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Inorganic structures play an important role in materials due to their versatility and diversity.
A complete understanding of the structure of a material is vital to enhance the creation of
new materials that fill voids in research. The rational design of these compounds is driven
by the exploitation of structure-property relationships, resulting in optimized materials and
improved devices. This dissertation navigates this interplay for pyrochlore oxides,
investigating the effect of substitution on the structure and characterizing the resulting
properties. The fundamentals of inorganic chemistry are presented as an introduction to the
research of iridium, ruthenium, bismuth and tin containing pyrochlore materials outlined
by this dissertation.

The 4d and 5d transition metals have received recent attention as potential topological
insulators. This property is driven by the spin-orbit interaction that increases with atomic
number. This led to the substitution of various cations in the general pyrochlore formula
Bi2-xMxIr2O6+y (M = Ca2+, Co2+ and Cu1+), as well as phases with related structures:
Ca2Ru2O7 and Bi2-xCaxRu2-xIrxO6+y. These samples were synthesized via solid state and
hydrothermal reactions, resulting in materials with similar structures and properties. In the
calcium containing iridium pyrochlore Bi2-xCaxIr2O6+y, the limit of substitution was found
to be ~x = 1.0, where the calcium was found to shift from the ideal position to occupy the
higher multiplicity 96g site, while pairing with an oxygen vacancy. For higher calcium
concentration samples calcium occupied both the 16d and 96g sites. The samples were
found to be paramagnetic and metallic. In the related sample Ca2Ru2O7, in the absence of
the shared A site, the calcium was found to occupy the ideal site. Cobalt substituted samples
were found to have a limit of substitution of ~x = 0.5, and magnetic susceptibility was
measured. Copper containing samples (Bi2-xCuxIr2O6+y) were found to have a limit of
substitution of ~x = 0.5, and a similar structure to the calcium containing samples. In this
preliminary neutron refinement, the copper was found to shift to the 96g position from the
ideal 16d, occupying both positions at higher copper content. The oxygen sites were
practically fully occupied for both the x = 0.2 and 0.4 samples, suggesting the presence of
Cu1+ in the system. Further analysis is required to determine the presence and valency of
both iridium and copper in the system. As with the calcium analogue, the samples are
paramagnetic and metallic. The Bi2-xCaxRu2-xIrxO6+y system showed a limit of substitution
of ~x = 1.0. Both the x = 0.5 and 1.0 samples were paramagnetic.

Sulfur and Fluorine substituted Sn2Nb2O7 pyrochlore pigments were synthesized to
produce brilliant red/orange compounds as an environmentally friendly alternative to other
toxic, inorganic, red/orange pigments. Neutron diffraction structure refinements confirmed
that the compositions crystallized in the pyrochlore structure, showing deviations from
ideal stoichiometries with a large number of vacancies and severe local structure distortions
at the A and O' sites. Chemical analysis confirmed the presence of sulfur and fluorine in
the pyrochlore structure and 119Sn Mössbauer analysis confirmed the presence of both Sn2+
and Sn4+ in these compounds. Optical characterization was performed through absorbance,
reflectance, and color meter measurements. The compounds were found to have ~60-95%
reflectance, having added functionality as “cool” pigments. The estimated band gap was
determined to be in the range of 2.35 to 2.05 eV, decreasing with increasing sulfur content,
consistent with the color change from yellow to orange/red. Sn2TiNbO6F1-xClx phases were
made from x = 0-1.0, resulting in increasing lattice parameter and increasing band gap with
chlorine substitution. This solid solution can also potentially find application as a “cool”
pigment. The solid solution Sn2Ti1-xCrxWO7-xFx was synthesized from x = 0-1.0, resulting
in a decreasing lattice parameter upon chromium addition. The samples were paramagnetic,
with magnetic moments from 3.108 μB to 3.513 μB for x = 1 to 0.2.
Many materials in the general series Bi2-xCaxM2-xM'xO7 (M = Ti, Hf, Sn; M' = Sb, Nb, Ta)
were prepared for the first time and were characterized via their structure and dielectric
properties resulting in extremely low loss dielectric materials with dielectric constants from
16-98. The materials were both largely temperature and frequency independent. The lattice
parameters of the quaternary pyrochlores in the series BiCaMM'O7 showed an expected

linear relationship with the ionic radii of the substituted elements. The solid solution Bi2xCaxSn2-xSbxO7-y,

was analyzed via neutron diffraction, where the limit of the solid solution

was close to ~x = 1.3. Until this value, the compounds crystallize in the pyrochlore phase,
forming a mixture of the pyrochlore phase and the Ca2Sb2O7 weberite phase beyond this
value. The refined formulas for the nominal calcium content x = 0.5, 1.0, and 1.5 in this
solid

solution

were

Bi1.36Ca0.64Sn1.60Sb0.40O6.88,

Bi0.76Ca1.24Sn1.06Sb0.94O6.85 respectively.

Bi0.82Ca1.18Sn1.10Sb0.90O6.86,

and
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CHAPTER 1: Investigating the Structure of Materials
1.1 Transition Metal Oxides
The focus of this dissertation encompasses the synthesis and characterization of transition
metal oxide materials. Transition metal oxides characterize a large and diverse family of
materials with many different properties and applications. Beginning from the basic atomic
makeup of these structures, there are several complex avenues in which the materials can
form, where minor changes result in largely different properties and therefore functions.
Compounds with the same structure can have different functionality based on the elements
that comprise the material. Similar elements can behave in a similar manner; elements that
have similar oxidation states or ionic radii can often occupy the same positions in a
structure, and the substitution of one element for another can result in tuning the property
of the material to have a more desired effect. Crystal structure, bonding, band structure,
electrical and magnetic properties are related in transition metal oxides. In order to better
understand this relationship, one must first understand the basics of how these materials
are formed.

1.1.1 Creating a Crystal Structure with Close Packing
Crystal structures can form from different arrangements of atoms, and can be described by
the way the atoms are packed. This can be done several different ways, two of which are
cubic and hexagonal close packing. In both cases, several planes of atoms combine in
unique ways to create a 3D structure. The first plane, A, is made up of atoms in a hexagonal
array with a void area of 9.3% (Figure 1.1a). From here, the atoms in the second plane can
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be centered over two different void areas of A; blue or red in Figure 1.1b. The second layer
centered over the blue void can be called layer B, and the second layer centered over the
red void can be called layer C (Figure 1.1). Figure 1.1c shows AB stacking, and Figure
1.1d shows AC stacking [1,2].

