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Chapter 1

Introduction

All materials are magnetic, due to the presence of electrons surrounding the atoms that in-
teract and bind to make each compound. Electrons are fermions, sub-atomic particles with a
spin of % The electrons in a material reside in and fill orbitals belonging to each atom, and as
they do so the electrons will naturally spin pair. This pairing of spins is described by Hund’s
Rule and the Pauli Exclusion Principle, which summarizes the behaviors of electrons in an
atom by stating that no two electrons can be described by the exact same quantum numbers.
Due to this spin pairing, and since all materials contain a core of spin paired electrons, all
materials have inherent diamagnetism. A scheme of the diamagnetic spin arrangement is give

in Figure 1.1 below.

Figure 1.1: Diamagnetic spin arrangement

A pure diamagnet contains an even number of electrons that naturally reside in a ground

state which has only spin pairing. In other words, the overall spin of the system is zero



since each electron with a spin of +% pairs with an electron with a spin of —%. Two exam-
ples of well recognized materials which are characterized diamagnets include ammonia* and
methane.* Although all materials have inherent diamagnetism, due to paired core electrons,
not all materials are pure diamagnets. One must also consider the behavior and arrangement
of the valence, or outermost electrons. The valence electrons are most often of more interest
than the core electrons (due to the different magnetic arrangements which they may adopt),
and are in part responsible for the behavior of a molecule. Some materials contain atoms
which have one or more unpaired valence electrons in addition to their paired core electrons.
These unpaired valence electrons on the individual atoms will couple with each other, which
produces measurable magnetic properties in the material.

Materials with unpaired valence electrons are called magnetic materials. In order to in-
vestigate these magnetic materials, an external magnetic field is commonly applied to the
material. When a magnetic field is applied, the unpaired electrons in a magnetic material are
likely to produce a spin arrangement that is present throughout the bulk of the material. Four
common forms of spin arrangement are possible, depending on the electronic environment
and orbital description of the material. These are paramagnetism, ferromagnetism, antiferro-
magnetism and ferrimagnetism. These magnetic arrangements are reflected in the value of
the coupling constant measured for each environment. This value measures the amount of
coupling which occurs with the magnetic interaction. The coupling constant is represented
as J, and the magnitude of J with respect to each form of magnetism is give in Table 1.1.

The magnetochemistry of a material reflects the arrangements of the electron spins in re-
sponse to an applied magnetic field and is therefore related to the electronic properties of the
material. A strong correlation exists between the electronic and magnetic properties of a ma-
terial and therefore with its physical properties as well. One property of magnetic materials
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Table 1.1: Forms of magnetism and corresponding value of J

Magnetic form J value

Paramagnetism 0

Antiferromagnetism | <0

Ferromagnetism >0

Ferrimagnetism <0

which is of current interest is the extent of each material’s ability to conduct electricity, or
how well it is able to inhibit this conduction. Certain materials will conduct electricity with a
specific percent efficiency, which varies with the material composition, and some materials do
not conduct at all. These materials may be classified as either conductors (semi-conductors)
or insulators, depending on the extent to which they are able to conduct electricity. However,
perhaps one of the most desirable and scientifically interesting properties observed in materi-
als is the ability to superconduct. A superconducting material is able to transport an applied
electrical current with zero resistivity. Superconductors could be highly efficient and poten-
tially a material of choice to make items such as computer chips, mobile phone components
and wires used for long distance connections. At present, all known superconducting mate-
rials will only display this phenomenon at very low temperatures (well below the freezing
point of water), making them poor choices for practical applications. In addition, the gen-
eral mechanism by which these materials are able to conduct with zero resistance is unclear.
Given that there is no clear general mechanism and that the phenomenon is only present at
low temperatures, exploratory synthesis is important in order to discover materials which

display new magnetic arrangements in the solid state.



Within the past decade, a few superconducting systems have gained attention with promis-
ing information regarding the essential characteristics for superconductivity as well as their
ability to superconduct at higher temperatures than ever before. Much work has been reported
on the parent phase La,CuQO, and its superconducting doped phases of various compositions,
specifically Lay_,M,CuO, with M = Ba,®> Sr%’ and Ca® and z = 0.1,0.2. It is suspected
that the conditions which are required for superconductivity are supplied to this system by
the 3d° Cu' center because it is the source of the magnetic properties of the material, and
that chemical doping with non-magnetic ions encourages the emergence of a superconduct-
ing phase. It seems fitting, then, to partake in exploratory synthesis to prepare systems with
apparent structural and electronic similarities to the layered copper oxide La,CuO,. The
studies reported herein describe investigations of the Ag" ion (heavier analogue of the Cu"
ion) parent ternary silver fluoride Cs,AgF, and its barium doped phases. Cs,AgF, is known
to be structurally similar to the parent copper oxide La,CuQ,° but has different magnetic
properties and lacks the formation of superconducting phases when doped. This exploratory
synthesis provides steps towards the discovery of new magnetic materials as well as defining
a set of properties required for superconductivity. Moreover, these new materials will help
to refine our understanding of the general mechanism for superconductivity through direct

comparison with known superconductors.



Chapter 2

Background and theory

2.1 Chemistry of Ag"' in fluoride lattices

Divalent silver is a unique species which has been closely investigated by both theoreticians '

and experimentalists. '’ In comparison to the other known oxidation states of silver, Ag' and
Ag™, the Ag" ion is rare. When exposed to trace amounts of water in the atmosphere,
species which contain Ag" will react chemically with the water molecules to produce an
array of species which contain Ag', or a disproportionation product containing a [Ag'-Ag™]
network. This strong interaction with very small amounts of atmospheric moisture, even
as low as a parts per million concentration, provides reference to the very strong oxidizing

power!!' of Ag". The Ag" ion is such a strong oxidant that it will spontaneously oxidize the

oxygen in water to gaseous elemental oxygen via the following reaction:
2Ag* +H,0 — 0, +2Ag" +2H*

Due to this tendency, species which contain the Ag" ion must be handled in an inert atmo-
sphere, such as nitrogen or argon, or in anhydrous hydrofluoric acid (aHF). In these environ-
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ments, the Ag T jon is stable, but is still often used as an oxidant. One notable instance was
published by Neil Bartlett.'? He reports using a carefully controlled aHF reaction medium.
He was able to oxidize the noble gas xenon, Xe?, to Xe™ with the Ag" ion to create the stable
noble gas containing compound XeF,.

