, the incident x-ray excites a hole in an occupied energy level, and
an electron from a higher-energy occupied state decays to fill the hole, emitting photons of energy
corresponding to that transition. The emitted photons are collected, revealing the density of higher
energy occupied states (upper valence bands) involved in these transitions.

Scattering interactions are those in which the incoming x-ray beam is scattered off of the
atoms in the material and redirected, with or without loss of energy. The scattering process is much
quicker than absorption or emission. X-ray Diffraction, for example, is a purely elastic (no energy
loss) scattering process.

Spectroscopy inside the DAC has some more complications than the same procedure per-
formed in the conventional manner because of the containment of the sample. The incident and
collected radiation must have a high enough energy to penetrate either the diamond or the gasket

in order to reach the sample. In a conventional x-ray absorption experiment, for example, the in-



25

.............. continuum
~10 keV ¢\ ‘
--------- = T 7
ey I ..... -
i j
~400 eV —z— —T
oy band gap
e W— —0O———  k-shell
X-ray X-ray
Absorption Raman

Figure 2.14: X-ray Raman Process compared to X-ray Absorption.

cident energy is scanned around the absorption edge which, for the K-edges (1s core excitation)
of the low-Z materials under examination in these experiments, is in the range of 200-600 eV. The
absorption of a material such as diamond increases as photon energy decreases and, at this energy,
the x-ray cannot penetrate through a 2.5 mm diamond, or even through a beryllium gasket (which
has a lower absorption than diamond). Therefore, other techniques must be developed to probe the
K-edges. One such method which is relatively new is called x-ray Raman spectroscopy (XRS). This
technique involves an excitation of the core electrons by very high energy x-rays (on the order of
10 keV, which can easily penetrate the beryllium gasket). The electron is excited into the contin-
uum and then decays to the low-lying conduction states, emitting a photon in the process which
has energy lower than the incident x-ray by exactly the binding energy of the 1s core electron. By
subtracting the energy of the emitted beam from that of the incident, one can probe the same states
probed with x-ray absorption (Figure 2.14). Because of the high energy of the incident beam, how-
ever, sometimes in the measured spectra one can see excitonic effects and transitions to states not
allowed under the dipole approximation, which are not evident in the x-ray absorption.

The XRS setup at sector 16 IDD of the APS (where the work shown in this study was
performed) is pictured in Figure 2.15. This experiment involves monochromatic incident x-rays
focused onto the sample (which is mounted such that incident and scattered x-rays go through the

gasket) by a pair of Kirkpatrick-Baez focusing mirrors.
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Figure 2.15: APS sector 16 (HPCAT) beamline IDD XRS experimental setup.

The scattered x-ray raman signal is extremely weak and so the geometry and analyzers
must be optimized for high energy resolution and high sensitivity. Perfectly oriented crystals must
be used in place of conventional mirrors for almost 100% reflectivity. In the Rowland circle geom-
etry, the source, analyzers and detectors are all located along on a circle of radius R (shown in red
in Figure 2.15). The radius of this circle is specially chosen so that all wavelength x-rays will be
Bragg reflected off of the single-crystal analyzer back to a single point. All sources will be mapped
1:1 onto the detector, if the analyzers are spherically bent at radius R. Because of the extreme me-
chanical difficulty of bending single crystals, they are here made with radius 2R, which introduces
a small aberration (which, however, is smaller than the overall energy resolution of the system).
Our analyzers are made from Si(660) single crystals (each 50 mm in diameter), mounted on a 870
mm Rowland circle and collecting over an angle of 25°. The detector is in a nearly back scattering

geometry (Bragg angle of 88.6°. The overall system provides an energy resolution of ~1 eV.

2.3.2 Optical Spectroscopy

Raman spectroscopy (first reported by C. V. Raman [Raman and Krishnan, 1928]) is an

inelastic scattering spectroscopy measurement for which the exciting radiation comes from a laser.
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Figure 2.16: Raman process and resulting spectrum type.

The energies of the incident beam are sufficient to excite vibrations or rotations of the atoms or
molecules in the solid around their equilibrium positions. Every periodic solid has a certain set
of possible vibrations or rotations that can be excited, which are related to the symmetry of the
crystal. Group theory analysis will reveal which movements are allowed within a particular space
group (see Appendix 1). Some subset of these will cause the molecule (or the electron cloud around
the atom) to change polarizability. Such vibrations or rotations will give rise to the Raman effect
(summarized in Figure 2.16). The incident photon (if it is not scattered elastically - Rayleigh
scattering) will excite the atom or molecule to a virtual energy state (which is lower in energy than
the lowest unoccupied electronic state), immediately followed by de-excitation and emission of a
photon. In the case of Stoke’s Raman, the emitted photon is of lower energy than the incident;
the energy difference being equal to the energy of the particular vibration or rotation excited in the
solid. If the atom or molecule is already in an excited vibrational state (thermally, for example),
Anti-Stokes Raman, where the emitted photon is of a higher energy than the incident, is possible.
The intensity of emitted photons is plotted as a function of wavelength shift from the

elastic line (corresponding to an energy shift), which is measured in units of wavenumber 7 (cm™!):



28

o+ 1 (2.6)

Aincident )\scattered

The wavenumber of each observed peak gives the energy (AE = hciv) of a particular vibration or
rotation, and the intensity is directly related to the degree of polarizability. It is relatively difficult
to positively identify the origin of a particular phonon mode if the sample is not an oriented single-
crystal, but changes in the phonon modes under pressure can give positive indication of a structural
phase transition occurring. Also the frequencies of the vibrational modes will change as a function
of pressure, and their shift can reveal information about the compressibility and stability of the
material.

In order to perform this experiment, a monochromatic light source is needed (a laser),
various optics for collimating and focusing the laser light onto the sample, and various post-sample
optics for filtering out the very strongly scattered Rayleigh line and for focusing the scattered signal
into the spectrometer. The spectrometer contains a diffraction grating, which separates the scattered
light spatially into a spectrum of wavelengths. This spectrum is then exposed on the chip of a ccd
camera. Photons build up on the pixels of the chip during collection time and are read in a plot of
intensity as a function of wavenumber.

The Raman setup used in this study is shown in Figure 2.17 [Maddox, 2006]. We utilize
an Argon-Ion laser which produces high intensity light of 488 and 514 nm wavelength (the wave-
length can be varied over a wide range of wavelength, however, with some loss of intensity). The
laser beam is expanded before it is focused onto the sample (in order to achieve a smaller focal
point), and scattered photons are collected at 180° backscattering. We use a holographic band pass
filter to direct the monochromatic laser light down the axis of the DAC, and it allows all scattered
light (of other wavelengths) to pass through. We collect raman shifted photons with an HR460 single
spectrometer (’single’ referring to the number of dispersive elements - in our case one holographic

grating blazed at 500 nm), and a liquid-Ns cooled ccd (Princeton Instruments).
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Figure 2.17: Raman spectrometer used in this study: optics and holographic bandpass filter detail.
The bandpass filter allows the laser beam to be directed down the axis of the DAC, and also partially

filters out the Rayleigh scattering. [Maddox, 2006]
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Chapter 3

Computational Methods

3.1 Usefulness and relevance to high pressure physics

3.2 Basic principles

3.2.1 Density functional theory

The basic problem faced in attempting to model a solid for the purpose of predicting or
investigating its properties is how to solve the equations of motion for all the electrons and all the
ions in the solid. To apply standard equations of motion to each one would mean solving on the
order of 10?3 simultaneous differential equations. And these electrons are not just isolated single
particles; they interact with one another in various ways, and with the ions in the crystal. Hartree was
one of the first to attempt to solve this problem - by modeling the wavefunction of the entire system
of electrons as a simple sum of noninteracting single-particle wavefunctions, each in an effective
potential [Hartree, 1928]. He then solved the Hamiltonian (many particle Schodinger equation)
self-consistently. This yielded relatively poor results because it neglected to take into account the
Pauli exclusion principle. Hartree and Fock [Fock, 1930] modified the single-particle wavefunctions
by making them all antisymmetric (thus taking into account Pauli exclusion) but still the results
were not good because the Coulomb interactions between electrons (electron correlations) were not
adequately addressed. Since then various improvements have been made on this approach and it now
yields very precise results for very small systems. Unfortunately, the many particle wavefunction
for systems with 10 or more atoms remains impossible to calculate or even record because of the

sheer number of parameters required to express it exactly.
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3.2.2 The Kohn-Sham Equation

Hohenberg and Kohn [Hohenberg and Kohn, 1964] were the first to indicate that the
many-electron wavefunction was not the best starting point for solving this sort of problem and
claimed instead that the electron density should be the fundamental variable (actually first suggested
by Thomas and Fermi in 1927 [Thomas, 1927, Fermi, 1927]). Hohenberg and Kohn demonstrated
that there is a one-to-one mapping between the ground state electron density and the ground state
wavefunction of the many-particle system, and that the ground state density of electrons in some
external potential uniquely determines this potential. Using the variational principle (which states
that the the ground state of the system is the one in which energy is minimized), Kohn and Sham
[Kohn and Sham, 1965] formulated a set of self-consistent equations (now called the Kohn-Sham

equations) from which the minimizing electron density n(r) can be found:

1
(_§V2 +verf(r) — €i)pj(r) =0, (3.1)
with
n(r) =Y n(r)le(r), (3.2)
ik
n(r')
Verf(r) = v(r) —I—/ — Mdr + vge(r), (3.3)

Equation (3.1) is the Schrodinger equation with energy eigenvalues €, and eigenfunctions (wave-
functions) ¢, (r). ve 77 includes the potential due to the ions (positions assumed fixed), the Coulomb
interactions between electrons at positions r and 7/, and the local exchange correlation potential, v,
which includes all many-particle interactions. The densities 75 () here are a function of position
r and also spin but, for simplicity, are written here as a function of position only. The total ground

state energy is then given by:

E=3" 6+ Eueln(r)] - / vee(r)n(r)dv — = / n(r)n() (3.4)

2 |r —r
J

Starting with an initial approximation for n(r), one can construct vesy, solve for ¢;,
and recalculate n(r) from Equation (3.2). If the recalculated n(r) is not the same as the original
approximation, the process is iterated until it is. For further information, the reader is referred to

references [Kohn and Sham, 1965, Kohn, 1999], on which much of this discussion is based.
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Figure 3.1: Muffin Tin approximation

3.2.3 Exchange correlation energy functional approximations

The major approximation made in DFT is the form of the exchange correlation energy
FEc; all other energy terms are, in principle, exact. The simplest form proposed is called the local
density approximation (LDA), where E,. is an integral over local exchange correlation energies
which are simply those of a uniform electron gas. In spite of the apparent inaccuracy of this as-
sumption, the LDA actually yields remarkably good results. It only really obviously fails in the
case of systems which are dominated by electron-electron interactions. Some smaller inaccuracies
in the LDA are corrected by the popular generalized gradient approximation (GGA). Where LDA
is a functional of the electron density only, the GGA includes the electron density and its gradient
at every point. With these approximations, DFT yields quite good results for energy density, total
energy and eigenvalues (energy bands) in many systems. It has a few shortcomings; one example is

its consistent underestimation of semiconductor band gaps.

3.2.4 Methods for solving the Kohn-Sham equations.

DFT would still be computationally intractable for most systems unless an appropriate
basis set (form for ¢;, equation 2.2) is established first. Such a basis must be adaptable to the
particular system being addressed, and be mathematically as simple as possible. LAPW (linearized

augmented plane wave) and pseudopotential methods are some of the most common, and we will
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Figure 3.2: APW and LAPW wavefuntions across the muffin tin boundary (for p-like wave in iron)
[Schwarz et al., 2002]

also discuss a more recent FPLO (full potential local orbital) formulation which forms the basis for

one of the codes used in this study.

APW

The LAPW method is an augmentation of the original APW method [Slater, 1937], in
which the space within the crystal is divided into parts which are described by different basis ex-
pansions. The interstitial region is modeled with plane waves (solutions to Schrodinger’s equation in
a constant potential) and non-overlapping spherical regions (of variable radii) centered on each atom
are modeled with a more complex and atom-like linear combination of radial functions times spher-
ical harmonics (solutions within a spherical potential). The assumption that the potential (which
is in actual fact continuously varying) can be described by these two distinct potentials is called
the muffin tin approximation. The (energy dependent) APW solution inside the muffin tin must be
continuous with the (energy independent) plane wave solution in the interstitial at the muffin tin
boundary. Unfortunately, this means that a different set of APW basis functions must be found for

every eigenenergy, making this method too challenging numerically for any large systems.
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LAPW

The linearized APW (LAPW) method [Andersen, 1975] solves this problem by creating
energy-independent solutions inside the muffin tins, which are composed of a sum of a solution at
a particular linearization energy, and the energy derivative of that solution at the same energy. This
basis is flexible enough that all eigenenergies in the region of the linearization energy can be found
from the secular equation with a single diagonalization. The resulting wavefunction is smooth and
differentiable across the muffin-tin boundary. Unfortunately, the required size of the basis set for
the LAPW method is larger than for APW, so this is not yet the most efficient method. Also, the
LAPW’s do not treat well states that are far away from the linearization energy, so the LAPW’s
must be supplemented with local orbitals (called LO’s [Singh, 1991]) at energies closer to that of
the outlying states, with the condition that their value and derivative must be zero at the muffin tin

boundary.

APW-+lo

In the code employed for most calculations in this study (WIEN2k [Blaha et al., 2001]), a
highly efficient mixed basis is used which combines LAPW+LO with yet another approach (called
APW+lo), based on the method proposed by Sjostedt et al. [Sjostedt et al., 2000], which combines
the best features of APW and LAPW. It has the APW small basis set (by not requiring the basis
functions to be differentiable at the muffin tin boundary) but includes the energy-independence and
flexibility of the LAPW by adding a local orbital (lo) function of composition similar to the muffin-
tin solutions in the LAPW scheme. However, in this case the energy derivative part of the lo is
not included in every solution but only for a few ’physically important’ quantum numbers. In the
minimum basis scheme, APW+lo is used for any states that are particularily difficult to converge,

and LAPW+LO for all others.

Pseudopotentials

If one were to attempt to construct a basis for the entire crystal from plane waves, the
size of the basis would have to be enormous because of the fact that, near the fixed ions, the correct
wavefunction solution would oscillate very rapidly and become very complex because of the strong
potentials and the required condition of orthogonality between different quantum-number atomic
states. The pseudopotential approximation models the system with planewaves but, within a certain

radius r from the atom sites, the deep atomic potential is replaced by a much simpler pseudopoten-
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tial. This approximation is usually good because of the fact that the core and semicore states are
relatively unaffected by the crystal environment and do not contribute to the atomic interactions in
the crystal. We only need to treat carefully the valence states. Therefore a very general pseudopo-
tential can be constructed for each atomic species which takes into account the effects of the nucleus
and core electrons and results in a greatly simplified pseudowavefunction near the core, significantly

reducing the total number of plane waves needed to represent the wavefunction.