(a)

(c)

(b)

(d)

Figure 1.1. (a) Atoms aligned in a hexagonal array; layer A. (b) The two different void
areas a new layer can reside above are shown in blue, B, and red, C. (c) A second layer,
B, is added on top of the blue void areas in the first layer. (d) A second layer, C, is added
on top of the red void areas in the first layer.

This layering can then be compiled to create cubic or hexagonal close packing, through the
addition of more layers. ABAB… stacking gives a Hexagonal Close Packed (HCP)
structure as shown in Figure 1.2a with a space group of P63/mmc. ABCABC… stacking
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gives a Cubic Close Packed (CCP) structure as shown in Figure 1.2b with a space group of
Fm3m.

(a)

(b)

Figure 1.2. (a) ABAB stacking, resulting in Hexagonal Close Packing. (b) ABCABC
stacking, resulting in Cubic Close Packing.

The formation of these eutactic structures results in both octahedral and tetrahedral
interstitial sites or holes that were previously characterized as the void space in Figure 1.1.
Octahedral holes are surrounded by 6 atoms, where tetrahedral holes are surrounded by 4
atoms (Figure 1.3). Each sphere in a close-packed lattice is associated with one octahedral
site and two tetrahedral sites. It is not necessary that all sites are filled, and it is possible to
have portions or fractions of sites filled. Electrostatic interactions within the framework
will either allow atoms to occupy these holes, or the atoms will be repulsed, leaving the
site empty. Typically, anions are larger than cations, and are more likely to make up the
close packed framework, allowing the smaller cations to occupy the interstitial sites. When
the anion and cation attraction exceeds the repulsion, the compound will be able to form.
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(a)

(c)

(b)

(d)

Figure 1.3. (a) An octahedral interstitial site (yellow) shown between two layers of atoms.
(b) A tetrahedral interstitial site (green) shown between two layers of atoms. (c) An
expanded view of the octahedral interstitial site and (d) tetrahedral interstitial site.

In the case of HCP, edge shared octahedra are formed when all octahedral sites are filled.
It is impossible to fill all the tetrahedral holes in a HCP arrangement, as the tetrahedra share
faces and if all of the holes are filled, the repulsion would be too great for the structure to
actually be able to form. For HCP, the maximum percentage of occupied tetrahedral holes
that the structure can tolerate is 50%, whereas in the case of CCP, the tetrahedra share
edges instead of faces, allowing 100% occupation of these sites in compounds with this
fundamental structure. There are twice the number of tetrahedral holes available when
compared to the octahedral holes, and thus it is only possible to create a compound with
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the formula AX in the case of HCP structures when filling tetrahedral holes. For example,
in the case of Wurzite (ZnO), oxygen forms the HCP framework, and only 50% of the
tetrahedral holes are filled. Table 1.1 shows some example structures along with the
percentage of octahedral holes filled and the close packed arrangement of the framework
atoms. Table 1.2 shows example structures with the percentage of tetrahedral holes filled.

Table 1.1. Structures listed with the percentage of octahedral holes filled in the utilized
close packed arrangement.

Structure Type

Percentage of
Octahedral Holes
Filled

Close Packed
Arrangement

Rock Salt (NaCl)

100%

CCP

NiAs

100%

HCP

CdCl2

50%

CCP

CdI2

50%

HCP

TiO2 (rutile)

50%

HCP

Al2 O3 (corundum)

66.7%

HCP
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Table 1.2. Structures listed with the percentage of tetrahedral holes filled in the specific
close packed arrangement.

Structure Type

Percentage of
Tetrahedral Holes
Filled

Close Packed
Arrangement

(Anti)fluorite

100%

CCP

Wurtzite (zincite)

50%

HCP

Sphalerite (zinc
blende)

50%

CCP

Diamond

50%

CCP

Some crystal structures undergo distortions, brought on by a desire to have the highest
stability possible in a structure. Jahn-Teller distortions describe the geometrical distortion
of molecules and ions associated with certain electron configurations. This term describes
the removal of degeneracy by distorting the lattice of the crystal structure; a geometric
distortion of a non-linear molecular system that reduces its symmetry and energy. JahnTeller distortions strongly influence the electronic and atomic distribution of a material.
This distortion is typically observed among octahedral complexes, where the two axial
bonds can be shorter or longer than those of the equatorial bonds. For Jahn-Teller distortion
to occur, the electronic configuration needs to balance the magnetic field. Very few metals
undergo Jahn-Teller distortions, one of which includes copper [3]. The metals that undergo
this distortion are typically those with degenerate electrons in the eg orbitals [4]. Figure
1.4 shows a detailed electron configuration for an elongated copper (II) octahedra. Figure
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1.5 from reference 4 shows the two common distortions that occur in copper (II)
complexes.

Figure 1.4. Jahn-Teller active Cu2+ electronic configuration for an elongated copper (II)
octahedra.

Figure 1.5. Two common distortions in copper (II) complexes from reference 4.
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1.1.1.1 Pauling’s Rules for Ionic Structures
There are various, complicated factors that affect the formation of crystal structures,
including ionic size, radius ratio rules, electronegativity, iconicity and crystal field
stabilization energy (CFSE). Predicting the formation of any structure is a difficult task, as
there are so many interconnected causes for the way in which a lattice crystallizes. Ionic
radii and the radius between two cations in a given compound can sometimes point to
which structure is more likely to form, but it is still only an educated guess. Linus Pauling
devised principles to elucidate the general rules with which to aide in the determination of
crystal structures [5].
Pauling’s first rule determines that the cation-anion distance is determined by summing
ionic radii. The cation coordination environment is determined by radius ratio (Equation
1.1) where the bond valence and energy can change due to the radii of the elements being
used. The radii are dependent on both the oxidation state of the ions involved and the
coordination number of the ions. The radius ratio is based on the number of anions around
a cation and it predicts that the coordination number decreases as the cation size decreases.
If cation radius decreases and anion radius remains the same, the anions will overlap
(unfavorably) to maintain optimal cation-anion contact. There are many exceptions to the
rule, but some examples include CsCl (0.732), NaCl (0.414), and ZnS (0.225).
𝑅𝑎𝑑𝑖𝑢𝑠 𝑅𝑎𝑡𝑖𝑜 =