Many systems which, at first glance, appear to contain Ag" in fact contain silver atoms
in various and mixed oxidation states. This most commonly consists of a network of Ag'
and Ag™ ions forming a mixed oxidation state [Ag'-Ag™] species.'>!'* For example, the
compound AgO was once thought to contain one true Ag>* ion for every O~ anionic species
in the lattice.'> However, experiment proves that this species should correctly be thought
of as [Ag'-Ag"0,], Ag,0,. This result is confirmed through magnetic measurements, '°
which report that AgO is a diamagnet. This diamagnetism implies that there are no unpaired
electrons in this system, thus eliminating the oxidation state assignment of the silver as 2+,
since the 4d° valency of Ag*" would contain unpaired electrons.

Despite the reactivity of Ag", compounds which contain true Ag" exist and usually have
interesting properties or reactivity characteristics. The Ag" ion has a 4d° valence electronic
configuration, which is in part responsible for the unique nature of these species. However,
because of the 4d° valence electron configuration, the Ag" ion, when in a ligand field, is
subject to strong Jahn-Teller distortions.'” The Jahn-Teller effect occurs due to the presence
of degenerate orbitals in the ground state of a molecule. This degeneracy causes instability in
the species’ ground state and, in response, the species will adopt a lower geometry, in order to
remove this degeneracy. The lower geometry occurs in the form of characteristic distortions
to the ground state geometry.!” The distortions are observed as elongation or shortening of
two of the six bonds in the octahedron in order to lower the total energy of the system. In most
cases, the octahedral geometry will adopt a lower energy Dy, environment. This geometry

6



is seen in the [AgF,*"] distorted octahedrons in the ternary silver fluoride Cs,AgF,. This

feature produces the interesting magnetic properties of the material. '3

2.2 Magnetism and superconductivity

While all materials have inherent diamagnetism, those which contain unpaired electrons dis-
play one of four competing forms of magnetism which makes them particularly interesting. In
almost every case, the competing form of magnetism displayed by a material has such a sig-
nificant effect on the material’s properties that it overwhelms the inherent core diamagnetism
under experimental conditions and is predominantly observed in measurements. In addition,
the measured magnetism produces unique properties displayed by the material. These prop-
erties are often highly desirable and may be used in practical applications, such as computer
chips and mobile phones. Therefore, materials which display these properties are closely in-
vestigated by research scientists across the globe. The four forms of magnetism which arise
from the presence of unpaired electrons of a material, often in response to the presence of
an applied magnetic field, have been mentioned and are described further below. A pictorial
representation accompanies each of the following descriptions.

Paramagnetism is described as a random and non-ordered arrangement of unpaired elec-
trons in a material. A unique aspect of paramagnetism is that, along with diamagnetism,
it is not dependent on the presence of a magnetic field, and paramagnetism is observed in
compounds under ambient conditions. Most materials at room temperature are either charac-
terized as diamagnets or paramagnets.

Ferromagnetism occurs when, in response to the application of an external magnetic field,
spins from neighboring atoms arrange in what is described as a ’spin-up, spin-up’ fashion.
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Figure 2.1: Paramagnetic spin arrangement

In other words, all spins are oriented in the exact same upward direction as those above,
below or next to them creating a bulk arrangement of uniform magnitude. A well known
ferromagnet is elemental iron, with the term ferromagnet originating from the observed spin

response from an iron sample.

Figure 2.2: Ferromagnetic spin arrangement

Antiferromagnetism is the electronic arrangement opposite to that of ferromagnetism, in
that unpaired electrons arrange in a ’spin-up, spin-down’ fashion in relation to one another.
This creates a bulk electronic structure of planes with alternating spin orientations, but with

the magnetic moment of the spin-up and spin-down being equal in magnitude.

Figure 2.3: Antiferromagnetic spin arrangement

Ferrimagnetism is a form of electronic arrangement similar to that of antiferromagnetism
but with spins of opposite direction having different magnitudes. This form of magnetism is
not as relevant to the present study of the silver fluoride system of interest and will not be

discussed in further detail.
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Figure 2.4: Ferrimagnetic spin arrangement

Magnetic materials that display bulk electron spin arrangements throughout their lattice
often provide an environment which will support and facilitate unique properties, specifically
the ability to conduct electricity or function as an insulator. Numerous reports in the literature
describe materials which will not conduct electricity (insulators) or will only conduct elec-
tricity at a certain efficiency (semiconductors). However, a growing number of very unique
compounds have been reported which are able to transport an applied electrical current with
complete efficiency. These materials are called superconductors, and their discovery in 1911
has prompted new and focused areas of research in chemistry, physics and materials sciences.
Table 2.1 provides some examples of magnetic materials and their critical temperatures, be-
low which their magnetic phases are present and they display bulk properties including the

ability to superconduct.

Table 2.1: Materials and their critical temperatures

Material | Critical temperature (K) Material Critical temperature (K)
T1"Y 2.384 NbSe,Mn,, 55%° 22
Sn' 3.728 La; gSrp,Cu0,2! 36
In' 3.404 NbSe,Cr, o5 % 79
Hg! 4.153 Yo.33Bag 67CuOsy 334522 87
Tal 4.304 Hg( sTly»Ba,Ca,Cu;0q, 52 138




Today there are two generally accepted theories of superconductivity, one for systems
which display superconductivity at lower temperatures and another for those which super-
conduct at higher temperatures. The low temperature theory, which was originally thought
to be the definitive theory of superconductivity, was first described by a team comprised of
J. Bardeen, L.N. Cooper and J.R. Schrieffer and is today known as the BCS theory of super-
conductivity.?* This theory describes the formation of Cooper pairs, pairs of electrons, which
travel through the crystal lattice with zero resistance. The electrons are propelled through
the lattice by lattice vibrations,?* called phonons. While these vibrations are present in all
states of matter, at very low temperatures the vibrations in solids can be small enough to not
disrupt travel of these electron pairs but rather facilitate their travel. This theory was once
used to predict the maximum temperature at which superconductivity will occur in all super-
conducting materials. However, with the discovery of materials which superconduct above
this temperature, and currently with discoveries of materials which superconduct well above

this temperature, a new theory is needed to describe superconductivity in new materials.