Full potential local orbital

A more recent full potential scheme was formulated to try to get the accuracy of the full
potential LAPW but with a much greater efficiency by introducing a basis that is readjusted at
every iteration cycle of the calculation [Koepernik and Eschrig, 1999]. In this model (which has
historical roots in the LCAO model), the crystal wavefunctions are formed in real space as a linear
combination of nonorthogonal atomic orbital-like basis functions centered at each atom. The core
states are calculated based on a spherical potential centered at each atom, while the valence states
(the number of states to be treated as valence is selected by the user) are subjected to an additional
confining potential, which compresses the long-ranging valence orbitals. The form of this confining

potential includes a set of dimensionless compression parameters whose values have an effect on
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the total energy only as long as the basis set is incomplete. At each iteration, the total energy is
minimized with respect to the compression parameters, which are also recalculated at each step in
the iteration. The basis set is adapted to the best set of parameters at each step and, once a complete
basis set has been reached, the energy is at a minimum and the compression parameter values no
longer matter. This process turns out to converge on a solution very rapidly and efficiently, and the
total energy results from this code agree with the Wien2k code [Blaha et al., 2001] within chemical
accuracy. This code was used as well as Wien2k in one of the studies, to check the results at

ultra-high volume reduction for consistency.

3.3 Deriving physically relevant properties of materials

3.3.1 Bandstructure

The augmented plane waves needed to represent the entire crystal are indexed by their
momentum (wavevector) k. In momentum space, each wavefunction then can be represented by a
single k-point in an array of points. Just as the real-space periodic crystal can be fully represented
by its smallest non-repeating unit cell, symmetry allows the array in momentum space to be reduced
to a smaller unit called the Brillouin zone, wherein every wavevector which falls outside that zone
can be mapped back into it by a fixed translation K in momentum space (analogous to the real-space
lattice parameter). The Kohn-Sham equation represents an eigenvalue problem whose solutions (e,
from Equation (3.1)) give the energy corresponding to each wavevector. Ideally, one would sum
an infinite number of wavefunctions (solve the Kohn-Sham equation over an infinite number of k-
points in the Brillouin zone) in order to perfectly describe the crystal. This is of course unfeasible
but it turns out that, as a result of symmetry, the eigenvalues in many regions in k-space are similar
and it is only necessary to calculate them on a finite sized grid of k-points (with the particular grid
carefully chosen to properly sample the momentum space), and the remaining values in k-space are
determined by interpolation. The important details of the electronic structure can generally be fully
captured by plotting the energies as a function of k along certain high-symmetry directions in the
Brillouin zone. The plot of the eigenvalues as a function of k forms a set of energy bands. Each
band corresponds to a different electronic or molecular orbital state, and their position, dispersion,
and interaction with other energy bands reveal important information about the overall electronic

properties of a material.
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3.3.2 Density of states and absorption spectra

Only certain wavefunction solutions can represent the electronic states of the crystal:
those that are solutions to the Schrodinger equation, with the appropriate boundary conditions. The
number of possible solutions at a particular energy is found by integrating over all of k-space. The
continuous spectrum of number of states as a function energy is called the density of states (in units
of number of electronic states per unit energy per unit volume). There are many techniques for per-
forming the Brillouin-zone integration involved in determining this value. In Wien2k, the improved
tetrahedron method [Blochl et al., 1994] is used, which splits the irreducible portion of reciprocal
space into smaller cubes or parallelpipeds topologically like cubes, which are subsequently each
split into 6 equal-volume tetrahedral regions (carefully arranged from knowledge of the particular
space group symmetry so that the k-points are properly weighted). The eigenvalues and eigen-
vectors are solved for at the four corners of each tetrahedron and linearly interpolated elsewhere,
and integration over each tetrahedron can be calculated from a weighted sum over the irreducible k
points. The resultant plot gives the occupation of each band in the bandstructure.

In addition to the total DOS, it is possible to calculate partial or projected density of states
(p-DOS) - the contributions to the density of states (or energy bands) by individual atoms and, within
the atomic spheres, by individual orbital-like states. In spin polarized calculations, the contributions
from up- and down-spin electrons are also calculated separately.

X-ray spectra can also be calculated based on the density of states. The formalism was
developed by Neckel et al. [Neckel et al., 1975] In Wien2k, emission and absorption edges can
be simulated for dipole allowed transitions from L to L+1 or L-1 states. The p-DOS of L+1 and
L-1 are generated and then multiplied by a radial transition probability and the transition matrix
elements. The calculated spectra are lorentz-broadened to simulate effects of lifetime broadening

and spectrometer resolution.

3.3.3 Equation of state and structural stability

The solution of the density functional equation is the total energy for the entire crystal,
and the lowest-energy solution corresponds to the ground state charge density and energy for any
particular crystal structure. When modeling a particular system’s behavior under pressure, one
can manually compress the lattice parameters and calculate total energy at each volume, thereby
generating an equation of state which may be compared to experimental data. When the crystal

structure being compressed is purely isotropic, pressure can be simulated by simply decreasing all
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lattice parameters proportionately. However, when the material is structurally anisotropic, a lattice
parameter ‘relaxation’ must be performed at each volume, in which the total energy is calculated for
a variety of lattice parameter ratios and the minimum energy configuration is chosen. The equation
of state data (energy as a function of volume) can be fit with one of several possible functions which

have been developed, the most common being the Birch-Murnaghan [Birch, 1947]:

@] P[]} e

Alternatives include the Murnaghan [Murnaghan, 1944]:

9
E(V)=Ey+ gBOVb

B/
E(V):E0+V£O (‘g,/‘_/)l +1f, (3.6)
and Vinet [Vinet et al., 1986]:
g B [ 3 (VY 3o (VY
E(V)=Ey B — 17 {1 2(B 1) [1 <V0> }exp{Q(B 1) [1 (VO) }
(.7

where E represents the total energy at ambient conditions, By the ambient pressure bulk modulus,

where

oP

ov V=W

and is a representation of the compressibility of a material and B’ the pressure derivative of the bulk

By = -V (3.8)

modulus.

When there are two competing structural phases, a calculation of the total energy of each
will indicate which is indeed stable. It is therefore possible to predict the volume at which a struc-
tural phase transition will occur by generating an equation of state for each phase and determining

where they reach free energy equilibrium. The Gibb’s Free energy for a material is given by:

G(T,p) =U +pV — TS (3.9)

where U is the total internal energy (the solution to the Kohn-Sham equation), p and V are pressure
and volume, T is temperature and S is entropy. The last term may be ignored in the calculations
performed in this study, however, as all are zero-temperature calculations. The phase transition is

predicted to occur at the crossover between the free energy curves for the two phases.
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Figure 3.5: Equation of state curves for two structural phases (of LizN). The slope of the line drawn
tangent to both EOS curves gives the transition pressure. In the inset are the intersecting Gibb’s free
energy curves for these phases.
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Chapter 4

Structural and Electronic changes in
ionic solid lithium nitride by diffraction,

spectroscopy and first-principles DFT

4.1 Introduction

4.1.1 Chemical bonding

Nitrogen can form compounds with elements from almost every column in the periodic
table, with chemical bonding ranging from covalent to ionic to metallic. There is, in fact, no such
thing as a purely ionic or covalent bond however, and all of these N compounds contain a combi-
nation of these bonding types. The driving principle behind the formation of a particular type of
bond is, in general, the increased stability of an atom with a completely filled electronic shell. In
an ionic bond, two particular (different) atomic species can attain filled shells by exchanging one or
more electrons, resulting in a pair of ions called a cation (positively charged) and anion (negatively
charged). The Coulomb attraction between these oppositely charged ions is what constitutes the
bond. As the ions get sufficiently close that their electron clouds begin to overlap, however, the
interionic forces become strongly repulsive as a result of Pauli’s exclusion principle; filled elec-
tron shells cannot accommodate additional electrons. The interionic distance at which the attractive
and repulsive forces balance out is the equilibrium (minimum total energy) atomic separation in
the crystal. Additionally, the arrangement of ions within a crystal lattice will tend to be such that

the coulomb forces between ions will be smallest and most isotropic. As pressure is increased and
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Figure 4.1: Illustration of an ionic bond (a), a polar covalent bond (b) and a nonpolar covalent bond
(c) [McMurry and Fay, 2004].

ions are forcibly pushed together, the total energy of the system increases, and at a certain point,
the ions in the crystal will generally reorient themselves in such a way as to reduce the interionic
forces (and, thus, the total energy) by increasing coordination number or distance between ions of
like charge. This is the simplest picture of the pressure-induced structural phase transition. Phase
transitions may be prompted by other more subtle election-correlation effects, but for the purpose
of this study, this the most important one to understand. As already noted, however, a purely ionic
bond never actually occurs. In real solids there will always be a non-negligible amount of shared or
delocalized charge (Figure 4.1 is a more realistic picture of an ionic bond). However, the simple
model put forth here, which treats the ionic crystal purely as a collection of point charges or charged
rigid spheres with solely electrostatic interactions, has yielded surprisingly accurate predictions of
the properties of ionic solids.

The covalent bond is formed when a pair of atoms can achieve a filled electronic shell by
’sharing’ one or several electrons. The shared electron will occupy the region of space between the
two ions (which under normal circumstances would repel each other), attracting each ion to itself
and, thus, each ion to the other. If the attractive force is strong enough, a stable covalent "bond’ will
be formed (Figure 4.1). If the two atoms involved in the bond are of the same species (for example
Ny), their attraction for electrons (electronegativites) will be identical, and thus the shared electrons
(3, for N3) will occupy the space between the atoms uniformally (or, one may say that the shared
electrons will spend an equal amount of time bound to each atom). If, however, the atoms are of
different species, the electrons will be displaced towards the atom with a higher electonegativity,
forming a polar bond which is a combination of covalent and ionic, and can be described by the
percentage of ionic character (Figure 4.1).

Metallic systems are generally composed of atoms with unfilled valence electronic shells



43

from which electrons can be removed rather easily. These outer electrons become delocalized and
form a uniform ’sea’ of negative charge, to which the (now positively charged) ions are attracted.
The delocalized electrons are able to move freely throughout the lattice of cations, and, when subject
to a potential gradient, will move collectively, forming an electrical current.

At high pressure, when atoms in a solid are pressed closer and closer together, the outer
electrons in even an ionic solid will eventually be forced to delocalize and the system will become
metallic. However, the way in which this process occurs varies greatly from one material to the
next and sometimes surprisingly high pressure is required, as we shall see in this study. Many other
types of bonding exist which are not relevant for this particular study, and there are many additional
variations of the three mentioned here so briefly, the description of which will be left as an exercise
for the reader.

Lithium nitride is the only known thermodynamically stable alkali metal nitride and is one
of the most ionic of all known nitrides. At ambient pressure, the nitrogen exists in an anomalous
multiply charged (N37) state [Dovesi et al., 1984, Kerker, 1981] which is stable only because of its
crystal environment - a hexagonal bipyramid of Li™ ions. This layered structure («-LizN, P6/mmm)
consists of LioN layers, widely separated and connected by one lithium atom per unit cell occupying
a site between the nitrogen atoms in adjacent layers [Zintl and Brauer, 1935, Rabenau and Schulz,
1976, Rabenau]. This material is a superionic conductor via vacancy-induced Li* diffusion within
the LioN layers [Wolf, 1984, Sarnthein et al., 1996, Bechtold-Schweickert et al., 1984]. Although
this phenomenon is not a central focus of this particular study, it has driven so much of the past

work on LizN that we will here give some additional details.

4.1.2 Superionic Conductivity

Superionic conductivity (SIC) is a property of some materials in which one of the atom
species is able to move through the crystal (at liquid-like rates) while the crystal itself remains in
the solid phase. [Keen, 2002] There are three basic types of SICs: those that become superionic
via a first-order structural phase transition driven by temperature or sometimes pressure, those that
become so when the defects in a particular phase suddenly begin to conduct after a gradual and
continuous disordering, and those for which there is no clear phase transition but simply a gradually
increasing mobility of defects.

LisN may presumably be considered to be either a type II or III SIC. Only the lowest

pressure hexagonal («) phase is a known SIC, and that at ambient temperature and pressure. The
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rate of conductivity is, however, strongly temperature dependent (pressure effects on the SIC have
not been investigated). As mentioned above, the conductivity is driven by Li vacancy defects within
the hexagonal planes and is orders of magnitude higher perpendicular to the c axis than parallel to
it [Wolf, 1984]. The Li'* ions are not allowed to migrate freely through the interstitial, however.
They move through the lattice by jumping from one vacant lattice site to another, spending a much
higher percentage of the time occupying a particular lattice site than en route.

Experimental verification or quantitative measurements of superionic conductivity are
quite difficult and at high pressure a method for direct measurement has not yet been found. Spec-
troscopies that probe local structure instantaneously (such as EXAFS [Boyce et al., 1981]), seem
promising. Indirect evidence for a superionic phase transition can include anomalies in specific heat
or lattice expansion. The majority of the SIC investigations, however, are conducted computation-

ally with methods such as molecular dynamics.

4.1.3 Li;N Applications

One of the reasons the SIC phase has drawn interest is the prediction that the water and
ammonia ices which compose the cores of the giant planets are existing in a superionic phase
[Cavazzoni et al., 1999], explaining the unusual magnetic fields measured around Uranus and Nep-
tune. The provocative similarity of the cubic phase of LisN to the high-pressure nonmolecular
predicted phase of NHj3 suggests that this and further studies of this analogous lithium-containing
compound may have important implications for geophysics and planetary physics. The applications
of SICs as battery electrolyte materials has prompted studies of these materials [Nazri, 1989] and
LisN also has potential for such uses [Rabenau and Schulz, 1976, Rabenau].

The possibilities for LisN’s use as a hydrogen storage medium or component of a hydro-
gen storage or release process has also prompted some studies [Hu and Ruckenstein, 2005, Ichikawa
et al., 2004, Nakamori et al., Chen et al., 2002]. Hydrogen is a very promising clean fuel, provided
an economically practical, stable, safe and rapid storage method with high capacity can be found.
Storing Hs as a liquid or gas turns out to be too costly, dangerous and inefficient, and the best pos-
sibility is containment within a solid crystal. LisN has been reported to absorb as much as 10.4 wt
% hydrogen (with a reversible capacity of 5.5 wt %, however) with reasonably fast kinetics, and its
potential has been explored in the above cited papers.

A last technical application (which prompted an investigation into its behavior at high

pressure [Ho et al., 1999]) was LizN’s usefulness in combination with GaCls in the synthesis of GaN
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[Xie et al., 1996], a semiconductor with properties optimal for use in various nanoscale electronics.