𝑅𝑐𝑎𝑡𝑖𝑜𝑛
𝑅𝑎𝑛𝑖𝑜𝑛

(1.1)

Pauling’s second rule states that the bond valence sum (BVS) of each ion should equal its
oxidation state. For instance, C always has a valence sum of 4, O always forms 2 bonds,
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H always forms 1 bond, etc. Equation 1.2 relates the oxidation state of an atom (Vi) to the
valence of the bond between atoms i and j (sij).
𝑉𝑖 = ∑ 𝑠𝑖𝑗

(1.2)

Equation 1.3 shows the relationship between the bond valence, and a central atom with
valence, m, and n equivalent bonds.
𝑠𝑖𝑗 =

𝑚
𝑛

(1.3)

If there are n equivalent bonds around a central atom with valence m, then the valence of
each bond is equal to m/n.
Pauling’s third rule explains that crystals tend to avoid shared polyhedral edges and/or
faces. This is particularly true for cations with high oxidation state and low coordination
number. When polyhedra share an edge or face, the cations are brought closer together,
increasing the electrostatic repulsions. Thus, the presence of shared edges and particularly
shared faces decreases the stability of a structure. Face sharing is highly covalent, and it
has the smallest distance between cations, causing it to be the hardest to form due to
electrostatic repulsion. Certain crystal structure formation is prohibited based on these
repulsions.
In a crystal containing different cations, Pauling’s fourth rule states that those with large
valence and small coordination number tend not to share anions (or polyhedron elements
with each other). This is typically the case with tungsten containing compounds, as W6+
will not share tetrahedral elements with other cations.
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Pauling’s fifth rule describes the number of chemically different coordination
environments for a given ion. This number tends to be small, as many cations do not
occupy different coordination environments.

1.1.2 Crystal Structures
There are many different structures that arise from this type of close packing, and they can
be quite complex. Complex close packed structures include AO3 close packing with CCP
stacking (corner-shared), HCP stacking (face-shared), and mixed CCP/HCP stacking.
These structures can arrange in different ways depending on the elements present. For
instance, BaSnO3 forms via CCP (100% corner shared octahedra in the layers), and BaNiO3
forms via HCP (100% face shared octahedra in layers). ReO3 related structures have anion
CCP with vacancies and ¼ of the octahedral holes are filled (AlF3, KNbO2F, etc.). If
lithium is added to these structures, they can become conducting, as the intercalation of the
cation into and out of the structure carries charge and results in energy storage materials.
AX3 structures can form (CuAu3, YbAl3, etc.) where there are AO3 layers stabilized by
metal-metal bonding [1]. The following are fundamental structures as examples of the
multitude of possible transition metal oxides.

The rock salt, NaCl, structure is a fundamental lattice with a 1:1 ratio of Na to Cl. As in
Table 1.1 and Figure 1.6, this edge shared structure has all the octahedral holes filled, and
has a cubic close packed arrangement. In this case, the chlorine atoms form the CCP layers,
and the sodium atoms sit in the octahedral sites. This type of structure is likely to form
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when there is a larger electronegativity difference between elements. The rock salt structure
can also order, as in LiMO2 (M = V, Cr, Mn, Fe, Co and Ni), forming layers of edge shared
octahedra, shown in Figure 1.7.

● Na
● Cl

Figure 1.6. The NaCl rock salt structure [6].

● Li
●M

Figure 1.7. The ordered rock salt structure, LiMO2 (M = V, Cr, Mn, Fe, Co and Ni).
Oxygen is at the apices of the octahedra [7].
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The nickel arsenide structure, NiAs, is similar to the rock salt structure, but because the
structure has HCP, the octahedra share faces (Figure 1.8). This is formed by hexagonal
close packing of the nickel atoms, with arsenic residing in all of the octahedral holes. Due
to the proximity of the atoms in this structure, electrostatic interactions will not allow
oxygen to form in this arrangement. This is also why only transition metal elements have
this structure.

● Ni
● As

Figure 1.8. The nickel arsenide structure (NiAs) with face sharing octahedra [8].

Zinc primarily forms in two structures; wurtzite and sphalerite. Zinc prefers tetrahedral
coordination due to its sp3 hybridization, which is the cause of the covalent, tetrahedral,
diamond-like structure formation. Sphalerite (ZnS) is also known as zinc blende, and is a
CCP structure with 50% of the tetrahedral holes filled (Figure 1.9).
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● Zn
●S

Figure 1.9. The sphalerite (ZnS, zinc blende) structure [9].

Wurtzite (ZnO) is the HCP analogue of the closely related sphalerite structure, where both
the cation and anion have tetrahedral coordination, and 50% of the tetrahedral holes are
filled (Figure 1.10).
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● Zn
●O

Figure 1.10. The wurtzite (ZnO) structure [10].

There are multiple forms of titanium dioxide, including brookite, rutile and anatase. In the
rutile form of TiO2, 50% of the octahedral holes are filled. If all of the octahedral holes
were filled, it would be the same as the NiAs structure. Due to the lack of filled octahedral
holes in the rutile structure, there is no longer face sharing, but edge sharing in the rows of
octahedra, and corner sharing between the rows (Figure 1.11). When 50% of the octahedral
holes are filled in an HCP lattice as in TiO2, there are two ways to fill in the holes, resulting
in different final structures. One of the options gives the TiO2 rutile structure, and the other
gives the CdI2 structure.
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● Ti
●O

Figure 1.11. The rutile form of TiO2, with edge and corner shared octahedra [11].

CdI2 and Ca(OH)2 form the same structure, where cadmium iodide forms layers due to the
large size of iodine. There is very weak Van der Waals bonding between the layers in this
structure (Figure 1.12).

● Cd
● I

Figure 1.12. The CdI2 layered structure [12].
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The fluorite structure is closely related to other more complex structures such as the
pyrochlore structure (discussed later in this dissertation), and it is a well-known mineral
(CaF2) forming from cubic close packing. In this structure Ca has octahedral (8-fold)
coordination, and F has tetrahedral (4-fold) coordination. Typically, the close packing
framework is formed by the larger anion, and the cation is filled in the interstitial sites. In
the case of fluorite, the opposite is the case, where the larger Ca2+ cation forms the cubic
close packed framework, and all the tetrahedral holes are filled with fluorine (Figure 1.13).
Anti fluorite is the same structure, but the anion forms the cubic close packed framework,
and the cation fills into the tetrahedral holes. Li2O is an example of this structure, behaving
in the more typical manner for compounds formed through close packing.