This new theory, the theory of high temperature superconductivity, attempts to account
for all of the conditions in the BCS theory for which the high-temperature superconductors
do not maintain. Instead of a proposed cooper pair formation through which electrons may
travel, the high-temperature theory suggests that specific essential orbital interactions, called
super exchange, must occur between the magnetic metal center and the counter ions. The
high-temperature superconductors in a way are more exciting and relevant to current searches,
simply because they display the desired phenomena and temperatures close to those which are
applicable in technology and society. One such material in particular is the lanthanum copper
oxide La,CuQO,. This species, when doped, yields materials which display superconducting
phases at low temperatures and has led to the investigation of numerous copper-oxides.
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2.3 Literature review

Since the discovery of superconductivity in elemental mercury, scientists have pursued the
synthesis of materials with increasingly high critical temperatures for purposes such as im-
plementing these materials in computers, mobile phones and other constantly developing
forms of technology. Efforts with these materials go towards the hope of one day finding
a material which is able to superconduct at room temperature. Those materials which were
investigated in the early days of superconductivity are now referred to as low-temperature
superconductors. Over the past 100 years, the discovery of materials which are able to super-
conduct at much higher temperatures than the 4.153 K transition temperature of mercury '
have prompted the formation of a second theory of superconductivity, one which seeks to
describe the mechanism by which this phenomenon occurs. This high-temperature supercon-
ductivity and the materials which display superconductivity at higher temperatures than those
predicted by the BCS theory has led to a handful of fundamental advancements in this area

of study.

Of particular interest is the rise of the class of copper-oxide high-temperature supercon-
ductors. This began in 1986, with the discovery of the first high-temperature superconductor,
a Ba—La—Cu—O system.?® It’s critical temperature, 35 K, was higher than the maximum
critical temperature predicted by the BCS theory of superconductivity (30 K). The authors,
Bednorz and Muller shared the 1987 Nobel prize in physics for their discovery. Shortly af-
ter the report of this compound, a search ensued to find materials with increasingly higher
critical temperatures. Following the Ba—La—Cu—O system, a La—Sr—Cu—O compound
was reported with a critical temperature close to 40 K,?’ and within months systems of
Y —-Ba—Cu—O with critical temperatures around 90 K topped the temperature scale. An-
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other important breakthrough came when the first material with a critical temperature over
100 K was reported. This was the copper oxide Bi,Sr,Ca,Cu;0,,, and it has a measured
critical temperature of 114 K. Currently, the material holding the current record for highest
reported critical temperature is the thallium doped copper oxide, Hg, 3Tl 2Ba,Ca,Cu;04 5
with a critical temperature of 138 K.

Due to the magnitude of impact of the copper oxide phases, a comparison between cop-
per oxide and silver fluoride interactions has been brought into consideration. A 2001 review
of silver fluorides by Hoffman and Grochala' took its audience through almost every char-
acterized silver fluoride species, explaining the theoretical aspects behind a potential silver
fluoride superconductor. In 2006, Grochala followed up his review with a report which com-
pared and contrasted the electronic structure for Cu—O and Ag—F motifs.?’ Results from
this paper showed that ’charged doped silver fluorides had good prospect for superconductiv-
ity.” Up until then, most of the synthetic work on silver fluorides had been reported by Neil
Bartlett, 333 B. G. Muller***° and Boris Zemva.'>3%31403 Of the compounds studied,
the ternary silver fluoride Cs,AgF, is most structurally similar to the ternary copper oxide
La,CuO,. Charge doping studies on Cs,AgF, which mimic those of La,CuO, would provide
confirmation or argument towards the theoretical outcomes reported by Grochala. Prelim-
inary results (unpublished) from Dolgos and Turner regarding the project reported herein
describe an increase in the critical temperature of Cs,AgF, with minimal charge doping. A

continuation of these studies is presented in the following chapters.
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Chapter 3

Methods of Analysis

3.1 Magnetic measurements of Cs,AgF,

Magnetic materials, due to their bulk spin arrangement, have a very detailed electronic struc-
ture. This structure is directly responsible for the observed properties. While current empha-
sis in characterization research is focused on utilizing neutrons to probe materials (elastic and
inelastic neutron scattering), neutrons are not suitable probes for the materials studied herein.
This is because the silver atoms in Cs,AgF, and the barium doped derivatives of Cs,AgF,
tend to absorb the neutrons and turn over inconclusive characterization data. Muons, on the
other hand, are very ideal particles to use in this type of experiment. A muon is an elemen-
tary particle which will act as a microscopic probe for magnetic materials. Their small size
allows them to reside within a crystal lattice and adopt the bulk spin orientation. In addi-
tion, and in particular with the species involved, the muon may participate in the formation
of a [F—u—F] ~ species,* which is directly detectable with current instrumental standards.
The muon will implant into the lattice of the Cs,AgF, sample and form a "hydrogen bonded
([F—p—F] ) ion, which will cause a distinct muon relaxation signal.”* These species were

13



detected in the reported experiments and play a role in determining the local magnetic envi-
ronment on each plane of the lattice.

In a muon spin resonance (or muon spin relaxation or rotation) experiment, spin polarized
muons are produced on a synchrotron ring and are implanted into the sample of interest.
A beam spin of polarized muons is produced when all of the muons adopt the same spin
arrangement. At ISIS, the muon beam is completely polarized. Once stopped in the sample,
the muon will occupy an interstitial site within the crystal lattice and then adapt to the local
spin arrangement, due to the influence of the material’s magnetic properties. A muon is able
to behave in this way because, like the electrons which compose the magnetic environment, a
muon is a fermion and has non-integral spin. Fermions are subatomic particles which have a
spin of one-half. The muon’s spin will behave in such a way that it will mimic the local spin
structure of the sample while it is occupying a place in the lattice during its lifetime (2.2 ps).
At the end of its lifetime, the muon will decay into a positron. Positron detectors positioned
around the sample in the instrumental setup detect the positrons emitted from the sample and
from the direction in which they arrived at the detector are able to produce a picture of how

the muons were arranged within the lattice.