4.1.4 Structural properties

Properties of LisN revealed through these studies are as follows: at ~0.5 GPa, a-LisN
transforms into a second layered hexagonal structure (3, P63/mmc; Figure 4.5) with BN-like hon-
eycomb LiN layers [Beister et al., 1988]. In this structure, each nitrogen binds an additional lithium
atom above and below the plane and, unlike the LioN layers in a-LisN, adjacent LiN layers are
shifted relative to one another. [-LisN is metastable at ambient pressure and is typically found
mixed with the a-phase. It remains stable up to 35 GPa — the high-pressure limit of experiments on
Li3N to date. A second phase transition to a cubic structure - P43m at 37.9 GPa [Ho et al., 1999] or
Fm3m at 27.6 GPa [Schon et al., 2001] - has been predicted. If it exists, the similarity of this phase
to those of other simple ionic cubic solids such as NaCl makes it an interesting study, particularly
in light of its higher ionicity. Understanding the behavior of the unstable and highly charged N3~
ions under large compression is of particular interest.

We present here the first concrete experimental evidence that 3-LisN indeed transforms
to a cubic structure (y-LizN) in the pressure range of 36-45 GPa. This transformation represents an
increase in structural and bonding strength and isotropy, and is accompanied by a relatively large
volume collapse and a fourfold widening of the electronic band gap. y-LizN is uncommonly stable
and quite compressible in this pressure regime and up to at least 200 GPa, making it a possible

candidate for an internal pressure standard.

4.1.5 Electronic properties

Electronic changes accompanying pressure-driven structural phase transitions in cova-
lently bonded materials such as graphite and boron nitride are relatively well understood because
their directional bonding is affected by changes in the local crystal environment in a predictable

way.

Valence bond and molecular orbital theory

To explain the nature of the bonds in common covalent compounds, some discussion of
valence bond and molecular orbital theory is needed. A simple model which describes bonding
based solely on atomic orbitals of valence electrons (s-like, p-like, d-like, etc.) turns out to be

inadequate, in many systems, to explain the behavior of an electron in the electric field generated
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Figure 4.2: a) sp> and b) sp? hybrid orbitals. [McMurry and Fay, 2004]

by the nucleus and surrounding electrons in a crystal. In many instances (such as graphite and
carbon), the bonding states could only be described with a superposition of different atomic orbitals
belonging to the atoms in the system. Valence bond theory (which is adequate for providing a good
qualitative description of what is going on in simpler organic molecules containing C, N and O)
depicts these new orbitals as simple hybrids.

For example, in the case of diamond, in which each carbon atom is tetrahedrally coor-
dinated with 4 others, symmetry required 4 symmetric bonds surrounding each atom. Carbon’s
valence configuration is 2s22p?. A stable configuration can be formed if the electrons redistribute
to a 2s'2p? configuration. The s and p electrons hybridize to form four new orbitals called ’sp?
hybrids’, all with equal length and shape (Figure 4.2), which are shared with the four neighboring
carbon atoms such that each carbon *sees’ four completely filled sp? hybrid orbitals (called o bonds);
an extremely stable and strong configuration which is directly reflected in diamond’s extraordinary
properties.

We will mention one other common hybrid because it is relevant for the following discus-
sion: the sp? hybrid, which is a good model for the bonding in graphite. In this case, the 2s'2p?
valence electrons hybridize such that the s electron mixes with only 2 of the p electrons, forming 3
equal sp? orbitals and one remaining p orbital. The o bonds in this case are composed of the 3 sp?
orbitals which are shared with the 3 nearest neighbor carbon atoms within the hexagonal (ab) planes
of graphite. The remaining p orbital has the symmetry of the atomic-like p, orbital with which we

are already familiar: it forms two lobes above and below the carbon atom and perpendicular to the
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Figure 4.3: bonding and antibonding combinations of atomic orbitals.

hexagonal planes (Figure 4.2). The overlap (shared electrons) between the p orbitals and neighbor-
ing p orbitals form what we call m bonds. The primary distinguishing feature of m and ¢ bonds is
that a o bond exists in the region along a line drawn between the nuclei of the bonded atoms.

The valence bond theory is simple and qualitatively accurate but does not yield good quan-
titative results; for that we must move on to molecular orbital (MO) theory. Using this approach it is
qualitatively much more difficult to describe even the simplest molecules. This theory does not view
the electrons as ’belonging’ to any particular bond, but to the molecule as a whole. Quantum me-
chanically, MOs can be seen as a linear combination of the one-electron type atomic basis functions
centered on each atom, which then become the appropriate eigenstates of the Hamiltonian describ-
ing that particular system. The atomic orbitals can be combined additively or subtractively, forming
two MOs which occupy different regions in space and have different energies (Figure 4.3). The
low-energy MO occupies the region between the nuclei and is termed the bonding state, because
it is energetically advantageous for the bonding electrons to occupy this region. This can be seen
as a constructive (energy-lowering) interference of the one-electron wavefunctions as two atoms
are brought close together. The subtractive (called antibonding) combination can be understood as
the destructive interference of electron wavefunctions as atoms are brought together, which results
in an increase of energy. Therefore, these states do not overlap in the region between the nuclei.
As atoms are brought close together (by a method such as pressure), then, we see a decrease in

energy of the constructively interfering electronic states (which are occupied and located between
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the atoms), and an increase in the energy of the destructively interfering (unoccupied) states. This
effect on the fundamental band gap in a material as a function of pressure will become important

later in this discussion.

Electronic Interlayer state

In non-directionally-bonded closed-shell ionic materials, however, the situation is a bit
more subtle, and electronic changes not as well documented. Previous existing work on highly
ionic solid Li3sN demonstrates that this material retains its ionic character up to very high pressure,
while undergoing a significant structural transition [Lazicki et al., 2005]. Inelastic x-ray scattering
experiments as well as first-principles calculations reveal that this structural change is accompanied
by distinct changes in the electronic bands. Here we explore the origins of these changes and
identify an important feature in the band structure: an interlayer band (to the best of our knowledge,
observed here for the first time in an ionic solid) which was previously incorrectly understood to
have Li 2s character [Kerker, 1981].

This interlayer band (Figure 4.4) was first predicted in lithium intercalated graphite com-
pounds [Posternak et al., 1983] when a conduction band previously labeled an ’alkali band’ and
assumed to originate from Li s was shown to have an unusual amount of its charge density in
the vacuum region between the hexagonal layers, rather than spherically distributed around the
Li atoms. The actual Li s states were identified at much higher energy. This interlayer state has
free-electronlike character in the region between the layers. It was also shown to exist in the pure
graphite, and also when the dimensions of the system were reduced down to a monolayer. The
density is not bound to individual C atoms, however, but to the neutral monolayer’s short range
attractive potential. A study based on the observation of similar bands in hexagonal boron nitride
[Catellani et al., 1985] suggests that they originate from bonding and antibonding combinations of
surface states which are bound to each monolayer.

Recently, the presence of this layer has taken on new significance with the observation by
Csanyi et al. [Csanyi et al., 2005], that superconductivity in the graphite intercalates appears to be
correlated with the occupation of the interlayer band. In the Li intercalated graphites, the energy
of the band can be lowered (to the point where it becomes occupied as it crosses the fermi level)
by increasing the concentration of Li ions or the c-axis lattice constant. An examination of the
presence of superconductivity in some of the graphite intercalates and not others shows a provoca-

tive correlation between the phenomena. Also, hybridization between the carbon 7* bands and the
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Figure 4.4: Band structure of primitive graphite [Boeri et al., 2007], highlighting the character of
the bands. Green corresponds to ¢ bands, red to 7 and blue to interlayer states.
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free electron-like band (which they attribute to the calcium intercalant, however) appears to facili-
tate electron-phonon coupling in the material [Calandra and Mauri, 2005]. Further investigation by
Boeri et al. [Boeri et al., 2007] suggests that it is the filling of the interlayer band which prompts
the occurrence of strong electron phonon interactions between the 7* and interlayer electrons and

providing the mechanism for superconductivity.

Band gaps under pressure

In the cubic () phase of LizN, an observed pressure-driven widening of the electronic
band gap is related to an expected rapid increase in energy of the conduction bands relative to the
valence bands, as a result of their higher principle quantum number and kinetic energy. Neigh-
boring compounds Li»O and LiF are shown to exhibit similar band-gap increases demonstrating
that, far from being unusual, this appears to be the norm for second-row closed-shell ionic solids.
Metallization for LizN is not predicted until pressures exceeding 8 TPa - a nearly 13-fold volume

compression [Lazicki et al., 2005].

4.2 Experimental Details

Polycrystalline lithium nitride powder (99.5 % purity, CERAC, Inc) was loaded into a
membrane diamond-anvil cell of LLNL design. Several diamond sizes were used to obtain an ex-
tended range of pressure up to 200 GPa. In the lower pressure experiments, argon was used as a
pressure medium and internal pressure standard. For the high-pressure experiments, no pressure
medium was used, and copper or ruby (Al,03:Cr3*) were included in the sample chamber as pres-
sure indicators. Under non-hydrostatic conditions, the equation of state fitting parameters differed
from those obtained under quasi-hydrostatic conditions by 8.7%, 0.8% and 13% for B,, V, and B,’,
respectively. Samples were loaded in an argon environment as LigN is hygroscopic. High-pressure
behavior was investigated by angle-dispersive powder x-ray diffraction (ADXD) at 16IDB and in-
elastic x-ray Raman scattering (XRS) at 16IDD of the High-Pressure Collaborative Access Team
(HPCAT) beamlines at the Advanced Photon Source (APS). For the ADXD experiments, we used
intense monochromatic x-rays (A = 0.3683 or 0.4126 A) microfocused to ~10 pm at the sample
using a pair of piezo-crystal controlled bimorphic mirrors. X-ray diffraction patterns were recorded
on a high-resolution image plate detector (MAR 350) and analyzed with the FIT2D [HAM], XRDA
[Desgreniers and Lagarec, 1994] and GSAS (EXPGUI) [Toby, 2001] programs. For the XRS exper-
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iments, we used monochromatic x-rays (9.687 keV) focused to ~20 x 50 pum at the sample through
an x-ray translucent Be gasket by a pair of 1 m-long Kirkpatrick-Baez focusing mirrors. Six spher-
ically bent Si(660) single crystal analyzers (50 mm in diameter) were vertically mounted on a 870
mm Rowland circle to refocus inelastically scattered x-ray photons onto a Si detector (Amp Tek) at
a scattering angle of 25° in a nearly back scattering geometry (Bragg angle of 88.6°). This configu-
ration corresponds to a momentum transfer of q ~2.2 A~1. The overall system provides an energy

resolution of ~1 eV.

4.3 Computational Details

We have also performed first-principles electronic structure calculations to explore and
clarify the electronic changes happening under pressure. Because of the large six-fold compression
carried out in these calculations, we used two methods for comparison: full-potential linearized
augmented plane-waves (LAPW) as implemented in WIEN2k code [?] within the Generalized Gra-
dient Approximation [Perdew et al., 1996] and a full-potential nonorthogonal local-orbital minimum
basis bandstructure scheme [Koepernik and Eschrig, 1999], within the local spin-density approxi-
mation (LSDA) [Perdew and Wang, 1992]. For the LAPW calculation, muffin tin radii (R,,,;) were
set so that neighboring muffin tin spheres were nearly touching at each volume, and the plane wave
cutoff K,,4, was determined by R,,,; K, = 9.0. The Brillouin zone was sampled on a uniform
mesh with 185 irreducible k-points. The energy convergence criterion was set to 0.1 mRy. For both
calculations we found it necessary to put the lithium 1s core electrons into the valence states. Thus,
in the FPLO scheme, Li 1s, 2s, 3p, 3s, 3p and 3d states and N 2s, 2p, 3s, 3p and 3d states were used
as valence states and only the lower-lying N 1s state was treated as a core state. The results of these

two codes were in good agreement.

4.4 Results

4.4.1 X-Ray Diffraction

At low pressures our x-ray data indicate a coexistence of « and § phase, consistent with
previous observations [Ho et al., 1999]. The mixture converts to single phase (opaque) 3-LizN near
0.5 GPa. Between 35 and 45 GPa, we observed §-phase transform to a new transparent phase, -

LisN, which remains stable up to 201 GPa, the maximum pressure achieved in the present study. A
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Figure 4.5: ADXD diagrams of LigN at ambient pressure (a mixture of « and 3 hexagonal phases),
at ~38 GPa (3 phase, directly prior to the phase transition), at 43 GPa (+y phase, directly following
the phase transition), and at 201 GPa (still ¥ phase, mixed with copper pressure indicator). Refined
and difference patterns from the GSAS Rietveld refinement are shown, and hkl reflections from each
phase shown in green («), red (), black (), and magenta (copper). The three crystal structures are
shown, with large atoms representing the highly negative nitrogen ions, small representing lithium.
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Figure 4.6: Experimental and calculated equation of state of - and y-LizN. In the inset, the high
pressure bulk modulus of ~-LizN is compared to other common highly compressible materials.
[Sata et al., 2002, Hemley et al., 1989] (NaCl, MgO and Ne Curves are interpolated up to 200 GPa).
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possible beginning of this transition was reported in [Ho et al., 1999] and [Beister et al., 1988]. An
additional transition to an orthorhombic structure predicted at 168 GPa [Schon et al., 2001] is not
seen. Figure 4.5 shows the measured and refined diffraction patterns of y-LigN at 43 GPa and 201
GPa. The refinement was performed based on the LizBi structure (Fm3m) with one formula unit per
primitive fcc cell consisting of one lithium and one nitrogen ion occupying m3m sites, and the two
additional lithium ions in the 43m sites, each tetrahedrally coordinated with 4 nitrogen ions. Slight
changes in relative intensities of the diffraction peaks appear to be due to increasing occupancy of
the Li 43m sites with pressure (92.2% at 43 GPa and 99.9% at 201 GPa).

The pressure-volume data for the 5 and ~ phases and their 3rd order Birch-Murnaghan
equation of state (BM-EOS, Equation (5.1)) fits are shown in Figure 4.6, with fitting parameters
summarized in Table 4.1. Equation of state is also calculated with DFT and shown as the dotted
lines in Figure 4.6. The fitting parameters are compared to experimental data in Table 4.1, and
the good agreement between experiment and theory indicates that the approximations made in the
calculations are appropriate for this system.

The 3 — ~ transition is accompanied by an 8% volume collapse and an increase in the
coordination number for every atom. In the 3 phase (a~3.20 A, c~5.71 A, at the transition), each
N3~ jon is surrounded by 11 Li* ions (three in the hexagonal planes at 1.85 A, two above and below
the plane at 1.90 A and six in trigonal prismatic coordination at 2.1 A). In the ~ phase (a~4.5 A),
14 Lit ions surround N3~ eight tetrahedrally coordinated with N at 1.95 A and six octahedrally
at 2.25 A. Across the phase transition there is no discontinuity in the nearest-neighbor N distance
(~3.23 A), and the nearest N-Li distance even increases slightly. The significant increase in packing
without a decrease in distance between highly charged N ions makes the v phase highly preferred
at high pressures. The more populated and symmetric distribution of Li ions serves to effectively
shield the highly charged N ions from one another and even potentially to compress their ionic radii
[Wilson et al., 1996], stabilizing the cubic structure up to very large lattice constant reduction.