● Ca
● F

Figure 1.13. The fluorite (CaF2) structure where Ca2+ forms the CCP framework, and
fluorine sits in the tetrahedral holes [13].
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The corundum (Al2O3) structure is a very stable lattice, made of edge and face sharing
octahedra, from filling 2/3 of the octahedral holes made from an HCP framework (Figure
1.14). This structure gains its stability from the ability of the aluminum atoms to create
metal-metal bonds.

● Al
●O

Figure 1.14. The corundum structure (Al2O3) with edge and face sharing octahedra [14].

The perovskite structure, AMO3, is a cubic structure with corner shared octahedra, and can
tolerate a large amount of distortion leading to interesting properties (Figure 1.15). These
compounds are comprised of AO3 CCP layers with the M atom in ¼ of the octahedral sites.
Perovskites can form many different kinds of ordered materials; 1:1, 1:2, and 1:3. In the
case of 1:1 ordered perovskites, the two cations can be mixed in the O site of the perovskite,
which occurs when the size and charge differences are large.
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● Ba
● Ti
●O

Figure 1.15. The perovskite structure, BaTiO3, comprised of AO3 CCP layers with the M
atom in ¼ of the octahedral sites [15].

Perovskite structures are flexible and malleable; allowing many different substitutions and
perturbations of the ideal structure. These perturbations cause distortions, which can be
minor or severe, depending on the substitutions taking place. An indicator can be used to
determine the extent to which a perovskite structure is distorted, as first described by Victor
Goldschmidt [16]. The tolerance factor (t) can be described in equation 1.4, using the radii
of the A and M cations in AMO3, as well as the Oxygen radius to determine whether the
structure is likely to form, what the final structure is likely to be, and how likely it is for a
specific atom to be stable in a given structure.
𝑡=

𝑟𝐴 +𝑟𝑂
√2(𝑟𝑀 +𝑟𝑂 )

(1.4)
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For example, in GdFeO3 the tolerance factor is less than one (t < 1) where the octahedra
buckles and causes bond angle changes (130 - 160˚) [17]. For t < 1, there is typically a
smaller A cation, the structure is no longer cubic, and the distortions cause the structure to
be orthorhombic. In BaTiO3, t > 1, where Ti forms a strong bonding with oxygen. In this
case, the M atom is off center, causing octahedral distortions and in some cases
ferroelectricity. The tolerance factor was initially a way to measure the distortion present
in a perovskite structure, but it has now been found to be relevant for the ilmenite structure
[18].
The ilmenite structure is an ordered corundum structure as in the case of FeTiO3, which is
used for making TiO2. When heated with HCl, it forms FeCl2 and TiCl, where 1 mol of
FeCl3 (waste) is formed for 1 mol TiO2.
The spinel structure is a complicated structure that can accommodate different oxidation
states as in the case of the perovskite structure. The structure is made from a CCP
framework with 1/2 of the octahedral holes and 1/8 of the tetrahedral holes filled. The
typical spinel formula is AM2O4, there the A site sits in the tetrahedral holes and the M site
sits in the octahedral holes. This is the case for MgAl2O4, where the magnesium sits in the
tetrahedral sites and the aluminum in the octahedral sites. The typical M-O-M bond angle
is 90˚ and the typical A-O-M bond angle is 125˚. Mn3O4 contains both Mn2+ and Mn3+. In
this case, the Mn3+ has a preference for the octahedral sites, and so the formula is
Mn2+(Mn3+)2O4, where the Mn2+ is pushed out of the octahedral sites to occupy the
tetrahedral sites (Figure 1.16). The presence of only Mn3+ in the octahedral sites makes this
compound an insulator.
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● Mn2+
● Mn3+
●O

Figure 1.16. The Mn2+(Mn3+)2O4 spinel structure with Mn2+ in the tetrahedral sites, and
Mn3+ in the octahedral sites [19].

The inverse spinel structure has the same formula as the normal spinel structure, but with
mixed valency present on the octahedral site. The compound Fe3O4 crystallizes in the
inverse spinel structure, giving the more detailed formula Fe3+[Fe2+Fe3+]O4. In this case,
Fe2+ strongly prefers the octahedral site, forcing the Fe3+ to occupy both the tetrahedral and
the octahedral sites. The mixed valency on the octahedral site allows electronic conduction,
causing the material to be metallic. This highlights how tuning the same structure can result
in a multitude of different properties.
Many metal oxides are materials with an element (usually cations) in two different
oxidation states, resulting in interesting properties. For some of these compounds, this
mixed valency is easy to see (Class I), such as Sb2O4 (Sb3+Sb5+O4), Pb3O4 (Pb2+2Pb4+O4),
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Fe3O4, and Ti4O7. These materials have distinguishable oxidation states in different
environments and are insulating. Class II materials have valence differences that are a little
more difficult to see, such as AgO (Ag3+, Ag1+), SbO2 (Sb3+, Sb5+), Cs2SbCl6
(Cs4Sb3+Sb5+Cl12), and AgO (Ag1+Ag3+O2). In these cases, the sites are not equivalent, and
there is a small activation to induce electron transfer, categorizing these materials as
semiconductors. In other materials the different oxidation states are nearly
indistinguishable (Class III), as in LaTi2O4 (Ti4+, Ti3+), Fe3O4, La1-xSrxMnO3, La2xSrxCuO4,

and NaxWO3. These metallic conductors and semiconductors have metal atoms

in equal, fractional oxidation states, making it difficult to differentiate between oxidation
states. This is often the case when the electrons are highly delocalized or disordered.