3.2 The muon spin resonance experiment at ISIS

Currently, there are four facilities across the globe which are able to produce spin polarized
muons. The MuSR instrument at ISIS (Didcot, UK) was used to measure a polycrystalline
sample of Cs,AgF,. All muon resonance experiments begin at an ion source. At ISIS, this ion
source is a chamber which consists of hydrogen (H,) gas and hot cesium vapor (the boiling

).45

point of cesium is 978 K).™ The reaction between the gaseous hydrogen and the cesium vapor
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forms a discharge plasma, which consists of charged particles (Cs* and H ~, the hydride ion).
These ions are separated by a cathode, which attracts the positive Cs™ ions and leaves only
the hydride ions in the ionization chamber. These hydride ions are then extracted from the
ion source in 200 us pulses (in other words, a fraction of the hydride ions which have been
produced in the ionization chamber are removed in a batch every 200 us or 2x10~* s). These
pulses are narrowed and eventually turned into a beam of hydride ions, which are then sent
through a magnet which bends the beam 90° from its initial path. The function of this magnet,
and the abrupt change in beam pathway, is to strip the beam of any residual electrons which
are bunched with the hydride ions in the ionization chamber. The hydride ions are then passed
over an acceleration gap, which produces a beam energy of 35 KeV. With residual electrons
removed and a constant energy of 35 KeV, the hydride beam is re-focused and transported
through the low energy beam transport. The low energy beam transport brings the hydride
beam through another accelerator, the radio frequency quadrupole accelerator. The radio
frequency quadrupole accelerator applies electrical fields to the beam, and these fields are
carefully oriented in such a way that they are able to focus, bunch and accelerate the hydride
beam. From here, discrete bunches of hydride ions which are extracted at 4.94 ns intervals
are passed on to the linear accelerator (linac). In the linac, the hydride beam is accelerated to
70 MeV, and pulses are extracted every 200 us to travel to the synchrotron ring.

The synchrotron ring at ISIS has a 26 m radius, giving it a circumference of approximately
163 m (534 ft). The ring is equipped with 10 dipole magnets, which maintain the alignment
and intensity of the beam. In the synchrotron, the hydride ions which make up the beam are

stripped of their electrons, turning them into protons.

H —H'"+2e"
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The protons will continue in the synchrotron ring until they complete approximately 130
revolutions. During these revolutions, a radio-frequency system will separate the proton beam
into two equal halves. These halves travel at the same time in the synchrotron ring as they
are accelerated to 800 MeV, and a constant proton beam orbit is maintained. These beams
make 10, 000 revolutions in the synchrotron ring and then are put into a single revolution. In
batches of protons, these beams are sent to the neutron and muon targets. The entire process,
from ion source to final transport to the neutron and muon targets occurs roughly 50 times
per second.

At ISIS, the proton beam will collide with a tungsten target to produce mostly neutrons
for elastic and inelastic neutron scattering experiments. However, some of the beam will
then collide with a muon target to start the production of muons for muon spin resonance
experiments. The muon target at ISIS is a 10 mm thick carbon (graphite) block. Upon proton
collision with the carbon block, a beam of pions is produced. The pion is an elementary
particle which is one of the decay products of the muons within the sample. These pions
have a lifetime of roughly 2.6x10~® seconds, after which time they will decay into muons.
The muons are then implanted directly into the lattice of a sample as local magnetic probes.
Once in the sample, muons have a lifespan of 2.2 us (2.2x10~° seconds), at which time they
will decay into positrons. The muon spin resonance instrument at ISIS is equipped with a
positron detector, which serves to measure the characteristics of the positron decay particles
emitted from the sample. With these characteristics, computing software can infer the local
muon environment in the sample of interest.

The table below summarizes the important features of the MuSR instrument at ISIS,
which is one of three muon spectrometers (the others being Hifi and Emu). The MuSR
instrument is the ideal instrument at ISIS to measure magnetism and superconductivity char-
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acteristics of solid state materials.

Table 3.1: Instrument parameters for MuSR at ISIS

Number of detectors Measurements Field Temperature

64 Longitudal and transverse | Maximum 2500 G | 40 mK - 1000 K

3.3 Structure measurements of Cs,AgF, derivatives

The diffraction of X-rays by single crystals was first observed by Sir William Henry Bragg
and Sir William Lawrence Bragg, a father and son team, who later shared the Nobel Prize
(1915, Physics) for their work towards detailed understanding of the diffraction phenomenon.
Shortly after, the fundamental mechanism by which X-rays are diffracted by a crystal lattice
was mathematically proven and explained via Bragg’s Law of diffraction, formulated by
W.L. Bragg in combination with his father’s work. Alongside the physical mechanism and
mathematical treatment of X-ray diffraction, advances in instrument configuration and X-
ray intensity have allowed scientists to employ diffraction and similar techniques in order to
study the structure (and thus properties) of many types of systems. Since the time of these
initial discoveries and proofs, investigations with X-ray diffraction techniques, either using a
single crystal or powder sample, has become a popular means of structural characterization.
Crystalline (powder) materials display bulk atomic arrangement usually presenting in the
form of repeating units called the unit cell. Due to the fact that these samples are not single
crystals but rather a collection of near-perfect crystallites, the orientation of these unit cells
are random in nature and may contain faults. Because of this (near) perfect arrangement and
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packing, a ’diffraction gradient’ is formed which may be used as a surface upon which a
directed X-ray beam may be diffracted. When placed in the path of such light, the electron
density surrounding each atom provides an interaction site for the incident X-ray, causing
diffraction. The angle of this change is considered in analysis of the diffraction experiment in

order to extract relevant crystal data. This is accomplished through the use of Bragg’s Law:

nA = 2dsin(0)

Bragg’s Law takes into account the wave nature of light and where n is the order of
diffraction (which takes the form of an integer and is usually assumed to be 1), d is the
interatomic distance, commonly referred to as the d-spacing and 6 is the angle of diffraction.
In a uniformally crystalline solid, the use of Bragg’s Law to calculate peak position in a
diffraction pattern. Bragg’s Law represents the relationship between the diffracted X-rays
and peak positions in the diffraction pattern as a series of incident angles of diffraction and
interatomic distances repeating uniformally within the crystal structure. From this, a crystal
structure can be simulated and the bond lengths and angles of the species quantified.