The compressibility of v-LisN rivals other common and highly compressible closed-shell
cubic solids [Sata et al., 2002, Hemley et al., 1989] as seen in the inset of Figure 4.6. The results
clearly show that -LisN is harder than neon, but softer than MgO and even NaCl above 100 GPa.
The distinct lack of broadening in the measured ADXD (seen at 201 GPa in Figure 4.5) even in the
absence of a pressure medium also suggests that this material has very low shear strength, which is
consistent with a high compressibility. In instances where this is not the case, anisotropic stresses in
the material will begin to result in small distortions of the crystal lattice which will diffract x-rays

at slightly varying angles. As a result, the narrow peaks will appear smeared out or broadened.
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Figure 4.7: Measured nitrogen k-edge XRS spectra from the three phases of LizN (error bars es-
timated as the square root of the counts) compared with calculated Nitrogen p and Lithium s pro-
jected density of states and with the calculated x-ray absorption spectrum. The calculated curves
were offset by 394.2 eV (arbitrary) in every case, for the sake of qualitative comparison with the
experimental results.
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Table 4.1: Volume per formula unit V,,, bulk modulus B,, its pressure derivative B,’, volume change
at the J—-y transition and transition pressure as obtained in experimental(*) and theoretical work
in present and other studies. Experimental errors are primarily a result of non-hydrostaticity in the
DAC. The ~y-phase predicted in reference [Ho et al., 1999] is space group P43m.

Vo (%) Bo(GPa) Bo’ AV—X P(GPa)
Exp.* 8 34.4(.8) 71(19) 39(9) 8%  40(5)
v 30.8(.8) 78(13) 4.2(.2)
Th. 8 34.44(.08) 68(3) 3.6(.1)  67% 40.4
v 31.16(.08)  73.1(.8)  3.85(.01)
[Ho et al., 1999]* 8 35.04 74(6) 3.7(.7) >35
[Ho et al., 1999] 8 30.88 78.2 3.77 8% 37.9
y 28.08 82.8 3.84
[Schon et al., 2001] | 8 33.36 28(5)
ol 30.44
[Beister et al., 1988]* | 3 34.48 >10

The similar trend in compressibility between y-LisN and the isoelectronic close-shelled Ne appears
analogous to the case of ionic CsI and Xe which follow nearly identical compression curves [Zisman
et al., 1985]. But unlike CsI and Xe which undergo a whole series of high-pressure phase transitions,

~v-LisN and Ne have a very high phase stability.

4.4.2 X-Ray Raman Scattering

Before we were certain of the ionic character of this compound at high pressure, the sig-
nificant (and provocatively similar to graphite-diamond and hexagonal-cubic BN) structural phase
transition led us examine the electronic structure for features similar to those seen in the covalently
bonded compounds. We therefore performed x-ray Raman spectroscopy, with which one can probe
the k-shells of low-Z materials (in our case, nitrogen). The most distinctive features of this spectrum
(Figure 4.7) are a ’near edge’ peak near 397 eV and a separate broader band near 403 eV, both of
which change with pressure. The relative intensity of the lower energy peak decreases from « to (3
phase and vanishes in the cubic and more closely packed ~ phase. All peaks shift to higher energy
with increasing pressure.

The acquired spectra describe the density of electronic transitions from nitrogen core to
the lowest lying unoccupied 2p conduction states. In the case of the covalently bonded materials,
the x-ray Raman spectrum is characterized by two distinct features: a sharper peak at lower energy
which has been shown to correspond to transitions to 7* molecular orbital states, and a broader

peak at higher energy which describes transitions to o* states. The phase transition from a layered
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Figure 4.8: Calculated electronic band structure for the three phases of LigN, with the interlayer
band highlighted in orange in the two hexagonal phases.

hexagonal structure such as graphite to a more isotropic cubic structure such as diamond is accom-
panied by a change from sp? to sp? bonding types. An sp?-bonded solid has a sizable proportion
of 7* bonding states which are completely absent in an sp® bonded material. Therefore, we expect
(and in fact do see) the narrower lower energy peak disappear across the hexagonal-cubic transition
in the covalently bonded compounds. An initial examination of the data acquired for LisN (Figure
4.7) was hopeful; to all appearances, the same story was being told. We see the same characteristic
leading edge peak in both hexagonal phases and not in the cubic phase.

Within the dipole approximation, and disregarding possible excitonic effects, the nitro-
gen k-edge x-ray raman should give us a reasonably good approximation of the x-ray absorption
spectrum. We therefore calculated this quantity from the nitrogen p projected density of states mul-
tiplied by the dipole-allowed transition matrix elements and a transition probability (Figure 4.7).
The important features in the experimental spectrum are reproduced reasonably accurately in the

calculated x-ray absorption spectrum and in the nitrogen p projected density of states as well. The
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projected density of states is shown for the purpose of demonstrating one important point: the lead-
ing edge peak (which, in the case of graphite, represents a m* bonding state with predominantly C
p- character [Batson, 1993]) is composed of nearly equal contributions from p. and p,+p,. This
indicates that the nitrogen p states in hexagonal LizN have little or no directional character; their
distribution is spherically symmetric (and the electronic states energetically indistinguishable). This
is good evidence in support of a closed-shell ionic state and raises interesting questions about the
nature of this leading edge peak. Why is it present in the hexagonal phase and not in the cubic, if
the p electron states are unaffected by changes in local coordination?

In contrast, electronic structure interpretations of ambient LisN from previous works
claim that the electronic bands from which this density arises have lithium 2s character [Kerker,
1981]. We plot the bandstructures for the three phases (Figure 4.8), and, from the symmetry of the
band in question (highlighted), it appears this is indeed a reasonable interpretation. In the a phase,
the band has a minimum with parabolic character around the T point and has I']” symmetry, as is
expected for the s-band. 3-LigN has two formula units per primitive cell, so the (symmetric) Ff
band folds back at the Brillouin zone boundary, giving rise to a second band with (antisymmetric)
F; symmetry (notation taken from Robertson [Robertson, 1984]). The projected density of Li s
states (black dotted curve in Figure 4.7) compared to nitrogen p, however, shows rather insignifi-
cant s contribution to this band, particularly in the « phase. It appears that a different interpretation

altogether is needed for this low-energy conduction band.

4.5 Discussion

Again we suggest an answer from a comparison with graphite and hexagonal boron ni-
tride. These materials, in addition to the 7* and o* states in the absorption spectrum, possess a
smaller and weaker peak, the existence of which has been long known but generally ignored be-
cause of its overlap with the much more dominant sp bands [Catellani et al., 1985, Reihl et al.,
1986, Fauster et al., 1983]. Its character, however, is well understood and in fact very recently it
has been suggested to play a vital role in the superconductivity of the lithium intercalated graphite
compounds [Csényi et al., 2005]. This band is a free-electron-like interlayer (IL) state (much less
well separated from the other electronic bands than in LizN) which is manifested as a concentra-
tion of electronic density in the interstitial region between the hexagonal layers. This state tends to
hybridize with the more dispersed atomic orbitals in the system, in our case nitrogen p.

An examination of the charge density originating from the IL band (Figures 4.9 and
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Figure 4.9: Valence (a) and interlayer (b) a-LisN charge densities perpendicular to the basal plane
(left panels) and within the basal plane (right panels). Contours are labeled in units of 0.01 e/A3
and separated by 0.05 e/A3 (a) and 0.01 e/A3 (b).
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Figure 4.10: Valence (a) and interlayer (b) 5-LisN charge densities perpendicular to the basal plane
(left panels) and within the basal plane (right panels). Contour lines are labeled in units of 0.1 e/A3
and separated by 0.05 e/A3.
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Figure 4.11: Total density of states of valence and low-lying conduction bands of 3-LizN between
0 and 35 GPa.
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4.10) indeed reveals, in the hexagonal phases, a concentration of electron density in the more open
interstitial regions between the hexagonal planes. The charge density associated with the very large
N3~ ions is extended rather far into the IL regions, such that the IL state adopts a significant amount
of N p character, which is here evident from the N-atom-like charge densities we see in this energy
range. The IL bands show a large dispersion along k, (I'-A), indicating that the states are not
strongly confined between the hexagonal layers in this material.

The IL bands in this material differ from those seen in graphite and graphite intercalates
and also h-BN in several ways. The effective band masses at the conduction band minima for «
and (3-LisN are 0.36m, and 0.46m,, respectively - a significant deviation from free electron-like
behavior. Between 0 and 35 GPa in the § phase, the energy of the IL band (particularly at the
minimum at K) does not change very much (Figure 4.11), in contrast to lithium intercalates which
exhibit an increase of IL band energy with decreasing c-axis lattice constant [Csanyi et al., 2005,
Blase et al., 1995] The increased stability and lack of free-electron-like character in the IL bands of
hexagonal LizN phases are likely due to the presence of Li ions between the layers, which serve to
break up the interlayer space and create disconnected regions of charge.

Within the dipole approximation (limit of small momentum transfer q), the XRS spectrum
will replicate the x-ray absorption spectrum and transitions from the core to an IL final state would
not be allowed (except in the case of a specifically oriented single-crystal sample [Batson, 1993]).
At larger values of q, however, non dipole-allowed transitions can contribute to the spectrum. In our
case q ~2.2 A~1, which is too large for the dipole approximation to be very good. However, within
the dipole limit the N k-edge XRS should show only final states with N 2p character and we do
indeed see good agreement between the XRS and N p projected DOS. This suggests that transitions
to the IL state are primarily only allowed to the extent that it is hybridized with the nitrogen p states,
and the intensity of the leading edge peak is a measure of the degree of that hybridization. The XRS,
therefore, provides an indirect measurement of the presence of an IL state, but the intensity of the
leading edge peak may not represent its full extent.

The existence of the IL band could also explain the lack of sharp onset to the leading edge
peak often seen in XRS due to excitonic effects [Buczko et al., 2000, Soininen, 2001, Shirley, 1998,
Shirley et al., 2001]. In cases where the electronic transition is 1s — 7* on a single atom, one has
a core hole and electron in close enough proximity for an exciton to be created. If the transition is
to an interlayer region, however, the core hole will be far enough away that exitonic effects will be
less, and we will not see such a sharp onset [Koma et al., 1986].

In this model, the large increase in band gap across the phase transition from hexagonal
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Figure 4.12: Sample image at ambient pressure (a) and at the 5—y phase transition near 40 GPa
(b). The bright spot at 40 GPa is the ruby grain used for pressure calibration.

(B-LisN to cubic v-LisN can be understood simply as a loss of the IL band. The cubic structure is
highly close-packed; it does not contain empty interstitial regions large enough for electronic states
with non-atomic character to exist. The implication then is that in this regime pressure is not moving
the system toward a covalent or metallic system (the typical behavior as bands broaden) but instead
into a much more strongly ionic state. In the cubic phase we see more localized and symmetric
charge distributions around the nitrogen atoms, making them even closer to the ideal N3~ state and
explaining the insulating character and high stability of this phase.

The large bandgap increase is evident experimentally from the change in optical absorp-
tion near the phase transition (Figure 4.12). The calculated band gap increases from § — ~y is 1.5
to 5.5 eV (and the GGA tends to cause an underestimate of the gap). At 5.5 eV we may expect to
see a completely transparent sample but, in fact, we see a strong yellow-orange tint (corresponding
to a gap in the vicinity of 2.5 eV). However, many other factors such as absorption from a color
center produced by Li vacancies (which are indeed predicted especially in the hexagonal phases,
as a driving force for superionic conductivity [Schulz and Thiemann, 1979]) could cause such a
coloration.

The calculated behavior of the y-LisN band gap upon further increase of pressure is some-
what unusual and interesting (Figure 4.13). As volume is reduced, the sim 5.5 eV indirect funda-
mental gap between I and X begins to increase rather rapidly, passing the band minimum at L near
V/Vg =0.4. The I'-L indirect gap continues to increase more slowly up to ~8.2 eV at V/V, =0.22

(calculated pressure of ~760 GPa), before finally beginning to collapse. Metallization via closing
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the valence band (closed triangles) are also shown. Vj is the volume of a-LizN at ambient pressure.
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of the I'-L gap finally occurs at V/V,, = 0.08 (calculated pressure of ~8 TPa, which is a lower limit
due to the known GGA misrepresentation of band gaps.) The gap closing is due to broadening of
the valence and conduction bands; the band centers, however, continue to separate throughout the
entire range of pressure. By metallization, the N 2p upper valence states have broadened by a factor
of 8.

For the sake of comparison, some of the highest metallization pressures that have ever
been predicted are for other cubic closed-shell solids Ne, MgO and NaCl at 134 TPa, 21 TPa and
0.5 TPa, respectively [Boettger, 1986, Oganov et al., 2003, Feldman et al., 1990]. Clearly, v-LisN
fits well into this family. This analysis is neglecting the possibility of an additional structural phase
transition for LigN at higher pressures. An fcc to a more close-packed hcp or orthorhombic phase
transition is conceivable; however, from the example of He [Young et al., 1981], this may not
significantly effect the metallization pressure.

This unusual phenomenon of band gap widening under pressure has already been ob-
served in a few materials. In the case of diamond and cubic boron nitride, for instance, it is the
bonding-antibonding splitting of valence and conduction band states which are responsible for a
gap opening under pressure, coupled with the lack of d states in the low-lying conduction bands
[Fahy et al., 1987, Wentzcovitch et al., 1986] (further explanation will follow). ~-LisN bonding
character appears to be quite strongly ionic however, so this explanation is not adequate.

Under pressure the dominant electronic band effects we observe are shifting and broad-
ening. The energy shift is determined by the principle that bands with higher total energy (re-
lated to principle quantum number n) will increase in energy with respect to lower bands, and that
bands with smaller ¢ (orbital character) increase in energy with respect to larger £ [McMahan, 1986,
McMahan and Albers, 1982]. All bands increase in energy under pressure, but the higher energy
bands are the ones most strongly effected by a volume reduction. The kinetic and potential energy
of the states vary with volume as V~2/3 and V—1/3 respectively, so at small volume the kinetic term
becomes the dominant energy. The number of radial nodes in a wavefunction is roughly a measure
of the kinetic energy, so it is evident that the s bands will be more strongly effected (will increase in
energy more rapidly) than the p, and the d and f states even less because of the decreasing number
of radial nodes. The mechanism for metallization in most higher-Z ionic, insulating compounds,
is the strong relative decrease in energy of the conduction d bands relative to the s and p valence
bands, leading to eventual transfer of electrons from d to s across the fermi energy, or hybridization
between these states [McMahan, 1986, McMahan and Albers, 1982].