1.1.3 Structural Defects
Structural defects are intrinsic to all materials, and depending on the extent of the defect,
it can have a large effect on the structure and the properties of the compound. In some
cases, solids can be stabilized through defects, although too many defects cause a structural
collapse when the lattice energy becomes too high. Structural defects can be induced in
solids, but there is an optimum window in which the structure is most stable.
There are many properties related to defects that depend on the concentration and type of
defect present, including electronic conductivity (semiconductors), ionic conductivity,
colors and luminescence, mechanical properties, and chemical reactivity. The stability of
defect structures can be explained through Gibbs Free Energy (Equation 1.4).
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∆𝐺 = ∆𝐻 − 𝑇∆𝑆

(1.4)

Gibbs Free Energy is the energy of a system that can be described through the enthalpy
(ΔH), temperature (T) and entropy (ΔS). Gibb’s free energy was originally termed
“available energy” and is used to quantify a thermodynamic potential that is at its minimum
when a system reaches equilibrium [20]. Figure 1.17 depicts energy as a function of defect
concentration, featuring the general relationship of defects and Gibb’s free energy, as well
as the relationship of defect concentration with the components that make up this overall
potential. The defect concentration at which Gibb’s free energy reaches a minimum is the
most stable form of the material, and therefore the optimum defect concentration. ΔH
defines the energy used to create the defect, and ΔS (order or disorder) measures the
possible ways to place the defect.

Figure 1.17. A plot of energy vs defect concentration, showing the effect of defect
concentration on enthalpy, entropy and Gibb’s free energy.
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There are many different defects that can affect a crystal structure, including point defects,
line defects, and plane defects, which operate in 0 dimensions, 1 dimension and 2
dimensions respectively. Within these categories there are many subcategories that
characterize a myriad of defects that are indicative of specific structures. Defects not only
allow a material to have a higher stability through altering their thermodynamic potential,
but they also allow charge to travel through a solid electrolyte in ionic conductors. To carry
the current, the ions need to jump from an occupied site to a vacancy, which would not be
possible without the presence of defects. Schottky and Frenkel defects are 0 dimensional
point defects along with vacancies and impurities. Schottky defects are those in which
atoms are missing from the structure, creating lattice vacancies. These mostly occur in
ionic solids such as NaCl (Figure 1.18).

● Na
● Cl

Figure 1.18. An example of a Schottky defect in NaCl (ionic solid).
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The transition energy for the creation of this defect determines how likely it is to form, and
how easy it will be for the atoms in the material to migrate to different locations. Frenkel
Defects occur when an atom is displaced to an interstitial site (direct or indirect), creating
a vacancy at the original site and an interstitial defect in a new location (Figure 1.19). These
require less energy than Schottky defects, and mostly occur in covalent solids such as AgCl
due to the ability of these solids to form more covalent bonds.

● Ag
● Cl

Figure 1.19. An example of a Frenkel defect in AgCl (covalent solid).
1 dimensional line defects include dislocation, disclination, and dispiration defects. 2
dimensional plane defects include surface, interphase boundary, grain boundary, twin
boundary, antiphase boundary, and stacking fault defects. There are also 3 dimensional
defects, such as twinning (in a crystal lattice), voids or cracks, and thermal vibrations.
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Materials with a multitude of defects are termed non-stoichiometric compounds which
contain large numbers of defects (usually vacancies). This gives rise to stoichiometries that
can depart significantly from simple integral ratios without affecting the structure of the
crystal.
Some examples of stable structures with defects include NbO and the defect pyrochlore
structure. The NbO structure contains a large number of niobium and oxygen defects,
where niobium forms Nb-Nb bonds, stabilizing the structure with vacancies. In the case
of defect pyrochlores, M2O6 is the backbone of the structure making A site and O' site
vacancies are possible. Defect pyrochlores such as A2M2O6 and AM2O6 can exist because
there are no vacancies in M2O6 network.

1.2 Compounds with the A2M2O7 structure
This dissertation is dedicated to the study of materials with the formula A2M2O7 (weberite
and pyrochlore), which encompasses a large range of possible crystal structures. The
primary structure discussed here is the pyrochlore structure, along with the very closely
related weberite structure, but there are many other compounds that share the same
formula. Some of these structures include sodium tungstate (Na2W2O7), dichromate
(K2Cr2O7), pyrophosphate (Ca2P2O7) and thortveitite (Sc2Si2O7) (Figures 1.20-1.23),
showing the diversity of the A2M2O7 formula.
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Figure 1.20. The sodium tungstate (Na2W2O7) structure [21].

Figure 1.21. The dichromate (K2Cr2O7) structure [22].
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Figure 1.22. The pyrophosphate (Ca2P2O7) structure [23].

Figure 1.23. The thortveitite (Sc2Si2O7) structure [24].
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1.2.1 The Pyrochlore Structure
The general formula of the pyrochlore structure is A2M2O6O' with the ideal space group of
Fd3̅m, having 8 molecules per unit cell (Z = 8) (Figure 1.24). There are 4
crystallographically non-equivalent sites (the Wyckoff positions are labeled in Figure 1.24)
which can accommodate a vast array of elements.

+

=

●A
●M
●O
● O'

16d
16c
48f
8b

Figure 1.24. The pyrochlore structure (A2M2O6O') is a result of a network of corner
shared M2O6 octahedra, interpenetrated with a network of A2O' chains.
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This structure is frequently described as a network of corner shared M2O6 octahedra
interspersed with A2O' chains, where the A atom is 8-fold coordinated (Figure 1.25) and
the M atom is 6-fold coordinated [25].

●A
●O
● O'
Figure 1.25. The 8-fold coordinated A site local structure.
This structure is interesting not only because it can accommodate many different atoms,
allowing structure tuning due to substitution, but it can also produce a large array of
applications. It is easier to visualize the ideal pyrochlore structure when it is stereo
rendered, giving a third dimension to the structural view (Figure 1.26).

●A
●M
● O'

Figure 1.26. A stereo rendering of the classic pyrochlore structure, where O is at the
apices of the M octahedra.
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Figure 1.27 shows a closer view of the puckered ring of corner shared octahedra
surrounding the A2O' chains.

●A
●M
● O'

(a)

(b)

●A
●M
● O'

Figure 1.27. (a) A depiction and a (b) stereo rendering of the puckered ring of octahedra
with A2O' chains, where O is at the apices of the M octahedra.