In instances when a single crystal is unobtainable, a finely ground powder will suffice as a
diffraction gradient. In contrast to a single crystal, where all atoms are arranged in the lattice
in one fixed orientation, a powder sample is composed of small crystalline units which rest
in every possible orientation. Due to the random nature of these orientations it is necessary
expose a large number of crystallites to the incident X-rays. This is sometimes accomplished
by containing the sample in a small diameter capillary tube. During the experiment, the
capillary is mounted and rotated continuously in such a way that the incoming X-ray beam
may diffract off of each random orientation, providing a complete representation of the unit
cell in the data received. The capillary mount geometry is called Debye-Scherrer.
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3.4 The diffraction Experiment at NSLS

The National Synchrotron Light Source (NSLS) is part of Brookhaven National Laboratory
(BNL), located in Upton, New York. The National Synchrotron Light Source facility is a
special division of BNL which operates an electron synchrotron for the study of materials.
Specifically for the samples measured and presented herein, this electron beam is a source of
variable energy, and thus wavelength via £ = h/cv, X-rays to study the atomic structure of

single crystal or powder samples.

At NSLS, the synchrotron ring is charged with electrons in the form of an electron beam.
These electrons travel around the circumference of the ring in bunches, similar to the pulses
in which protons travel at ISIS. During their travel, the beam is maintained and guided by
very strong magnets which focus the beam and provide a well defined path along which the
electrons travel. As the electrons experience acceleration as they travel through the ring, they
give off energy in the form of light. This is known as synchrotron light, and it ranges in
wavelength from high-energy X-rays to the longer wavelengths of ultra violet, visible and
infra red light. The synchrotron light in a relevant wavelength range is supplied to each
instrument. Once directed to a specific instrument, the setup of the instrument will refine and

focus the beam for the specific type of measurement necessary.

The X14A beamline leads to a capillary mount powder diffractometer. X14A is equipped
with a mirror close to the entry point of the beam, which is used to redirect the beam into
the instrument’s monochromator. The monochromator serves to select the appropriate beam
wavelength. Once through the monochromator, the beam will travel through a liquid helium
chiller and is then passed through a slit which once again focuses the beam so that it will
interact directly with the sample.
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Each powder sample was mounted on the diffractometer and rotated about the long axis
of the capillary throughout the course of the experiment. Once beam diffraction occurs upon
interaction with the atomic lattice of the sample, the diffracted X-rays are directed through a

1

second slit to a Ge ™ crystal analyzer and then to the detector. X-ray intensity is recorded as a

function of the angle 26. Table 3.4 provides a few of the instruments operational parameters.

Table 3.2: Instrument parameters for X14A at NSLS-BNL

Energy (KeV) | Wavelength (A) Crystal Analyzers

5-26 0.477-2.479 | Ge™, LiF, graphite

Data was collected with an X-ray wavelength of 0.7736A (16 KeV) and a step size of
0.003 degrees # from 26 range of 5.5°and 59.5°. Diffraction from each sample was recorded
for approximately 12 hours with the sample held at room temperature. The diffraction data
was analyzed using the General Structure Analysis Program (GSAS).*¢

In the GSAS program, the Rietveld refinement method*’ is used to analyze and correct
the collected diffraction data to fit the pattern of a known crystallographic model. This is
accomplished through the adjustment of profile parameter to fit the peak shape (Lorentzian
peak shapes are typical for synchrotron data), background and unit cell to produce the fully
refined powder diffraction data set. Each collected powder pattern file was fit to the reported
diffraction pattern and structural characteristics of the parent compound Cs,AgF, published
by McLain et. al.’. This piece of literature reports the correct space group of Cs,AgF,,

Bbcm, as opposed to the previously reported and accepted space group (I4/mmm).
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Chapter 4

Results and discussion

Almost 100 years after its discovery, the phenomenon of superconductivity is still not clearly
understood. Since the 1911 report by Onnes of the first observation of superconductivity in
elemental mercury, numerous other phases have been reported as both low temperature and
high temperature superconductors. Some very notable examples of both low temperature and
high temperature superconducting elements and phases are given in Table 1.1. At present,
much attention is paid to the lanthanum copper oxide phase La,CuQO,, which is the precursor
to superconducting phases of various chemical dopant stoichiometries. The Cu' ion found in
La,CuO, has a strong influence on the superconducting properties observed in these systems.
For this reason, experimental and theoretical studies of La,CuO, have been carried out in
order to accurately describe the electronic and magnetochemical environments produced by
these Cu'' ions which promote a chemical environment that supports this phenomenon. A
creative way to identify properties which are necessary to support superconductivity is to
synthesize systems with very similar electronic and magnetochemical descriptions of known
superconductors and compare and contrast those of the new systems with known systems in
order to deduce a list of characteristics which favor the formation of superconducting states.
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A natural extension to the study of La,CuO, would be to synthesize a phase which displays
[AgO,] layers analogous to the [CuO,] layers found in La,CuO, in which superconductivity
occurs. Since a system which contains the [AgO,] motif is likely to possess a Ag" ion, it
would be convenient to compare the effects of this ion versus the Cu" ion found in La,CuO,.
However, to our knowledge there are no known systems to date which display such chemical
architecture.” A structurally similar system, which contains the Ag" ion is the ternary silver
fluoride Cs,AgF,. This phase is of current interest due to its structurally similar crystal
lattice as La,CuQO,, with the only noticeable difference being the angles at which the [AgF]
octahedra align with respect to one another in relation to the arrangement of [CuOg] octahedra
in La,CuQ,.