The first and second-row compounds, however, have filled (or partially filled) bands of
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volume. LisN Vj (in this instance alone) is taken as the volume at the 5 — ~ phase transition.
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principle quantum numbers 1 and 2, which are lacking d states. In the bandstructures for these
compounds there are no low energy conduction bands with d character. The reason for the record-
breaking metallization pressure of Ne is that the band overlap does not occur until the 3d conduction
bands have fallen in energy through all the 3s and 3p bands, to finally overlap the 2p valence bands at
an astonishing 34-fold volume compression. Close-shelled ionic compounds LisN (and, similarly,
Li»O and LiF) have completely filled 1s shells on the lithium ions and 2p shells on the anion. The
conduction bands, therefore, consist of entirely Li 2s/2p character and anion 3s/3p character, which
can be expected to increase in energy more rapidly than the lower-quantum number valence states,
resulting in the observed band gap increase in all three of these compounds [Clerouin et al., 2005,
Zunger and Freeman, 1977]. Using Wien2k, we have also calculated the gap widening in these
compounds and compared to that of LisN in Figure 4.14. Zunger et al. detect a small amount
of hybridization (covalency) in the LiF bonds, and credit the bonding-antibonding splitting with
the gap increase. The pressure-induced energy shift in eigenvalues for covalent materials due to
bonding-antibonding splitting is generally much stronger than shifts in ionic systems [Zunger and
Freeman, 1977], and so it may be that it is this contribution which is causing the LiF band gap
increase with pressure to be so much larger than that of LisN and LiO.

Finally, we compare lithium nitride to some related alkali pnictides (Figure ?? and see
nice systematic behavior in this family of compounds. The hexagonal—cubic phase transition hap-
pens at lower and lower pressure with increasing atomic number until, in the case of Li3Bi, the cubic
structure is the ambient phase. NHgs has been predicted to transform to a hexagonal superionic phase
at high pressure and temperature, and we postulate that it may follow the same sequence of phase

transitions at extreme conditions.

4.6 Conclusion

In summary, we have provided the first coherent picture of the structural and electronic
changes associated with a graphite-diamond-like transition in LizN. The high-pressure cubic phase
has been discovered to possess several interesting and unique properties including unusually high
phase stability and robust ionicity to pressures exceeding 200 GPa and high compressibility rival-
ing commonly used pressure media such as NaCl. Other alkali pnictides are shown to follow a
systematic sequence of phase transitions, indicating that high density NH3 may follow the same
trends.

In addition, LizN is demonstrated to possess large concentrations of states with charge
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(unoccupied) in the open interlayer regions of the hexagonal phases, which result in low-energy
conduction bands of the variety previously observed in layered covalently bonded compounds but
not to our knowledge previously seen in ionic materials. The strong hybridization between the
interlayer state and nitrogen p states allows its detection with X-ray Raman spectroscopy. The large
band gap increase across the hexagonal-cubic phase transition is then interpreted as a loss of the
interlayer band. Further increase of the band gap as pressure is increased is related to the rapid
upward shift of the lower conduction bands relative to the valence bands, by reason of their higher
angular momentum character. This band gap widening is revealed to be a general trend in the

closed-shell ionic second row compounds.
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Chapter 5

Pressure-induced
antifluorite-to-anticotunnite phase
transition in dense ice analog lithium

oxide

5.1 Introduction

Lithium oxide (Li2O) is one of simplest ionic oxides and it is isoelectronic to HoO. At
ambient pressure it exists in the antifluorite structure [Shunk, 1969], characterized by oxygen (0?™)
ions arranged in an fcc sublattice with lithium (Li'") ions in tetrahedral interstitial sites (Figure
5.3a). This structure is in contrast to that of isovalent symmetric ice (ice X), where the oxygen
sublattice forms a bce arrangement [Hirsch and Holzapfel, 1984].

At low pressures, water takes on nine different structural phases, in all of which the HoO
molecules remain well-defined and the solids are held together by relatively weak hydrogen bonds.
The phase sequence is shown in Figure 5.1. In the range of 40 to 60 GPa, a transition to this
ice X phase 5.2 (see Figure 5.2) has been predicted [Hirsch and Holzapfel, 1984, Schweizer
and Stillinger, 1984, Benoit et al.] and also indicated experimentally with various spectroscopies
[Polian and Grimsditch, 1984, Pruzan et al., 1993, Pruzan, 1994, Goncharov et al., 1996, Aoki et al.,
1996, Struzhkin et al., 1997]. This simple nonmolecular bce phase is marked by the presence of the

hydrogen atoms at the midpoints between oxygen atoms. Pressure appears to be moving this system
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from a covalently bonded molecular system to an ionic or dissociated phase.

A further transformation to an antifluorite phase in ice at some pressure above 150 GPa
has been predicted [Demontis et al., 1988, 1989], and experiments show changes in vibrational mode
coupling [Goncharov et al., 1996] and single-crystal x-ray diffraction peak intensity [Loubeyre et al.,
1999] near 150 GPa. Recent studies argue that a new phase is either hexagonal or orthorhombic
[Benoit et al., 1996], but the existence and nature of this phase and the pressure at which it is reached
are still uncertain [Loubeyre et al., 1999, Benoit et al., 2002]. In further similarity to ice, for which
a high-pressure, high-temperature superionic phase has been predicted [Cavazzoni et al., 1999],
ambient pressure LioO becomes superionic at temperatures above 1350 K [Hull et al., 1988], prior
to melting at 1705 K [Liu et al., 1985]. The superionic phase of water appears to be characterized
very short-lived bonds with ~50/50% covalent/ionic character and conduction occurs via H™ proton
diffusion [Goldman et al., 2005].

In the superionic phase of LisO, oxygen ions constitute a rigid framework while Li™
ions move from one tetrahedral site to another via octahedral interstitial sites. Despite its marked
similarities to HoO, until very recently the high pressure behavior of LioO was not addressed in the
literature. One report by Kunc et al. [Kunc et al., 2005] identified a high pressure phase transition
using powder x-ray diffraction and investigated trends under pressure using ab initio calculations,
but so far data at only one pressure point in this high pressure phase has been reported.

Understanding the behavior of Li»O at high temperatures and pressures could therefore
be very useful as an aid in understanding the behavior of HoO ice and similar low-Z ices. These hot,
dense ice structures are of very great importance to planetary science, geosciences, and fundamental
chemistry, because of the fact that superionic phases of some of these compounds (H2O, CH4 and
NH3) within the thick intermediate layer of such giant planets as Uranus and Neptune have been
suggested to be responsible for their mass distribution and magnetic fields [Cavazzoni et al., 1999,
Hubbard, 1981, Ness et al., 1986].

Experimentally it is very difficult to study these compounds because the electron density
on the hydrogen ions (the conducting ion species) is so low that their location and motion is very
difficult to detect experimentally. Additionally, the pressure/temperature regions at which these
phases are predicted to occur is just at the boundary of what is possible using current diamond anvil
cell techniques. Even computational techniques are challenged by these compounds because unex-
pected quantum effects can have a strong effect on their overall properties. It therefore makes sense
to supplement the investigations of the ices with detailed studies of their structural and electronic

analogs. The properties of LioO, which is about as good an example of a closed-shell ionic solid
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as can be found, differ remarkably for the ambient condition phase of H2O, but the above evidence
suggests that, at high pressure, HoO may be approaching much more closely the state of ambient
LisO.

Technological applications for LioO also exist and justify an investigation of this material;
they range from possibilities for hydrogen storage (in combination with LisN [Hu and Ruckenstein,
2005]), to use as a blanket breeding material for thermonuclear reactors to convert energetic neu-
trons to usable heat and to breed tritium necessary to sustain deuterium-tritium reactions [Tanaka
et al., 2000, Noda et al., 1981]. Additionally, investigation of this simple material is a reference
point for understanding more complex metal-oxides.

In this study, we investigate the high pressure behavior of LioO at room temperature with
ADXD and Raman spectroscopy. We present further and more complete evidence for a phase
transition from antifluorite to anticotunnite structure, recently observed for the first time by Kunc et
al. [Kunc et al., 2005], and discuss it in light of similarities to trends observed in the alkali metal

sulfides.

5.2 Experiment

Polycrystalline LioO powder (99.5% purity, CERAC, Inc.) was loaded into a membrane
diamond anvil cell (DAC) of Livermore design. Brilliant cut diamonds with 0.3 mm flats were
used with a 0.15 mm diameter sample chamber in a rhenium gasket of 0.05 mm initial thickness
to achieve a pressure range of 8 to 61 GPa. No pressure medium was used in the experiments, as
a-LisO has a low enough bulk modulus that non-hydrostaticity was not predicted to be a serious
concern. This assumption turned out to be potentially problematic, as will be shown. In the first
experiment copper was included in the sample chamber as an internal pressure indicator and in the
second pressure was determined from micron-sized ruby (AlyO3:Cr?t) crystals using the quasihy-
drostatic ruby pressure scale [Mao et al., 1986a]. All sample loadings were performed in an inert
environment, as LioO is hygroscopic.

High-pressure behavior of LioO was investigated by ADXD and Raman spectroscopy,
both at ambient temperature. ADXD was performed at the microdiffraction beamline 16IDB of
the HPCAT (High Pressure Collaborative Access Team) at the APS (Advanced Photon Source). In
these experiments, we used intense monochromatic x-rays (A = 0.36798 or 0.41285 A) microfo-
cused to about 0.01 mm at the sample using a pair of piezo-crystal controlled bimorphic mirrors.

The x-ray diffraction patterns were recorded on a high-resolution image plate detector (MAR 345).
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Figure 5.3: (a) antifluorite a-LisO structure. (b) anticotunnite (-LioO structure showing the
tri-capped trigonal prismatic coordination. Large atoms represent oxygen and smaller represent
lithium.
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Figure 5.4: Rietveld refined x-ray diffraction profile of - and 3-Li2O. For the diffraction patterns
shown, the final refinement converged to R(F?) = 0.1054 for the « phase and R(F?) = 0.1197 for
the § phase. In the high pressure phase, only the most intense reflections are labeled. Unit cell

parameters for the phase were determined from the positions of the most isolated and/or intense
peaks: (002), (011), (111), (211), (013) and (020).

The recorded two-dimensional diffraction images (Debye-Scherrer rings) were then integrated to
produce high quality ADXD patterns using FIT2D and analyzed with the XRDA [Desgreniers and
Lagarec, 1994] and GSAS (EXPGUI) [Toby, 2001] programs.

Raman spectra were excited using an argon-ion laser (A = 514.5 nm) focused to ~0.01
mm. Scattered light (measured in back-scattering geometry) was filtered with a 514.5 nm Super-
Notch-Plus filter, analyzed with a single spectrometer (characterized by less than 3 cm™! spectral
resolution) consisting of a 1200 grooves/mm ion-etched blazed holographic diffraction grating, and
imaged with a liquid nitrogen cooled CCD camera at Lawrence Livermore National Laboratory. A

1

spectral range of 100-1400 cm™ " was used.
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Figure 5.5: LioO ADXD patterns across the phase transition from cubic to orthorhombic, showing

the large pressure range of two-phase coexistence.
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Table 5.1: Lattice parameters (given by XRDA) and refined fractional coordinates for 3-LioO at
61.9 GPa. Uncertainties reported are those output by GSAS for this refinement. However, the
complexity of the structure and the quality of the data suggest that in reality these parameters are
less certain.

Lattice parameters a(A) b(A) cR)
(61.9 GPa) | 4.456(2) | 2.7865(6) | 5.212(1)
Fractional coordinates X y z
O | 0.745(1) 0.25 0.600(1)
Li(1) | 0.883(3) 0.25 0.305(2)
Li(2) | 0.305(3) 0.25 0.570(3)

5.3 X-Ray Diffraction

Rietveld refinements of the ADXD patterns of Li2O confirm the identity of the antifluorite
(a-LigO) structure (Figure 5.4, top panel), which is found to be stable up to 45 GPa. Above this
pressure, diffraction peaks from a new phase begin to emerge, as shown in Figure 5.5. However,
traces of the low-pressure phase are apparent up to nearly 55 GPa. This large coexistence region may
be due to pressure gradients in the cell which arise because of a lack of pressure medium. However,
all diffraction peaks remain relatively sharp across the transition, demonstrating that shear stress
conditions are relatively uniform. In a homogeneous sample, such a coexistence region may be due
to hysteresis arising from nucleation barriers to a first-order transition, or it may indicate that this
transition is kinetically hindered or sluggish. This can happen when, by reason of something such as
a structural phase transition which involves a significant re-ordering of the atoms, there is potential
barrier which must be overcome before a transition to the lower-energy structure is possible. Heating
the sample is probably the most common technique for speeding up such transitions. In this pressure
region, the higher energy phase is metastable. This phenomenon is quite common. Diamond is very
stable but is in actual fact a metastable phase of carbon at ambient pressure and temperature. The
possibility of a kinetically hindered transition seems more likely in this case than a large pressure
gradient, and it is consistent with an even larger (25 GPa) hysteresis that was observed upon pressure
reversal, as will be shown.

The Cu pattern in the x-ray diffraction diagrams of Figure 5.5 is undesirable for a clean
refinement of crystal structure, particularly so for the high-pressure phase where several reflections
from Cu overlap with those from the sample. We performed an additional experiment without
Cu (but with ruby) and carried out a full Rietveld profile refinement of the structure based on the

anticotunnite (3-LisO) structure (PbCly-type, Pnma, Z = 4) identified in Ref. [Kunc et al., 2005],
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Figure 5.6: Powder diffraction rings of 3-LioO at 53 GPa (a) and 61 GPa (b), showing the presence
of texture in this phase, and the increase in preferred orientation with pressure. The three most
prominent rings shown are the (011), (102)+(200), and (111) reflections.
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and also seen in the similar alkali metal sulfide LisS system [Grzechnik et al., 2000]. Clearly, the
refined results (summarized in Figure 5.4, lower panel) are reasonably good even at 61.9 GPa.
The origin of the small reflection near 20 = 15.7 is unknown, but does not originate from the
sample. Refined parameters include cell parameters, profile function, fractional coordinates, thermal
parameters, Chebyshev polynomial background and the spherical harmonic (6! order) correction
for preferred orientation (PO). The starting atomic coordinates were those determined for LisS in
the Pnma structure at 7.9 GPa; a=5.92 A, b=3.65 A, c =6.90 A, xp = 0.77, x1;1 = 0.98, X120 =
0.32, z0 = 0.61, z1,;; = 0.36, z1,;2 = 0.56. The final refinement converges to R(F?) = 0.1197, with
atom positions given in Table 5.1. At this pressure, a refinement of the PO correction yielded a
texture index of 1.5437, indicating a moderate PO in the orthorhombic phase at 61.9 GPa (where a
texture index value of 1.0 means no texture and 3.0 is strong texture). This effect is confirmed by
the presence of clear intensity variations around the powder diffraction rings shown in Figure 5.6.
The PO appears to increase from 53 to 61 GPa (these patterns were, however, taken during separate
experiments), an effect which may lead to the intensity inversion of the two most prominent peaks
which is observed between 53 and 61 GPa in the diffraction spectra. Because of the quality of
the data and relatively small number of diffraction peaks available, the refinement was not entirely
conclusive, and the resulting structure must, therefore, be viewed as approximate.