The pyrochlore structure is not only described in the classical sense as previously
discussed, but can also be described by focusing on the metal atoms (Figure 1.28), where
a tetrahedral network can be created using only connected metal atoms. The M4 tetrahedra
have a vacancy at the center, and are surrounded by the 48f site oxygen atoms. The A
tetrahedra have a central O' 8b atom (A4O'), and boast nearly ideal tetrahedral angles [25].
As both of these networks of tetrahedra are corner shared, their separate formulas can be
described as (M4/2□)O6 and (A4/2O'). This view of the structure can be used to describe
magnetic geometric frustration in pyrochlores. This occurs from the inability of the ising
spins (only two possible orientations) in a material such as an antiferromagnet to cancel
out. In a square lattice, the contradictory spins can perfectly oppose each other, whereas a
material with a triangular or tetrahedral lattice does not have the ability to display this ideal
opposition, and a frustration occurs (Figure 1.29) [26].
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●A
●M

(a)

(b)

●A
●M

Figure 1.28. (a) The tetrahedral network and a (b) stereo rendering of the pyrochlore
structure created using only connected metal atoms.

(a)

(b)

Figure 1.29. Geometric frustration of magnetic moments in a (a) triangular and (b)
tetrahedral lattice.
The pyrochlore structure was initially discovered as a mineral ((Na, Ca)2Nb2O6(OH, F)) in
Norway in the 1820s (Figure 1.30) [27]. The name “pyrochlore” comes from the greek
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terms “pyr” (fire) and “chloros” (pale green), due to the green color exhibited by the
mineral when ignited.

Figure 1.30. The pyrochlore mineral from reference 27.

One of the most flexible structures in solid state chemistry is the perovskite structure, and
is thus extremely well studied. Although the pyrochlores are just as flexible, they are not
as well studied. As discussed previously, defects can have a positive effect on the stability
and function of a material, and the versatility of the pyrochlore structure allows many of
these defects to occur. Defect structures include the defect pyrochlore and A-site defect
pyrochlore structures. The defect pyrochlore structure, A2M2O6□ has a vacancy on the O'
site (Figure 1.31).
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●A
●M
●O

16d
16c
48f

Figure 1.31. The defect pyrochlore structure, A2M2O6□.

The A-site defect pyrochlore structure, □M2O6A has no atoms in the A site and one A atom
substitutes in the O' 8b position (Figure 1.32). This forces all oxygen atoms present to
occupy the 48f sites.

●M
●O
●A

Figure 1.32. The A-site defect pyrochlore structure, □M2O6A.

16c
48f
8b
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1.2.1.1 The Defect Fluorite Structure
The pyrochlore structure has already been described in two separate ways; as a network of
M2O6 octahedra with interpenetrating A2O'chains, and as a network of corner shared metal
tetrahedra. A third way to describe this structure utilizes the fluorite structure (Figure 1.33).

●M
●O

Figure 1.33. The fluorite structure, MO2 [13].

The fluorite structure of CaF2 (Space group Fm3̅m) has 4 molecules per unit cell (Z =
4) whereas the pyrochlore structure has 8 molecules per unit cell. Although you derive
pyrochlore from fluorite by multiplying CaF2 four times, the Z, number of molecules/unit
cell only doubles to become 8. When the fluorite formula is multiplied by 4 (4MO2 =
M4O8), and an oxygen is removed (M4O7), the formula becomes the same as the pyrochlore
structure. When the oxygen atom is removed, the square lattice shifts to the corner shared
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octahedra and distorted cube lattice indicative of pyrochlores. Figure 1.34 shows this
transformation.

-O

4MO2 = M4O8
Fluorite

M4O7

●A
●M
●O

M4O7

A2M2O7
Pyrochlore

Figure 1.34. The transformation from the fluorite structure (MO2) to the pyrochlore
structure (A2M2O7).
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1.2.1.2 Applications
Due to the vast versatility of these compounds, they have an enormous array of different
properties, and thus applications. These structures can be employed as Superconductors,
Photocatalysts, Radioactive waste disposal materials, thermistors, topological insulators,
and thick film resistors, showing that pyrochlores are as versatile as perovskites, if less
studied [25].
Thermistors measure resistance as a function of temperature; it is a temperature-sensing
element composed of semiconductor material that is sensitive to even small changes in
temperature. These materials can also be used for radioactive waste disposal by fixing
waste in a stable pyrochlore or related phase, allowing it to be contained and disposed of.
The liquid waste is fixed in a solid form by mixing with additives (TiO2 etc.), drying, and
firing the samples. These are pressed into ceramic pellets and confined in a canister, then
in a cement composite and into a repository rock. Photocatalysts are materials that improve
the efficiency of light driven processes. Superconductors are materials with exactly zero
electrical resistance, with an expulsion of magnetic fields. This occurs when the material
is cooled below a characteristic critical temperature. Thick film resisters have low
resistance and can be used as standard resistors in measuring circuits, as well as for
capacitor application. The potential applications of topological insulators include quantum
computing due to topological protection.
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1.2.2 The Weberite Structure
The weberite mineral (Figure 1.35) was discovered in Greenland and named after Theobald
C.F. Weber, a founder of the Danish cryolite industry, as the mineral is frequently found
in cryolite deposits [28]. The mineral (Na2MgAlF7) is typically grey, greyish white, and
white, but it can be different colors depending on other concurring minerals. Weberites
have been known to exhibit ferroelectric properties (A2Sb2O7 (A = Ca2+, Pb2+, and Sr2+) and
is considered to be a more likely structure to produce this property. For example, Pb2Sb2O7
has been known to exist in both states, and the pyrochlore state is paraelectric. Additionally,
some weberites have dielectric (Ca2Ta2O7 based compounds; Ca2Nb2O7), photocatalytic
and magnetic properties.

Figure 1.35. The weberite mineral as found in Greenland, from reference 28.

The weberite structure is very close to the pyrochlore structure, not only because they have
the same ideal formula, but also because they have a similar framework. The general
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formula for the weberite structure is A2M2O7, with a different (but closely related) lattice
than the pyrochlore structure crystallizing in the space group Imma. The structure is made
up of mostly corner shared octahedra, where the oxygen atoms are all located at the apices
of the octahedra (Figure 1.36).

●
●
●

A
M
O

Figure 1.36. The weberite structure with the A and M local structures.

Because the weberite structure does not consist of an entirely corner shared network of
octahedra as in the case of the pyrochlore structure, there are many more
crystallographically non-equivalent atom types present. Figure 1.37 shows these sites with
their unique Wyckoff positions.
The A cations have two different coordination environments; one of which sits in a highly
distorted cube with two different A‒O bond lengths. The cubes are edge shared, forming
chains in the [100] direction. The other A site is similar to that of the A site in the pyrochlore
structure, and all A sites (both weberite and pyrochlore) are 8-fold coordinated.
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●
●
●
●
●
●
●

A

4a

A 4d
M 4b
M 4c
O 4e
O 8h
O 16j

Figure 1.37. The weberite structure with individual crystallographic sites.