The structure of Cs,AgF, is well defined and understood. The crystalline lattice is built
from alternating [AgF, ] and [CsF] layers in an [AgF, ][CsF][CsF][AgF, ] layer stacking scheme
as is seen in the figure below:
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Figure 4.1: Crystal structure of Cs,AgF,’

In the above figure, the black atoms are silver, the grey are fluorine and the white are
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cesium. Within these layers, [AgF,]°~ octahedra are formed, with the axial F—Ag—F of
each octahedron being perpendicular to the neighboring [AgFG]Q_ octahedra. Such an ar-
rangement, with neighboring octahedra being perpendicular to one other, is known as an
antiferrodistortive arrangement. This is directly responsible for the ferromagnetism observed
in these material below 13.95 K, as an antiferrodistortive lattice arrangement will typically
lead to ferromagnetism when the material is cooled to or below its critical temperature. De-
spite the similar layering scheme found in Cs,AgF, and La,CuO, ([CsF] and [AgF,] layers
analogous to [LaO] and [CuO,] layers), a distinct difference in their crystal structures are
the orientation of the [AgF,]°~ and [CuO4]*" octahedra (respectively) arranged within the
crystal lattices with respect to neighboring octahedra. In Cs,AgF,, the octahedra arrange
so that the Ag" ions form an antiferrodistortive magnetic arrangement, leading to bulk fer-
romagnetism in the doped variants at their critical temperature. However, in La,CuQO,, the
magnetic arrangement of Cu" ions is ferrodistortive, leading to bulk antiferromagnetism in
doped samples below the critical temperature. In contrast to the previously described antifer-
rodistortive arrangement, a ferrodistortive arrangement is described by a parallel alignment
of the elongated axes of neighboring octahedra. The structural differences between Cs,AgF,
and La,CuO, can be interpreted more descriptively in the image in Figure 4.2 published by
Grochala in the July 2006 volume of Nature Materials. As can be clearly identified, the
[AgF6]27 octahedra in Cs,AgF, arrange so that their elongated F—Ag—F axes are perpendic-
ular to each other (antiferrodistortive arrangement) and in contrast, the [Cu06]2_ of La,CuO,
are arranged in a parallel fashion (ferrodistortive arrangment).

The structural and magnetochemical studies of Cs,AgF, and a few of its doped derivatives
are described herein. Muon spin resonance experiments were carried out at ISIS in the UK
and X-ray diffraction experiments were carried out at the NSLS in Upton, New York.
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La,Cu0, CspAgFy
Figure 4.2: Crystal structures of Cs,AgF, and La,CuO,’
4.1 Discussion of the magnetic measurements of Cs,AgF,

A polycrystalline sample of the parent compound Cs,AgF, was synthesized and its magneto-
chemical properties assessed using muon spin resonance techniques. A full plot of the spectra

obtained from this measurement is given below.

(a)

A(1) (arb. units)

Al (%)

0.0

t {us)

Figure 4.3: Muon spin resonance measurement>
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The data in Figure 4.3 describes the change in the time dependence of the muon polar-
ization as a function of temperature. At and below the critical temperature, a change in the
oscillation is observed which is direct evidence of the muon’s response to the local magnetic
field at its interstitial stopping site within the sample. Below the critical temperature, higher
frequency oscillations are observed. With maximum entropy analysis (distribution of prob-
ability with respect to entropy) of these oscillations, two nonequivalent muon stopping sites

were identified for the Cs,AgF, lattice.
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Figure 4.4: Graphical interpretation of the non-equivalency of the muon stopping sites>

The non-equivalency in the muon stopping sites can be measured by the muon decay
signal. Data analysis has resulted in the conclusion that there is one muon stopping site in the
[CsF] plane and one in the [AgF, ] plane of the Cs,AgF, sample. This may be seen pictorially
in Figure 4.5

From this experiment, the ferromagnetic nature of Cs,AgF, found by McLain et. al.® was
verified along with its critical temperature at 13.95 K. Since these measurements agree with
those already reported in the literature, the experimental details and writeup were submitted
to Physical Review B and published as a rapid communication.? In response to the publica-

48,49

tion, theoreticians interested in Cs,AgF, published results which confirm the origin of
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Figure 4.5: Muon stopping sites within the Cs,AgF, lattice?

ferromagnetism in Cs,AgF,. The ferromagnetism is caused by a super exchange which oc-
curs in the Ag—F—Ag bridges. This occurs through the staggered ordering of the d.-_,» and

d,>_,2 orbitals of the silver atoms.

4.2 Discussion of the structure measurements of the doped

phases

In addition to the magnetic measurements discussed above, structural measurements of two
of the doped derivatives of Cs,AgF, were also recorded and analyzed. Sealed samples of
Csy.9Bag1AgF, and Cs; gBaj 2 AgF, were measured on the X14A instrument at Brookhaven
National Laboratory and the patterns analyzed using the GSAS program. 46

Figure 4.6 through Figure 4.9 display the full X-ray powder diffraction pattern collected
for the Cs; 9yBay;AgF, sample on the X14A instrument from 5.95 — 59.5 20, followed by
magnification of important parts of the powder pattern collected at NSLS.

In these figures, the tick marks along the bottom of the pattern represent the phases

present in the sample. The black tick marks represent the parent phase Cs,AgF,, the red
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tick marks represent the starting material BaF,, the blue tick marks represent the starting
material AgF, and the green tick marks represent the starting material CsF. Since the doped
phase Cs; 9Bay ; AgF, is an uncharacteristic phase (there is not crystallographic information
for this phase published in the literature), refinements were carried out based on the new
phase’s similarity to the parent compound Cs,AgF,. The barium atom was inputted into the
lattice with the same crystallographic coordinates as the cesium atoms reported in the crys-
tallographic information file for Cs,AgF,. Not surprisingly, additional peaks are observed
in the pattern that do not match up with those of the parent compound or any of the starting
materials. These indicate either the presence of a new phase or an impurity phase which was
not considered during refinements.

Due to the inherent nature of a powder sample, which is composed of many crystallites
instead of a single crystal, the presence of phases other than that of the bulk is assumed.
Once the final refinements were finished, using the parent compound Cs,AgF, as the model
crystallographic system, each starting material was considered as a phase impurity. The
colored tick marks in the images represent the X-ray powder pattern of each starting material.
The amounts of these materials present in the sample are quite small, and the specific total
phase fractions for the measured Cs; 9Bay ; AgF, sample are given in Table 4.1.