The crystal structure of 3-LioO can be understood to consist of chains of distorted tri-
capped trigonal prisms of cations parallel to the y-axis, giving the anion a coordination number of
9 (Figure 5.3b). Near the transition, the polyhedral cation-anion distances range from 1.664 A
to 2.246 A with an average of 1.89 A. These values are reasonable, based on the Li-O distances
quoted for lithium oxide clusters in Ref. [Finocchi and Noguera, 1996]. In comparison, in the a-
Li5O structure, the anion coordination number is 8 with a cation-anion distance of 1.79 A near the
transition. There is a 5.4 £ 0.3 % volume collapse across the transition.

Figure 5.7 shows the pressure-volume data of the two phases, along with the best fit 3¢

order Birch-Murnaghan equation of state (EOS) curves:

P= gBo(sz3 —o? ) |1+ g(B(l) — (P —1) G-D

where v = (V/Vj). Also shown are experimental data points and calculated EOS curves from Ref.
[Kunc et al., 2005]. Fitting parameters are summarized in Table 5.2. Because of a limited pressure
range studied for 3-LisO, it was necessary to constrain B’ to equal 4. This approximation was based
on the procedure adopted by Grzechnik et al. [Grzechnik et al., 2000] in the case of LisS. Variation

of this value between 3.5 and 4.5 resulted in at most a 12% difference in B, and a 1% difference
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Figure 5.7: EOS for the two LioO phases. In the main plot, solid curves are the Birch-Murnaghan
EOS fits to the experimental data (shown as open circles) in this study. Solid squares are the exper-
imental data from Ref. [Kunc et al., 2005] and dotted curves are the theoretically calculated EOS
[Kunc et al., 2005] for both phases. Inset: trends in the evolution with pressure of the lattice param-
eters in the § phase. Empty circles are data from this study (error bars shown when they exceed size
of data points), and solid squares are experimental data from Ref. [Kunc et al., 2005].
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Table 5.2: Birch-Murnaghan EOS fitting parameters. Volumes are given per formula unit.

B, (GPa) Vv, (A%) B’
This work | Ref. [Kunc et al., 2005] | This work | Ref. [Kunc et al., 2005] | This work | Ref. [Kunc et al., 2005]
o 90(1) T5(1) | 24.24(2) 24.69(9)% 3.51(5) 5.2(7)®
8 188(12) 80.8(18)° 20.0(2) 23.51(6)" | 4 (fixed) 3.92(6)°

“Experimental results

®Calculated results

in V,. The agreement between experimental and calculated equations of state for a-LioO suggest
that pressure is reasonably hydrostatic in this phase. Contrary to the results of Kunc et al. [Kunc
et al., 2005], under pressure we do not see major broadening of fluorescence line spectra from the
ruby pressure calibrant in the o phase, an observation which could indicate that this phase supports
substantial shear stress.

Although the single experimental data point shown for the high pressure 3 phase in Ref.
[Kunc et al., 2005], which was also acquired without a pressure medium, agrees well with the
present work, there is a dramatic disparity between their calculated equation of state and the ex-
perimental one from this study. The 3-LisO pressure-volume data from Ref. [Kunc et al., 2005]
are generated from ab initio total energy DFT calculations, using the Projector Augmented Waves
(PAW) method. In the high pressure phase, the lattice constants and internal positions are deter-
mined by a process of ‘relaxing’ these parameters (eight of them, in total), minimizing all forces at
each step. In the experiment, however, the proposed increase in PO with pressure may suggest an
increase in stress inhomogeneity as well, a highly non-hydrostatic state which is not well modeled
by the 'relaxed’ structure in the calculation. The use of an optimally hydrostatic pressure medium
in a future experiment may indicate just how well the theoretical model approximates reality in this
case. It is doubtful that non-hydrostaticity alone can explain away the discrepancy, however. If the
value for bulk modulus for the 3 phase were actually as close to that of the o phase as theory pre-
dicts, it is unlikely that non-hydrostatic effects would cause such a large ‘error’ in the experimental
equation of state of the 3 but not the « phase.

Although the dramatic factor-of-two increase in bulk modulus across this phase transition
appears anomalously large, actually a similar (and larger) increase is recorded for the antifluorite-
anticotunnite transition in LisS [Grzechnik et al., 2000] and, although values for bulk modulus are
not quoted, it appears that a similar effect is seen in NasS [Vegas et al., 2001]. An examination of
the pressure evolution of the a, b and c lattice parameters, shown in the inset of Figure 5.7, may

explain the large increase in bulk modulus. We find that the b-axis is much stiffer (almost three
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Figure 5.8: Raman spectra upon increasing (a) and decreasing (b) pressure. Cosmic radiation spikes
were removed from two of the spectra.

times greater) than the a and c axes. Thus, the trigonal prism chains shown in Figure 5.3b are seen
to be very rigid and to strongly resist compression. This is consistent with the sizable directional

effects which are apparent from the intensity variations of the diffraction rings in Figure 5.6.

5.4 Raman Spectroscopy

The pressure-induced changes in Raman spectra of Li»O give further evidence of a phase
transition beginning near 49 GPa upon increasing pressure, as shown in Figure 5.8. The low-
pressure « phase has four formula units per unit cube. Factor group analysis gives one Raman
active optical phonon mode Ta,4, which describes motion of the Li sublattice. This mode is seen in

the Raman spectrum near 575 cm™! at low pressure. At the phase transition from o to 3 there is
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a considerable lowering of symmetry and consequently a significant increase in number of modes.
The 3 phase has four formula units per unit cell, and factor group analysis yields 6A, + 3B, + 6Ba,
+ 3B3, Raman active phonon modes. In the Raman spectrum of the 3 phase, we see three prominent
bands (near 750, 800 and 830 cm™') and at least seven weaker bands at lower Raman shifts, not
counting even weaker features appearing as shoulders of these bands. Since the sample is powder,
a precise mode assignment for the Raman peaks is difficult. The observation of fewer modes than
predicted by group theory is likely due to accidental degeneracy, insufficient instrumental resolution,
and/or diminishingly weak intensity.

The pressure-induced shifts of the distinguishable Raman bands are plotted in Figure 5.9,
observed in both up (solid circles) and down (open circles) strokes of pressure. Experimental data
and theory curves from [Kunc et al., 2005] are also shown, for comparison. Data points are fit
with an equation of state derived from valence force field theory which was previously shown to be
physically realistic [ Van Uden, 1 January 2002]. The frequency shifts with pressure of the individual
bands and the corresponding mode Griineisen parameters are shown in Table 5.3. The Raman band
in the « phase shifts noticeably more rapidly than those in the (§ phase - a further confirmation of
a large difference in bulk modulus. The dotted lines represent the approximate transition pressures
upon increasing and decreasing pressure. There is a large (nearly 25 GPa) hysteresis in this transition
(also seen from Figure 5.8) and when decreasing pressure the 3 — « transition occurs near 25
GPa. Several of the orthorhombic Raman bands can be seen to overlap and undergo changes in
relative intensity in the pressure region between 25 and 45 GPa that is inaccessible when increasing
pressure. Kunc et al. [Kunc et al., 2005] observed a similar hysteresis and the data from their
Raman experiment agrees well with the present study. Their calculated results (shown as dotted
curves) for the o phase are also in very good agreement; the curve is almost perfectly aligned with
our experimental data in that phase. The ( phase calculated phonon mode shifts, however, show
a marked disagreement. Nevertheless, this is not surprising as their EOS describes a much softer
material with much more homogeneous stress conditions, so the Raman bands would be expected
to occur at a lower frequency, and would shift more rapidly with pressure, as indeed the calculations

predict.

5.5 Discussion

The mechanism for the antifluorite-anticotunnite phase transition is already well under-

stood because of the numerous well-known pressure-induced fluorite-cotunnite transitions that oc-
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Figure 5.9: The shift in pressure of LioO Raman bands. Solid lines are fits to the experimental data
from this study. Red dotted lines represent the calculated theoretical pressure dependence of the
Raman frequencies from Ref. [Kunc et al., 2005]. In the cubic phase, the theoretical curve lines up
exactly with the experimental result from this study. Vertical dashed lines approximate the phase
transition pressure upon increasing and decreasing pressure.
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Table 5.3: Frequencies, pressure coefficients, and Griineisen parameters (all calculated at 50 GPa),
for the plotted Raman modes of LixO.

Phase w [% %’,] vy
(em™h) (1073 GPa™ 1)
a-Li,O 758 5.5(5) 1.3(1)
B-Li2 0 829 4.8(4) 1.8(2)
799 3.4(4) 1.3(2)
747 2.5(4) 0.9(2)
632 3.7(4) 1.4(2)
557 5.1(5) 1.9(2)
488 3.6(4) 1.3(2)
473 4(1) 1.4(2)
411 5(1) 1.9(2)
357 5.1(5) 1.9(2)
342 2.7(8) 1.02)

Figure 5.10: (a) a-LisO along the (111) plane, showing the transition mechanism to 3-LisO (b). For
the cubic structure shown in (a), all oxygen ions are coplanar, located midway between planes of
lithium ions which are separated by 1.032 A near 50 GPa. For the orthorhombic structure shown in
(b), half the oxygen ions have moved into the lower plane of Li ions (shown as colored polyhedra)
and half into the upper (empty), with the planes separated by 1.402 A near 50 GPa.
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cur [Gerward et al., 1992, Leger et al., 1995]. If one pictures the antifluorite structure as (111)
planes of anions separated by pairs of (111) planes composed of ions from the cation sublattice, the
mechanism for the transition can be seen as a displacement of the anions in the [111] directions,
half to the adjacent upper plane and half to the adjacent lower plane, accompanied by rotations and
distortions of the Li triangular polyhedra within the planes (Figure 5.10). This transition has the
advantage of increasing the oxygen coordination number from 8 to a more stable 9, increasing the
average O-Li separation distance from 1.78 A to 1.89 A, and increasing the packing through the 5.4
% volume collapse from 17.56 A3/formula unit to 16.61 A3/formula unit near 50 GPa. At this pres-
sure, the a-LipO phase lattice parameter is a =4.126 A while the 3-Li5O phase parameters are given
bya=4518 A,b=2.808 A, c = 5.246 A. Accompanying this transition is a remarkable 100 GPa
increase in bulk modulus, for which an inhomogeneous stiffening of the material along the b-axis
is at least partially responsible. The repulsion between closely spaced and highly charged ions also
contributes to the overall stiffening of the crystal lattice, and threatens to destabilize the structure
unless the coordination number is high around the most highly charged (O?~) ions. Therefore, a
transition to an NisIn-type structure is expected at higher pressure, as it would further increase the
anion coordination number to 11.

An examination of the known behavior of alkali-metal chalcogenides under pressure may
allow us to understand and predict the behavior of this class of materials. Although LisO is the first
alkali-metal oxide which has been shown to possess a pressure-induced antifluorite-anticotunnite
transition, it is common in alkali-metal sulfides [Grzechnik et al., 2000, Vegas et al., 2001, Schon
et al., 2001]. LiyS, NasS, K3S, and RbsS have all been shown or are predicted to undergo an
antifluorite to anticotunnite transition, at lower and lower pressures with increasing cation size until,
in CsoS, the anticotunnite phase is stable at ambient conditions (Figure 5.11). These compounds
are predicted to undergo a second transition from the anticotunnite to a hexagonal NisIn-type phase
at even higher pressure [Schon et al., 2001] and so it is likely that LioO will do the same, although
the calculations of Kunc et al. [Kunc et al., 2005], indicate that this will not occur below 100 GPa.

Alkali metal oxides K2O, NasO and Rb>O also have the antifluorite structure at ambient
conditions [Dovesi et al., 1984, Lide, 1998]. The only alkali metal oxide exception is CsoO, which
has been seen to possess the CdCly structure [Tsai et al., 1956] which, however, is a simple rhom-
bohedral distortion of the fluorite structure. No high-pressure studies have been performed on these
materials, but we can reasonably expect that they will follow the same series of transitions that have
been observed here. Ice also, in the past, has been predicted to exist in the antifluorite structure at

sufficiently high pressure [Demontis et al., 1988, 1989]. Since then this proposition has been called
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Figure 5.11: Comparison of LisO pressure behavior with that of the alkali-metal sulfides. HoO may
transition to a cubic antifluorite-type phase above 170 GPa, and, in the nonmolecular form, may be
expected to follow the same trends as the alkali metal chalcogenides. 1/ represents the high pressure
limit of experiments.
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into question, but the actual high pressure structure remains to be seen experimentally, and is most
currently not predicted to exist below 170 GPa [Benoit et al., 2002]. Ice VII gradually becomes
”symmetric” ice-X at the pressure range of 40-90 GPa, with a bcc oxygen sublattice, similar to
that of ice VII but with hydrogen atoms occupying the central position between adjacent oxygen
atoms. The possibility of a transition of ice X to a phase similar to that of a-LisO could indicate a

systematic pressure-induced structural behavior for all alkali-metal chalcogenides.

5.6 Conclusion

A recently discovered pressure-induced antifluorite-anticotunnite phase transition, seen
for the first time in an alkali-metal chalcogenide [Kunc et al., 2005], was investigated in detail using
x-ray diffraction and x-ray Raman scattering. Several new properties of the high pressure phase
were discovered. A dramatic increase in bulk modulus was seen for the first time, and the source
of the high pressure phase’s rigidity identified to be related to an inhomogeneous stiffening of one
of the crystal lattice parameters. A consequent preferred orientation which increases with pressure
in the orthorhombic phase was identified as responsible for an inversion in the intensities of two
of the most prominent x-ray diffraction peaks. The pressure-induced shift in the Raman bands of
both phases was observed, and found to be consistent with our observation of a large bulk modulus
increase. The x-ray diffraction and Raman data both point towards a strong hysteresis across this
transition, which is consistent with a kinetically hindered or sluggish first-order transition, or one in
which a large volume change and a large change in bulk modulus can serve as nucleation barriers for
the transition. Comparisons were drawn between LisO and a series of alkali metal sulfides, allowing
us to make confident predictions about the high pressure behavior of the rest of the alkali-metal

chalcogenides and even, perhaps, the behavior of dense, nonmolecular ice at ultrahigh pressures.
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Chapter 6

Search for superconductivity in lithium

borocarbide at high pressure

6.1 Introduction

In 2001, the discovery of superconductivity below a critical temperature (T.) of 39 K in
metal diboride MgB» [Nagamatsu et al., 2001] has led to an extensive search for similar behavior
among related intermetallic compounds. Superconductivity (the state of a material in which current
can flow with zero resistance, and magnetic fields are expelled) in this material is unusual and
unexpected because at the time of the discovery, it was thought that superconductivity was becoming
pretty predictable. BCS theory seemed to do a good job with the conventional element and alloy
superconductors (which generally exhibit superconductivity at very low temperatures - near absolute
zero and much lower than that of MgBs). For higher critical temperatures, superconductivity was
thought to be limited to complex cuprate or perovskite ceramics, discovered in 1986 [Bednorz and
Miiller, 1986]. And these so called "high-T.’ (T. ¢ 90 K) have structures and compositions which
are manifestly different from that of the simple intermetallic MgBs.