Most of these materials have the formula A2+2M 5+2O7 or (A, A')2+2(M, M ')5+2O7. There are
very few reported with the formula A3+2M
A1+2M

6+
2O7

4+

2O7,

and several reported with the formula

(Na2Te2O7 and Ag2Te2O7) [29]. A related structure is called the inverse

weberite structure (M

2+

M

3+

F5·2H2O; two H2O atoms take the place of F-) where the A

cations are missing.

1.2.2.1 Weberite vs Pyrochlore
The weberite and pyrochlore structures can both be related to the fluorite structure, and
both have a cubic close packed cationic sublattice (as is the case in the (111) planes in
fluorite). In relation to the fluorite structure (a ≈ 5 Å) pyrochlores have a lattice size of 2a
and weberites have a lattice size of ~21/2a, 2a and 21/2a (not a cubic system). The packed
layers alternate between A3B and AB3, parallel to different planes, differing in the way the
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layers are oriented. The weberite space group Imma is a subgroup of the pyrochlore space
group Fd3̅m. The A and M atoms in both structures have the same coordination (8-fold and
6-fold respectively). Both structures have MO6 octahedra, but because the M ' octahedra in
the weberite structure have two unpaired vertices the octahedral network is less dense,
allowing larger A cations. The size of the elements and their relative radii (radius ratio) can
thus be used as a tool to predict which elements are likely to form either the pyrochlore or
weberite structure.
Figure 1.38 shows the pyrochlore-weberite structure stability relationship (A2+ ionic radius
compared to the cell volume1/3 and the electronegativity of the elements) which can be used
as a tool to determine which atoms are more likely to crystallize in a given structure. The
majority of pyrochlores have an A cation radius (RA) from 0.97-1.13Å, and weberites
typically range from 1.10-1.30Å (the largest known RA was in the weberite Ba2U2O7 at
1.42Å). The typical radius ratio (RA/RM) for the weberite structure is 1.5-2 (Cd2Sb2O7 and
Ag2Te2O7), where the radius ratio for the pyrochlore structure is typically 1.46-1.8 (A3+2M
4+
2O7)

and 1.4-2.2 for (A2+2M 5+2O7). In addition to the radius ratio, electronegativity and

ionicity can be used to map the expected crystalline state.
Because pyrochlores and weberites are so closely related, some combinations of elements
are able to form both structures under different conditions. While not common, materials
have also been known to transfer between these structures under high pressures. For
example, Cd2Sb2O7 (𝑅𝐶𝑑2+ = 0.9Å) is a pyrochlore, but it can form a metastable phase of
weberite at high pressures. High pressure studies of the Ca2Sb2O7 (𝑅𝐶𝑎2+ = 1.12Å) weberite
report a mixture of phases, although it is more stable than the cadmium analogue.
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Figure 1.38. The pyrochlore-weberite structure stability relationship [25]. (a) The lattice
parameter (or cell volume1/3) and (b) electronegativity vs the A2+ ionic radius.
At 1 atm Ca2Sb2O7 crystallizes as a pyrochlore under 973K, but above this temperature it
has the weberite structure. The Ca2Os2O7 weberite is stable, but when the pyrochlore phase
is synthesized, it leads to a calcium deficient structure (Ca1.7). The stability of the weberite
Pb2Sb2O7 (𝑅𝑃𝑏2+ = 1.29Å) depends on synthesis conditions as low temperatures or wet
chemical synthesis result in a metastable pyrochlore phase [29,30].
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CHAPTER 2: Synthesis, Properties and Characterization of Solid State Materials
2.1 Experimental Synthesis Methods of Solid State Oxides
There are many possible routes in the synthesis of solid state materials. Here, the primary
methodology used to create these complex oxides is the ceramic method, which can
produce powdered ceramic samples. If a material is sensitive to synthesis in air, a glove
box is used (filled with inert gas) or the sample is vacuum sealed in a fused silica ampule
prior to heating. Glove box, sol-gel and microwave are synthesis methods not discussed in
this dissertation. For single crystal growth, other methods can be employed, including flux
synthesis and hydrothermal synthesis.

2.1.1 Ceramic Synthesis Method
Colloquially termed the “shake and bake” method, ceramic synthesis is the most common
synthesis method used throughout this research. Figure 2.1 illustrates the steps involved in
the creation of a new phase. The fundamental purpose of this synthesis route is to create
new materials through the mixture of solid state precursors through a thermodynamically
favorable method. In order to make the mixture and creation of a new phase favorable, the
starting materials are ground in a mortar and pestle to increase the surface area at which
the precursors can react. From there, the powder is pelletized to decrease the space between
particles and encourage the reaction to progress. Heating the samples (~600-1400˚C)
further inspires the starting materials to interact.
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Figure 2.1. The ceramic synthesis method.
Figure 2.2 is a simplified diagram of the diffusion of two phases to form a single phase.
Materials can build up boundaries between phases and discourage a homogenous mixture.
To mitigate this effect and produce a single phase material samples can be cooled down
after heating, reground in a mortar and pestle, and reheated. This can be done several times
to “reset” the boundaries between phases and produce new materials [1].

Figure 2.2. The diffusion of precursors (green and blue) during ceramic synthesis to form
a new material, adapted from reference 1.
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The limiting factor for these reactions to occur is typically solid state diffusion. The
diffusion coefficient increases exponentially with temperature as the melting point is
approached. Tamman’s rule states that notable reaction will not take place until the
temperature reaches 2/3 of the melting point for one or more reactant [2]. Fick’s laws of
diffusion discuss diffusion as a function of concentration and time, as described in
equations 2.1 and 2.2, where J is the flux of the diffusing species, D is the diffusion
coefficient, and dc/dx is the concentration gradient [3].
𝑑𝑐

𝐽 = −𝐷 𝑑𝑥

(2.1)

The average distance that a diffusing material can travel (y) is described in equation 2.2,
where t is the time of diffusion.
𝑦 = √2𝐷𝑡

(2.2)

Two factors to consider when trying to increase the rate of diffusion include increasing the
temperature of the reaction, and introducing defects. Starting materials that decompose
prior to the reaction (carbonates or nitrates) can produce defects and subsequently increase
the rate of diffusion. The rate of nucleation in a reaction can be improved by using starting
materials similar to the desired final product.