Although the three starting materials are present, the fractions are so small that these
materials should not be a source of considerable interfere with powder pattern analysis, al-
though will most likly pose local structural and electronic effects at the atomic level. Once
refinements produced close structure fits, keeping in mind that the phase under study will not
have an identical structure to the parent material or any of the starting materials, a simulated
crystal structure was produced using the DrawXTL software available free on the internet.
The simulated crystal structure is displayed in Figure 4.10. Silver atoms are blue, fluorine
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Figure 4.6: Powder diffraction pattern of Cs; 9Bag 1 AgF,
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Figure 4.7: Powder diffraction pattern of Cs; 9Bag 1 AgF, from 11-15 degrees 26
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Figure 4.9: Powder diffraction pattern of Cs; 9Bag 1 AgF, from 30-40 degrees 26
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Table 4.1: Phase fractions for Cs; gBag 1 AgF, sample

Phase Phase fraction

Cs,AgF, 0.82293

BaF, 0.1x1073

AgF, 0.81x1073

CsF 0.17x1072

atoms are green and the cesium/barium is split with yellow representing the cesium fraction

and red representing that of the barium.
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Figure 4.10: Simulated crystal structure of Csj 9Bag 1 AgF, using DrawXTL software

Table 4.2 displays the unit cell parameters which have been found for the doped sample
using the GSAS program, along with a comparison between these new parameters and those
known for Cs,AgF,. The slight increase in the unit cell lengths of the doped sample in
comparison to that of the parent phase, specifically along the a and b directions, suggest the
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presence of mixed phases in the powder sample which are interfering with the ideal unit cell.
Additionally, as the barium atoms are introduced to the sample, the Ag" will begin to reduce
to Ag', which leads to the conclusion that mixed valent silver fluorides will undoubtedly
exist in these doped phases. Considering only the contribution of ionic radii and no magnetic
effects, the replacement of the Cs™ ion with the smaller Ba?* ion should decrease the size of
the lattice. For comparison, the radius of a Cs* ion is 1.69 A and that of Ba®* is 0.2 A.%
However, the increase in the unit cell does not follow the ionic radii suggestion, implying that
there is more occurring at the atomic level than simple atom-atom interactions. Electronic
interactions, specifically atom repulsion, may cause this increase in the unit cell and this

effect may be more pronounced with the presence of interfering phases.

Table 4.2: Unit cell parameters for Cs; 9Bag 1 AgF, in comparison to Cs,AgF,

Csy9Bag1AgF, | Cs,AgF,

a 6.493965 4.58

b 6.494545 4.58

c 14.219487 14.192

« 90 90
I} 90 90
v 90 90

A second doped phase, Cs; gBag 2AgF,, was also prepared and measured using powder
X-ray diffraction. The collected data is presented in the following figures. When compar-
ing the two powder patterns collected, those of Cs; 9Bay1AgF, and Cs; sBag2AgF,, there
is a noticeable increase in the intensity of the unidentified phases which were noted in the
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Csy.9Bagy 1 AgF, sample. In addition, the quality of the fit in the Cs; sBay 2AgF, sample pow-
der pattern is quite poor in comparison with that of the Cs; 9Bag 1 AgF, sample. This analysis
suggests that with increased doping, the structure of the system begins to break down and
produce a higher percent of secondary phases.

In the powder pattern figures, the black tick marks below the pattern represent the parent
phase Cs,AgF,, the red tick marks represent the starting material BaF,, the blue tick marks
represent the starting material AgF, and the green tick marks represent the starting material
CsF. These are the same labels as the Cs; 9Bag1AgF, sample for easy comparison of the
overall appearance of the two collected powder patterns and a direct comparison between the
peak intensities of all unidentified phases present.

In a similar manner, the fractions of these phases within the bulk material was analyzed
and is displayed in the table directly following the powder diffraction data. The presence of
alternate phases, although small, may have slight local structural consequences. In this case,
as with the previously discussed doped sample, the unit cell is larger than that of the parent

unit cell despite the substitution of a Cs* ion for the smaller Ba?* ion.

Table 4.3: Phase fractions for Cs; gBag 2AgF, sample

Phase Phase fraction

Cs,AgF, |  0.40116

BaF, 0.1x1072

AgF, 0.33x1073

CsF 0.16x1072

It becomes apparent, after comparing the alternate phases in both of the samples studied
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Figure 4.12: Powder diffraction pattern of Cs; sBag 2AgF, from 11-15 degrees 26
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Figure 4.13: Powder diffraction pattern of Cs; sBag 2AgF, from 17-19 degrees 26
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Figure 4.14: Powder diffraction pattern of Cs; sBag 2AgF, from 30-40 degrees 26
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by powder X-ray diffraction, that the doped silver fluoride phases of interest are not only
challenging to synthesize, but also difficult to completely characterize. Interfering phases
may change and alter the crystal structure of the bulk phases in such a way that the structural
characteristics of the pure doped phases are masked. The figure below displays the simulated

crystal structure for Cs; sBag 2AgF, using DrawXTL.
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Figure 4.15: Simulated crystal structure of Cs; gBag 2AgF, using DrawXTL software

In the figure, the silver atoms are blue, the fluorine atoms are green and the mixed oc-
cupancy cesium/barium sites are red/yellow (respectively). Additionally, the following ta-
ble gives the unit cell parameters generated using GSAS, along with those reported for the
parent compound Cs,AgF,. As can be seen, the unit cell volume of the doped compound
Csy.sBag2AgF, is larger than that of the parent Cs,AgF, compound.