BCS theory (put forth by and named after Bardeen, Cooper and Schreiffer [Bardeen et al.,
1957]) asserts that phonons (small collective movements of the positively charged ions in the lattice)
mediate coupling of pairs of electrons (called Cooper pairs) and facilitate their frictionless, collec-
tive motion through the crystal. The pairing of electrons opens up a gap in the continuous spectrum
of allowed energy states, such that small excitations (such as scattering of electrons off of ions — the

usual energy-dissipative effect in normal conductors) are suppressed, since they do not possess the
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minimum energy required to excite the system. The size of this energy gap is related to the binding
energy of the electron pairs, and it is closely related to the transition temperature. BCS theory is
insufficient, however to explain the behavior of the high-T. materials and the true explanation is in
fact still unknown.

Electron-phonon coupling was indeed eventually established as the actual source of super-
conductivity in MgB», but with some exotic new features [Choi et al., 2002, Pickett, 2002]. Other
conventional superconductors possess a high density of charge carriers - usually from open d-shells;
in MgBs only the s and p shell electrons are involved, and even then only about half of them. In
other conventional superconductors, all electrons behave the same way. In MgBs, however, there
are two separate populations of electrons at the Fermi level (both of boron p character), each of
which results in a superconducting energy gap. The larger gap corresponds to a T of 45 K, and the
smaller to one of 15 K. They operate together in a nontrivial way to produce the observed T, of 39
K.

In an attempt to better understand this new breed of superconductivity, a large variety
of roughly related compounds have been examined for similarity. Lithium borocarbide (LiBC) is
isovalent with and structurally similar to MgBs (Figure 6.2), with hexagonal sheets of BC in place
of B, and Li in place of Mg (Figure 6.1) [Worle et al., 1995]. However, due to the alternation of
B and C atoms within and perpendicular to the hexagonal sheets, LiBC is an insulator [Fogg et al.,
2003, 2006]. If it can be driven metallic, such as by hole-doping, suggestions of superconductivity
to temperatures even higher than MgBs have been made [Ravindran et al., 2001], and verified by
calculations of electron-phonon coupling strength [Rosner et al., 2002, Dewhurst et al., 2003]. How-
ever, no experimental efforts to date have reported superconductivity above 2 K in this compound
[Nakamori et al., Fogg et al., 2003, 2006, Zhao et al., 2003, Bharathi et al., 2002, Renker et al.,
2004, Souptel et al., 2003], and additional theoretical studies have attempted to further illuminate
the behavior of LiBC [Fogg et al., 2003, 2006, Dewhurst et al., 2003, Kobayashi and Arai, 2003a,b,
Lebegue et al., 2004, 2005]. An investigation of lattice dynamics of Li,BC at various annealing
temperatures has shown that standard hole-doping techniques may remove only small amounts of
surface Li - insufficient for superconductivity [Renker et al., 2004]. Resonant inelastic x-ray scatter-
ing experiments have been interpreted in terms of lack of complete hybridization between B and C
states, indicating that electronic structure calculations may inadequately describe this material since
they do not take into account this effect, or such effects as B-C disorder and structural relaxation
near hole dopants [Karimov et al., 2004].

Although high T, superconductivity in Li, BC continues to elude us, over the course of the
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Figure 6.1: LiBC crystal structure. White, black and grey atoms represent lithium, carbon and
boron, respectively.

previous investigations several other interesting properties of LiBC have been suggested, including
extreme anisotropy in the thermal expansion [Fogg et al., 2003, 2006] and Born effective charges
[Lee and Pickett, 2003], and calculated anomalous behavior of the c-axis lattice constant under
pressure which implies a sort of negative Poisson ratio [Kobayashi and Arai, 2003a,b].

As an alternative to hole-doping, another possibility for producing an insulator-metal
transition and possible superconductivity is by applying pressure. In this paper we pursue this
possibility both with experiment and theory calculations, and we investigate trends and changes in
structural and bonding anisotropy under pressure, including the predicted lattice parameter anomaly

[Kobayashi and Arai, 2003a,b].

6.2 High Pressure Experiments

The synthesis of LiBC has been reported before [Zhao et al., 2003] and is summarized
here. Amorphous boron (99.99%, 325 mesh, Alfa Aesar) and carbon (99.9999%, 200 mesh, Alfa

Aesar) powders were thoroughly mixed in a 1:1 atomic ratio for ~45 minutes. Lithium (99.9%,
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Figure 6.2: MgB» structure [Zweiacker].

ingot, Alfa Aesar) was added to the boron-carbon mixture in a 1.2:1:1 (Li:B:C) atomic ratio in an
argon-filled dry box. The elements were mixed together for ~2 hours with a mortar and pestle,
resulting in a uniform black powder which was then pressed at ~0.4 GPa into a 6 mm diameter
pellet. This pellet was placed in an argon-filled arc-furnace. The argon was first purified by arc
melting a zirconium pellet. The Li; oBC pellet was arc melted, starting a self-sustaining exothermic
reaction where the excess lithium (having served as a flux) was released, resulting in a golden LiBC
pellet.

Pieces of LiBC cut from the arc-melted pellet were loaded into a membrane diamond
anvil cell (DAC) of Livermore design. Brilliant cut diamonds with 0.3 mm flats were used with a
0.15 mm diameter sample chamber in a rhenium gasket of 0.05 mm initial thickness to achieve a
pressure range of 1 to 60 GPa. No pressure medium was used in the experiments, as the reactivity
of LiBC is uncertain. Copper was included in the sample chamber as an internal pressure indicator.
All sample loadings were performed in an inert environment, as LiBC is hygroscopic.

High-pressure behavior of LiBC was investigated by angle dispersive x-ray diffraction
(ADXD) at ambient temperature at the microdiffraction beamline BL10XU of the SPring-8 facil-

ity. In these experiments, we used intense monochromatic x-rays (A = 0.4168 A) microfocused to
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Figure 6.3: Sample GSAS refined ADXD pattern for LiBC and Cu at ~4.5 GPa. Major LiBC peaks
are labeled with their hkl indices. The small peak labeled with an % near 20=21° does not originate
from the sample.

about 0.02 mm at the sample. The x-ray diffraction patterns were recorded on a high-resolution
image plate detector (Rigaku R-AXIS IV) and x-ray charge-coupled device (Bruker APEX). The
recorded two-dimensional diffraction images (Debye-Scherrer rings) were then integrated to pro-
duce high quality ADXD patterns using FIT2D [HAM] and analyzed with the XRDA [Desgreniers
and Lagarec, 1994] and GSAS (EXPGUI) [Toby, 2001] programs.

6.3 Theoretical Calculations

We performed electronic structure calculations using the mixed basis set of augmented
plane waves + local orbitals (APW+lo) and linearized augmented plane waves (LAPW) as imple-
mented in WIEN2k code [Blaha et al., 2001]. A gradient corrected Perdew-Berke-Ernzerhof (PBE)
functional [Perdew et al., 1996] (Generalized Gradient Approximation; GGA) to density functional
theory was used to describe the exchange and correlation effects. Muffin tin radii (R,,,;) were set so

that neighboring muffin tin spheres were nearly touching at each volume, and the plane wave cutoff
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Figure 6.4: Equation of state of LiBC up to 60 GPa. The solid line is a third-order Birch-Murnaghan
fit to the experimental data, and the dotted line represents the calculated theoretical equation of state.
In the inset, results from this study are compared with those of Kobayashi et al. [Kobayashi and
Arai, 2003a,b] for the evolution of c/a with pressure.

Kinaz was determined by R,,,:Kipaz = 9.0. The Brillouin zone was sampled on a uniform mesh with

280 irreducible k-points. The energy convergence criterion was set to 0.1 mRy.

6.4 Experimental Results

The LiBC crystal structure shown in Figure 6.1 (first determined by Worle et al. [Worle
et al., 1995]) was confirmed from a Rietveld refinement of the ADXD spectra. A sample refinement
at 4.5 GPa is shown in Figure 2. The compound takes on D*g, (P63/mmc) space group symmetry

with Li, B and C atoms in 2a, 2c, and 2d Wyckoff positions, respectively. The B and C atoms alter-



95

nately occupy the sites within graphenelike hexagonal sheets, and Li ions fill the interlayer regions.
The unit cell along the c axis is doubled, because of the alternating stacking of the BC layers, with
B superposed directly above C. The compound was found to remain stable in the ambient pressure
phase up to 60 GPa, which was the maximum pressure achieved in the experiment. Experimental
pressure-volume data are shown in Figure 6.4, and fit with the 3rd order Birch-Murnaghan equation
of state (Equation (5.1)). Fitting parameters are: V=45.62(7) A3 per unit cell, Bg=125(3) GPa,
and B’=3.7(1). The equation of state was also calculated from first principles and the results are
shown as the dotted curve in Figure 6.4, with equation of state fitting parameters V(=46.04(5) A3,
Bp=123(2) GPa and B’=3.43(9). Agreement between experiment and theory for LiBC is remarkably
good. The bulk modulus of this material is of the same order as that of MgBy and other AlBo-type
compounds, which range from 105 to 193 GPa [Ravindran et al., 2001]. The compressibility is
moderate, but the good agreement between calculations (for which fully hydrostatic compression is
enforced) and experiment indicates that, although no pressure medium was used in the experiment,
conditions in the DAC sample chamber appear quasi-hydrostatic.

The evolution of the c/a lattice parameter ratio is shown in the inset of Figure 6.4, com-
pared with the calculations of Kobayashi and Arai [Kobayashi and Arai, 2003a,b] (with the volume
values quoted in [Kobayashi and Arai, 2003a,b] transformed to pressures using the equation of state
obtained in this study). Using all-electron calculations of precisely the same sort also employed
here, they find that the c/a ratio actually increases as volume is reduced. The reason for the sig-
nificant disparity between the results of this work and those presented in [Kobayashi and Arai,
2003a,b] is unclear, but it appears to significantly undermine their conclusions. They claim that
this unexpected c/a increase with pressure gives further evidence for an anomalous c-axis contrac-
tion under anisotropic a-b compression (implying a negative Poisson ratio), which was obtained by
first-principles molecular dynamics calculations.

The linear compressibility of LiBC is compared with a variety of other low-Z layered
hexagonal materials, including MgB», by fitting normalized lattice parameters as a function of pres-

sure with the one-dimensional analog to the first order Murnaghan equation:

r/ro = [(8'/B0)P +1]"Y7". 6.1)

This procedure provides a very approximate description of the nonlinear relation between lattice

parameters and pressure. Curves are shown in Figure 6.5, and [ fitting parameters (relative rather
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Figure 6.5: High pressure behavior of a and c lattice parameters (normalized to ambient-pressure agp
and cg), compared with MgBs and similar layered hexagonal compounds [Goncharov et al., 2001,
Zhao and Spain, 1989, Solozhenko et al., 1995] as well as with diamond [Occelli et al., 2003].
Curves shown are the first-order Murnaghan equation (Equation 2) fits to experimental data (circles).
Values for first order axial compression coefficients (as described in the text) are shown in the inset
for LiBC and related compounds [Goncharov et al., 1996, Zhao and Spain, 1989, Solozhenko et al.,
1995, Occelli et al., 2003]. 3, ! is the linear compressibility at zero pressure.
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than exact numerical values should be taken as physically meaningful) are summarized in the inset.
Ambient pressure lattice parameters were not measured experimentally for LiBC since the diamond
anvil cell was loaded at ~0.8 GPa, and so these values were taken from the fitting with Equation
(6.1), yielding ag = 2.7141(7) A and ¢ = 7.146(5) A.

The a-axis compressibility of LiBC is shown to be quite close to that of diamond and
graphite a-axis compressibilities, confirming the existence of strong covalent bonds within the
hexagonal BC planes. LiBC is over five times more compressible along the c-axis than along the
a-axis, indicating much weaker interlayer bonding, similar to the van der Waals-type interactions
between neighboring planes in h-BN. The greater stiffness along the c-axis of LiBC compared to
graphite and h-BN, however, is most likely a result of the presence of Li ions between the planes,

just as the larger Mg ions in MgB5 contribute to an even larger c-axis stiffening.

6.5 Discussion

The anisotropy in linear compressibility is clearly related to bonding in the material,
which we investigate with electronic structure calculations. An examination of the calculated pro-
jected density of states in Figure 6.6 reveals the hybridized states which form covalent bonds in
LiBC. The o states are formed mainly by bonding combinations of sp? states on both B and C, as
in graphite. Lee and Pickett find that B and C are very different chemically, however, with Born
effective charges of approximately +1, +2 and -3 given for Li, B and C [Lee and Pickett, 2003].
Figure 6.7 shows that the electron density is indeed largely concentrated in the sp? orbitals around
the carbon atom; the covalent bond is strongly polarized and the atomic interactions are a mixture
of covalent and ionic and remain thus up to metallization. Part of the stiffness of the material in the
x-y plane is due to Coulomb repulsions between the significantly electronegative C atoms. It is the
BC alternation within the plane that is responsible for the gap (at I'; see Figure 6.8) in the o states;
a gap which increases initially as pressure is increased (similar to the gap between bonding and
antibonding o bands in diamond [Surh et al., 1992]) and remains large up to metallization, with the
bonding o states remaining fully occupied and dropping further and further below the Fermi level.

The interplanar bonding, as is obvious from the experimentally determined high com-
pressiblity, is much weaker than that which exists within the planes. The lack of electron density
in the interstitial regions between the BC planes (Figure 6.7c), and the small amount of hybridiza-
tion seen from the projected density of states (Figure 6.6) shows that the B p, and C p, states

are relatively localized and weakly interacting. The B-C alternation along the c-axis is responsible
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Figure 6.6: Projected density of states at ambient pressure (a) and at metallization (b).
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Figure 6.7: Electron density in (a) the (0001) plane, (b) the (1010) plane and (c) contours along the
(1010) plane at ambient and (d) metallization pressure. Contour values are given in units of e/A3.
Subsequent contours differ by 0.2 e/A3.

for the gap between the primarily C p, upper valence bands and the B p, conduction bands. As
pressure increases, this gap eventually collapses as the BC layers are brought closer together and
the bands broaden. Lee and Pickett [Lee and Pickett, 2003] propose that there is considerable cova-
lency between Li and the BC layers, particularly between Li and C. This effect is not obvious from
an examination of the electron density and the projected density of states (Figure 6.7), but it appears
that this covalency increases with pressure since, at metallization, the valence bands between 0 and
-14 eV have acquired very appreciable Li character.

The bandstructure of LiBC is shown in Figure 6.8. At ambient pressure, it bears many
similarities to that of MgBo (Figure 6.9); they both have nearly flat bands of p o character at the
top of the valence bands between I" and A (which, in MgBs, cross the Fermi level to form nearly

cylindrical Fermi surfaces around the I' point), as well as bonding and antibonding p 7 bands near
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Figure 6.8: Bandstructures at ambient pressure (top left), ~60 GPa (top right), ~325 GPa (bottom

left) and ~450 GPa (bottom right).
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Figure 6.9: MgBy bandstructure [Kortus et al., 2001]. The fatter bands represent boron character
with p, bands shown in red and p,+p, bands shown in black
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the Fermi level (which cross it, to form Fermi surface *webbed tunnels’ in the case of MgBs) near
the M and K regions. For MgBs, these two Fermi surface features are characterized by different
superconducting energy gaps, making it a a two-band superconductor with a transition temperature
of 39 K [Choi et al., 2002]. The bandstructure of LiBC was investigated under pressure, to see if
any similar features would evolve. As pressure increases, the occupied p o bands (which have a
mixture of boron and carbon character) drop in energy with respect to the C 7 bands, losing their
flatness between I and A and dropping even further below the Fermi level. The gap between the o
and o* bands remains large. The unoccupied p 7 bands (predominantly from boron) drop in energy
at L and H, while increasing between I' and M and between I' and K, and finally overlapping to
become semimetallic at a calculated pressure of 324 GPa (V/Vy = 0.46), which is a lower limit
since the GGA approximation tends to cause an underestimate of the band gap. This is an indirect
gap closure, and the direct gap near M and K, which is closed in the case of MgBs, becomes
larger under pressure. After metallization, the density of states at the Fermi level increases rather
rapidly to 0.1 eV~! by 450 GPa (compared to N(Er) ~0.7 eV~! in MgB, and Liy 5BC [Rosner
et al., 2002]), but none of these states come from the o bands, which are of primary importance
for superconductivity in the case of MgB2. We have not investigated the issue of electron-phonon
coupling, but this examination of the electronic behavior alone indicates that we are very unlikely to
see LiBC become superconducting under pressure experimentally; indeed (assuming no additional
phase transitions), it does not even metallize in a range which is practically achievable using current

static high pressure methods.

6.6 Conclusion

LiBC is shown experimentally to remain stable in the ambient pressure crystal structure up
to at least 60 GPa. Under quasihydrostatic pressure no anomalous behavior of the lattice parameters
was observed; reducing the volume caused a drop in the c/a ratio representing the expected move-
ment towards a more close-packed, isotropic material. The large anisotropy in linear compressibility
indicates that the bonding in this material is also highly anisotropic. The strong intralayer bonding -
similar to h-BN and graphite interlayer interactions - has a mixture of covalent and ionic character.
There is very little interaction between neighboring layers, resulting in high compressibility along c.
Increasing pressure causes increased interlayer interaction, as well as an increase in covalency be-
tween Li and neighboring BC planes. Calculations do not predict metallization until over 325 GPa,

and by that pressure the electronic structure has become dissimilar to that of MgBs. Most impor-
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tantly, the increased gap in the o bands indicates that, if superconductivity were to appear, it must
be of a sort unrelated to the o states, such as has been observed in graphite intercalate compounds

[Csanyi et al., 2005] rather than MgB..

6.7 Acknowledgements

Work at the SPring-8 BL10XU was performed with the approval of the Japan Synchrotron
Radiation Research Institute (JASRI), and has been supported by the LDRD(04ERD020) and SEGRF
programs at LLNL, University of California, under DOE Grant No. W7405-ENG-48, by the SSAAP
(DE-FGO1-06NA2620) and by the Alfred P. Sloan Foundation.



104

Appendix A

Structure Solution

Solving for a crystal structure from x-ray diffraction intensity vs. 20 two-dimensional
profiles (for example, Figure 2.11) is a process involving many steps, of which we will here give

an overview.

A.1 Indexing

The first task is to locate the 20 positions of the peaks in the diffraction pattern and from them index
the crystal system and unit cell dimensions. Each of the peaks for a particular phase will correspond
to a reflection from a particular Bragg plane in the crystal, whose orientation is described by a set
of indices usually labeled with h, k and 1 and known as the Miller indices. They are actually the
(dimensionless) reciprocals of the fractional intercepts of a particular crystal plane with the real
space x, y and z axes. The d-spacing of a particular lattice plane can be constructed in real space as:

-

d=ai +bj+cz (A.D)

which, in a crystal in which a = b = ¢ = ag, can be written as:

- T gz
d= -+ =4+ - A2
ag [h + A + J (A.2)
and the magnitude as:
- ao

] = (A3)

dip) = ——
SN/ 2



Table A.1: Lattice parameter and angle relationships for the seven crystal classes

Triclinic
Monoclinic
Othorhombic
Tetragonal
Cubic
Trigonal
Hexagonal

a#b+#c
a#b#c
a#b+#c
a=b#c
a=b=c
a=b=c
a=b#c

aft fFy
a=7=90°#p
a=p=~=090°
a=p=~=090°
a=p3=~=090°

a=[=vy<120° # 90°
a=[=90°y=120°
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The relationship between dpy; and h, k and [ and in the other seven crystal systems can be worked
out as well (from the lattice parameter angle specifications shown in Table A.1) and are given below.

Cubic:
L R+ E 4P

— = (A.4)
d? a2
Tetragonal:
1 hr4k* 12
il v o4 AS
d? a? * 2 (A-9)
Hexagonal:
1 4 (h?+ hk+ K> 12
== — — A.6
a3 < a? > + 2 (A.6)
Rhombohedral:
1 (h? 4+ k2 + 12)sin?a + 2(hk + kI + hl)col?a — cosa) (A7)
dz a2(1 — 3cos?a + 2cos3a '
Orthorhombic: ) ) )
1 h k l
—=—S5+=5+ A8
2 2Tt a (A.8)
Monoclinic: ) y )
1 1 h k*si l 2hl
2:.2<2 STﬂ ol wﬁ) (A.9)
d sin?B \ ag b5 4 apCo
Triclinic:
1 1
5= W(snh2 + Sook? + S331% + 2S15hk + 2S935kl + 2S13hl) (A.10)
where V' = volume of the unit cell and
S11 = bgcgsinQa, (A.11)
Sao = adclsin?p, (A.12)
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S33 = agbgsinzfy, (A.13)
S1o = agboci(cosacosB — cosv), (A.14)
So3 = a3b000(00850087 — cosa), (A.15)
Si3 = aobgco(cos'ycosa — cosf3). (A.16)

Continuing with the simple cubic case, the d spacing of a crystal can then be related to

the 20 peak position by the Bragg condition:

ao

nA = 2dppsin(@) = 2———3
i1 Sin(O) AT

in(O) (A.17)

and,

W+ k2412 = <2a0>2 sin?(0) (A.18)
n

Now we have a clear relation between the hkl indices of each peak, and the peak positions. A and
© are known for each peak but ag is not yet known. For the simplest systems (cubic, tetragonal
and hexagonal), it is possible to identify the hkl indices for the first few peaks by hand. For more
complex systems, a computer algorithm (autoindexing program) must be used. A procedure for
indexing the peaks for a simple lattice is as follows.
h, k and [ are integer values, and for the first few diffraction peaks, they are small (between 0 and
3), 50, in (A.18), h? + k? + [? is going to take on integer values between 0 and 27. (2ag/n\)? is
unknown but a fixed value for every diffraction peak, and sin?®© is known for each peak. So, all
we need to do is find values of h, k£ and [ that give a constant value for each peak when divided by
5in2© for that peak. From that constant value, the lattice parameter ag can be calculated.

Another way to do this is to look at the ratios of two peak positions from the same phase:

h? + k% + 13 _ 5in%(01)
h3+ k3412  sin?(O2)
which can give us some simple and identifiable fractions from which h, k and [ can be inferred. For

(A.19)

all nonprimitive classes of crystals, certain hkl reflections will be systematically absent, and it is

from these that the particular space group can be calculated.
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As has already been stated, this process is only really practical for the simplest crystal
system. For more complex systems, an autoindexing program must be used. There are many avail-
able for free from http://www.ccpl4.ac.uk such as Crysfire or Checkcell. These programs take as
input the peak positions and wavelength and will generate cell parameters and look for best space

group solutions.

A.2  Whole profile fitting and Rietveld refinement

The x-ray diffraction peaks, in an idea crystal with perfect instrumentation for collecting
scattered photons, would appear as delta functions. Their positions and intensities would be known
exactly, from which cell parameters and atom positions could be calculated with a high degree of
accuracy. We have already discussed the relationship between peak position and unit call parameter.
The intensity of diffracted peaks is directly related to the atom positions through the structure factor,

which can be defined as follows:

N

Fu = frexp2mi(ha; + ky; + 12;)] (A.20)
j=1

where Fj,; is the amplitude and phase for a particular hkl reflection, the sum is over every atom
(total of N atoms) in the cell, f; is called the scattering factor of atom j (related to the number of
electrons and, thus, the atom type), and x;, y; and z; are the coordinates of atom j.

In reality, however, these peaks are broadened and shifted slightly by effects such as
instrument resolution, thermal motion, crystallite (domain) size in the sample, stress, strain or pre-
ferred orientation in the sample (an especially critical effect in high pressure crystallography), and
stacking faults or other crystalline defects. These result in uncertainties in peak positions (especially
when there are several different crystalline phases with partially or completely overlapping peaks)
and intensity. These effects must all be deconvolved and taken into account in order to generate
accurate structures. In addition, we can learn some interesting things about the material (especially
under pressure) from strain effects and various kinds of defects which effect the diffraction pat-
tern. The process of creating a model diffraction pattern which accurately accounts for all phases
contributing to a diffraction pattern, and all the effects mentioned above is known as the Rietveld
method [Rietveld, 1967, 1969], which we will now summarize (for the case of powder diffraction).

The intensity of the diffraction peak is related to the square of the structure factor. The

formulation employed in the GSAS program for Rietveld refinement [Larson and Dreele, 2000]
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(which is also available from http://www.ccpl4.ac.uk, as well as a nice graphical interface called

EXPGUI [Toby, 2001]) describing the observed intensity of a peak is as follows:

Io=1y+1I;+ Sy Z SprYph (A.21)
p

where [}, represents the contribution from the background, which is modeled as an empirical func-
tion, I is an additional (and optional) contribution to the background from diffuse scattering, Sp
and S,h are scaling factors for a particular x-ray diffraction powder profile (called a histogram
within the program, which is why it is labeled with an "h’), and for a particular phase (labeled 'p’)
within that profile. Y, is the intensity of the bragg peak, which is directly related to the square of

the structure factor given in (A.20). It can be defined as follows:

Yo = |Fpul® - H(T — Tp) - K, (A.22)

where H(T — T),,) is a profile peak shape function and K, is a product of several correction

factors:

i _ EonAnOmM,L
ph — v )
p

of which I will only identify explicitly O,; the correction for preferred orientation in the sample,

(A.23)

which becomes especially useful in analysis of high pressure diffraction data.

There are two possible approaches to solving the problem of extracting structure factors
(Fy) from a real experimental diffraction profile. One is to start with the crystal structure, calculate
the structure factor (F.) and generate an ideal profile. The observed structure factor (F}) is then
calculated by treating the intensity ratios between peaks as the same as the calculated ratios from
the ideal pattern. In this way, the starting values are biased by the particular structure model used to
calculate the structure factors.

The calculated intensity can then be modified with the various effects such as background
scattering, preferred orientation and others mentioned above until it matches well with observed
intensity. Mathematically, we are attempting to do a least-squares minimization of a function like

this:

M, = Z w(I, — I,)? (A.24)
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, where w is a weighting factor, and I, is the observed and I, the calculated intensity at each step.

The residuals giving the quality of the refinement are defined as:

I,— 1.
Ry = 2o 1d |Z T | (A25)

/ MP
pr = Z UJIg ) (A26)

which are used to assess the progress of the refinement at each step. This is the Rietveld refinement

and

method.

The second approach, known as the Le Bail method [Bail et al., 1988] (which is really just
a starting point for the Rietveld refinement), is to work backwards by generating structure factors
from the real observed intensity. This is accomplished by setting all the calculated structure factors
F. =1 and running the least-squares algorithm to extract F,. The set of F,’s from the first cycle
are then used as the F.’s for the next, until a good fit is reached. The profile shape parameters and
lattice parameters (from the peak positions) may also be refined at every step in this process, since
they are not dependent on the structure factor. This second method requires no detailed structural
information about any of the phases contributing to the diffraction pattern (aside from the space
groups and initial estimates of lattice parameters, which we have already indexed in the previous
step), but it generates an estimate for the structure factors of each, which are then used in the full
Rietveld refinement.

There are many possible profile function (H (1" —T,,)) types to select from in GSAS. The
one used in these studies is based on a pseudo-voight (F'(AT')) [Thompson et al., 1987] description

of the line shapes:

H(AT) =Y g:F(AT) (A.27)
=1

where the function F/(AT”") is a combination of gaussian and lorentzian components, for which
there are eighteen possible refinable coefficients corresponding to adjustments of full width half-
maximum (FWHM), asymmetry parameters, gaussian and lorentzian fractions and others. This
(and most) Rietveld refinement programs are designed for high quality ambient pressure diffraction
patterns, where signal-to-noise ratio is good and hundreds of peaks are identifiable. This is most

certainly not the case for high pressure crystallography, in which all scattered photons are coming
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through the diamond (introducing a large amount of background scattering) and cut off at high angle
by the dimensions of the DAC. It is dangerous (and unhelpful) when analyzing high pressure data
to attempt refinement of too many parameters, due to the overall poor quality of the diffraction
patterns. In these studies, the only profile parameters refined were the FWHMs of the gaussian and
lorentzian components.

After a good Le Bail fitting (and well defined lattice parameters and profile coefficients)
has been achieved, the precise crystal structure is refined using the Rietveld method, with starting
values for observed structure factor (Foz) derived from the Le Bail fitting. Parameters in the Ri-
etveld refinement include background scattering (for which there are several empirical functions to
select from, some of which are tailored for specific types of background scattering. In this study,
the Chebyshev polynomial fit was always a good choice. The atomic positions (x, y and z from
(A.20), fractional occupation of atomic sites and thermal motion corrections (contributions to the
atomic scattering factors f; in (A.20)) can all have an effect on the peak intensities and were all
refined in these studies. The fraction of each phase contributing to the diffraction pattern was also
refined (relating to the relative intensities of peaks from different phases), and finally the preferred
orientation, which we will say something more about.

In an ideal powder sample, all crystal fragments will be ordered completely at random,
and the scattered peak intensities are completely independent of the orientation of the sample or
the direction of the incident beam. This also means that the diffraction rings (Figure 2.11) will
be completely uniform and without intensity variations. In real samples, however, there is always
some degree of preferential orientation of the crystallites (also called ’texture’), usually along the
axis of a cylindrical sample, which introduces single-crystal like variations in this intensity. In the
integrated two-dimensional peak spectrum, the relative intensities will therefore be incorrect. The
amount of preferred orientation in a sample generally changes under pressure, particularly when the
pressure is non-hydrostatic (non-isotropic), so it is an important factor to consider in this analysis.
A mathematical (spherical harmonic) correction can be applied, for which the number of spherical
harmonic terms used must be specified. The precise sample orientation relative to the incident beam
(three parameters) and the the harmonic coefficients can be refined (in my case, I refined only the
harmonic coefficients.) The magnitude of the texture is evaluated from a texture index (J). For
cases of no texture, J=1, and for a single crystal, / — oco. A reasonable value for texture in a

powder sample is between 1 and 3.
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