As with the previously discussed sample, the unit cell lattice parameters for the bulk phase
is slightly larger than that of the parent Cs,AgF, phase. This is contrary to what would be
expected when only considering the ionic radii of the Ba®* ion which replaces the Cs* with
doping. For final comparison, Table 4.5 shows the lattice parameters of the doped samples.
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Table 4.4: Unit cell parameters for Cs; sBag 2AgF, in comparison to Cs,AgF,

Cs, sBag2AgF, | Cs,AgF,
a 6.482013 4.58
b 6.483204 4.58
C 14.19519 14.192
a 90 90
B 90 90
¥ 90 90

Table 4.5: Comparison of the lattice parameters of the doped samples

Cs19Bag1AgF, | Cs;gBag2AgF,
6.493965 6.482013
6.494545 6.483204
14.219487 14.195198

90 90
90 90
90 90

Despite the chemical treatment of the parent compound, chemical doping with Ba>* ions,
and preliminary structural data, the samples synthesized show no evidence of a superconduct-
ing phase. The hopeful existence of a superconducting phase was first measured by Dolgos
et. al. (unpublished results), but the studies prove that the result of chemical doping is a

change in the critical temperature, not the magnetochemistry of the system.
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Chapter 5

Conclusions and future investigations

The data and discussion presented in this work merely scratches the surface of the overall
potential of great scientific discovery with the ternary silver fluoride Cs,AgF, and other silver
fluoride phases. The ideal experiment would be to prepare polycrystalline samples (or more
ideally, single crystal samples) of the parent compound Cs,AgF, as well as the doped phases,
Csy.9Bag 1 AgF, and Cs; sBag 2AgF,, in large enough quantity to send an appreciable amount
for variable temperature powder X-ray diffraction, neutron scattering, muon spin resonance
and SQUID experiments in one large facility visit. With data from these experiments on the
same batch of sample, an accurate overall analysis can be made on these phases in order that
their properties may be characterized.

A final set of data, which was collected during this project but not yet analyzed or fully
refined, is presented in Figures 5.1- 5.2. This data provides just a glimpse of the types of
changes which would take place if the doping scheme was to be carried out further. At
some point, the structure of the doped systems would undoubtedly begin to break down, but
synthetic investigations to find out exactly what that point is would provide more structural
and magnetochemical information on this system.
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Figure 5.1: Muon spin resonance data for Cs; 9Bag 1 AgF, collected at PSI
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Figure 5.2: Muon spin resonance data for Cs; 5Bag 5 AgF, collected at PSI
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The data presented is a comparison of critical temperatures of Cs,_,Ba, AgF, with x=0.1, 0.5

which were determined by muon spin resonance at PSI in Switzerland. Data was collected for
samples with x=0.1,0.2,0.3,0.4 and 0.5, with only the smallest and largest doping amounts
displayed. According to this data (and the data from samples of intermediate composition to
those presented), the critical temperature does not change with higher dopant levels. While
this is an interesting result, the data may also represent an alternate scenario, in which no
matter how much dopant is added, the same phase is formed with a higher percentage of
unreacted starting material when a higher dopant level is used. However, this data is in
direct contrast with neutron scattering data recorded (unreported) by a group member on

Csq.9Bag 1 AgF,, which suggests a large increase in critical temperature with minimal doping.

Despite preliminary data on the further doped silver fluorides, in comparison with the cop-
per oxide analogues, the ideal doping is just enough to promote the onset of orbital alignment
to produce a superconducting phase. Those noted for the copper oxides which have been
characterized are only at dopant levels with x=0.2 for the doping scheme La,_,Ba,CuO,.
Due to the structural similarity of these species to known superconductors, they present a
promising deviation from what is already known in order to discover something truly rev-
olutionary. Even during the time of writing of this work, a group led by Grochala®' has
altered the study of possible superconductivity in silver fluorides in another direction. Due
to the overwhelming evidence for the antiferromagnetism in La,CuO, playing a role in the
superconductivity of its doped derivatives, Grochala has proposed ways in which to synthet-
ically prepare an antiferromagnetic Ag" species. An antiferromagnetic Ag" species would
not only mimic the known superconductors with the presence of a Jahn-Teller distorted octa-
hedra, which is an important feature for superconductivity in these systems, but it would also
replicate the antiferromagnetism seen in the doped copper oxide phases.
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The copper oxides present a more applicable system for superconductivity for everyday
use due to their air stability. The race for a room temperature superconductor ensues for now,
with an ever present hope of unveiling the intricate mechanism by which the phenomena

occurs.
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Experimental

Synthesis of Cs, ., Ba,AgF,

All synthetic procedures were carried out in an argon filled glove box with the residual H,O
and O, levels below 0.1ppm. The starting materials were purchased from Strem Chemicals
Inc.(© (2009).

For each synthesis, silver (II) fluoride (AgF,) was weighed out in an aluminum weigh
boat and ground to a fine powder using an agate mortar and pestle. Next, the cesium fluoride
(CsF) was weighed and added to the AgF, in the mortar and pestle. The two solids were
ground together until a homogeneous powder was reached (assessment by sight). Finally, the
barium fluoride (BaF,) was weighed and added to the solid mixture (where necessary) and
all of the starting materials were ground together into a fine powder mixture.

Once ground sufficiently, the solid mixture was transferred to a platinum crucible. This
was placed into a sand filled heating mantle, equipped with a thermocouple to measure tem-
perature. The reaction was heated to 320 °C for 24 h. The reaction was then cooled, re-ground
and heated for an additional 12 hours at 320 °C. All products were ground upon final cooling
and stored in plastic screw top vials until analyzed.

Table 5.1 provides the weights of starting materials used for all phase syntheses. Only

TStrem Chemicals Inc., 7 Mulliken Way, Newburyport, MA, 01950, USA, www.strem.com
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certain phases were analyzed by diffraction and MuSR.

Table 5.1: Quantities of starting materials (in moles) used in synthesis of Cs, , Ba,AgF, phases

X AgF, (mol) | CsF (mol) | BaF, (mol)

0 0.0077 0.015 0
0.05 0.03 0.0067 0.0017
0.1 0.002 0.004 0.00022

0.15 0.003 0.00634 0.0005

0.2 0.002 0.0039 0.00044
0.25 0.003 0.0059 0.00086
0.3 0.003 0.0058 0.001
0.4 0.003 0.005 0.001
0.5 0.003 0.005 0.0017
0.6 0.003 0.0047 0.002

For the powder X-ray diffraction experiments, a small sample of phase (Cs; gBag;AgF,
and Cs; gsBag 2AgF,) were each placed into a 0.3mm diameter quartz capillary tube (Charles
Supper Company, Inc)!. These were flame sealed and transported directly to NSLS for
diffraction experiments.

For the muon spin resonance experiment, a sample of Cs,AgF, was sealed in a gold plated
titanium sample holder equipped with a gold o-ring. This sample was shipped directly to ISIS

for the MuSR experiment.

fCarles Supper Company, In., 15 Tech Circle, Natick, MA, 01769, USA, www.charles-supper.com
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