2.1.2 Fused Silica Ampule Synthesis Method
Upon heating, some materials are susceptible to not only react with the present precursors,
but also with the air. A large portion of this dissertation focuses on Sn2+ oxides, which have
the propensity to disproportionate into Sn4+ and Sn0. While not applicable here,
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synthesizing samples under inert gas flow in a tube furnace can sometimes solve this
problem. The tin containing samples made in this dissertation are stable when heated in
vacuum sealed fused silica ampules. The pellets are created as in the standard solid state
synthesis method, and placed in quartz tubing with one end already sealed. The open end
of the tube is then attached to a vacuum pump, the samples are sealed under a vacuum of
10-4 Torr, and then heated at various temperatures to synthesize the final product (Figure
2.3).

Figure 2.3. The process of sealing the fused silica ampules, using a hydrogen/oxygen
flame and a vacuum pump.

2.1.3 Flux Synthesis Method
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Crystals can be created using the flux synthesis method, in which starting materials are
combined in an excess of metal such as Bi2O3 and the crystals are formed in the melted
metal flux. The excess material can then be dissolved in water or acid, or mechanically
removed [1]. Figure 2.4 shows the attempted crystal growth of Sn2+ oxides, where the
phases were a mixture of the starting materials and the desired phase was not synthesized.

Figure 2.4. Crystals originating from attempted Sn2+ oxides crystal growth via flux
synthesis in fused silica ampules, resulting in a mixture of starting materials.

2.1.4 Hydrothermal Synthesis Method
Hydrothermal synthesis requires high temperatures and/or pressures for use in growing
crystals. Here, crystals were formed through synthesis in a hydrothermal Parr autoclave
(Figure 2.5), at 250˚C for 3 days, using potassium perruthenate and calcium oxide as
starting materials (Figure 2.6).
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Figure 2.5. A hydrothermal Parr autoclave with Teflon center.

Figure 2.6. Ca2Ru2O7 crystals from hydrothermal synthesis.
During this synthesis, precursors dissolve in water under high pressure and high
temperature conditions and react to form products which recrystallize to form crystals. For
example, in the case of Ca2Ru2O7, KRu(7+)2O4 and Ca(OH)2 or CaO dissolve in water at
hydrothermal conditions liberating oxygen (oxidizing conditions) to form Ca2Ru2O7.
Sometimes, mineralizers like NaOH or KOH are used in hydrothermal synthesis to increase
the solubility of the starting materials in water. These reactions take place in superheated
water in a closed reaction vessel (hydrothermal bomb, hydrothermal Parr autoclave, etc.).
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Superheated water is something used in these reactions and is even used in pressure
cookers, where liquid water is pressurized and kept in liquid form between the boiling point
and critical temperature (100-374˚C) [4]. This allows the synthesis of phases that are not
stable at the melting point or high temperatures, as well as phases that have elements in
unstable oxidation states. This is especially important for transition metal compounds
(Ca2Ru2O7, Ca2Ir2O7 etc.) that can be made using oxidizing precursors (KClO4, H2O2 or
KRuO4). It is known that Ca2+ (A site) pyrochlores can only be made at very high
temperatures and pressures due to the smaller size of calcium, and are thus an ideal
candidate for hydrothermal synthesis.

2.2 Analyzing the Structure
After the compounds are synthesized, they are characterized using a diverse host of
techniques. These techniques include X-ray diffraction, neutron diffraction, magnetic
susceptibility, electrical analysis (using a physical property measurement system - PPMS
and a ZEM), and Optical analysis including color meter, UV-vis and Near-IR
measurements, and thermogravimetric analysis. X-ray diffraction is the basic technique
used in this research, performed by an in house Rigaku Miniflex II Instrument. However,
neutron diffraction is frequently used as a complimentary technique as it is notoriously
difficult for oxygen atom positions to be characterized via X-ray diffraction. This is due to
the weak interactions of scattering X-rays with lighter atoms such as oxygen.
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2.2.1 Crystallography
Crystallography is the study of atoms in crystal structures, and can be characterized using
a host of techniques. The techniques used in this dissertation are X-ray and Neutron
scattering, both of which rely on the fundamental concepts of crystallography. Diffraction
is the term used for atoms in a crystal scattering X-rays in all directions. Scattering occurs
from the electronic interaction with the electromagnetic waves (Figure 2.7).

Figure 2.7. Incident X-rays scattering from a sample.
The interference between the atoms in a crystal structure and the sinusoidally varied
electric field in the electromagnetic X-ray waves can be constructive or destructive. When
an X-ray interacts with an electron, an oscillating motion is induced in the electron from
it’s average position, the X-ray is scattered off of the electron, and the change in velocity
emits an electromagnetic wave. Constructive interference occurs when the amplitudes of
the electromagnetic waves are additive (Figure 2.8a) and destructive interference occurs
when the amplitudes completely cancel out (Figure 2.8b). Scattering from the sample can
be elastic or inelastic, and coherent or incoherent [5].
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(a)

(b)
Figure 2.8. (a) Constructive and (b) destructive interference.

There is no energy lost during elastic scattering, momentum is conserved, and it has the
ability to probe atomic positions. Inelastic scattering occurs when X-rays gain or lose
energy when they collide, and it relays information about the collective motion of atoms
(vibrational and magnetic excitations). Coherent scattering is constructive or destructive,
because there is a definite relationship between the phase of X-ray waves. Incoherent
scattering does not have a phase relationship, and the scattering is neither constructive or
destructive. The resulting intensity in this case is the sum of the individual amplitudes of
the waves. Scattering can only occur when there is elastic and coherent scattering, and
constructive interference. Because the scattered beam of X-rays is coherent, the intensity
is dependent upon the angle of scattering.
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Arguably the most important concept in X-ray diffraction is described by Bragg’s Law.
This law describes the relationship of the crystal lattice to incoming and diffracting X-rays
(Figure 2.9), where only the spacing between the atoms is considered in the mathematical
expression and X-rays scattered from the same plane interfere constructively. The angle
between the diffracted beam and the transmitted beam is always 2θ, which is the value on
the X-axis of the resulting diffraction pattern. Diffraction only occurs when λ is the same
order of magnitude as the repeated distance between the scattering atoms. Differences in
the length of the path travelled leads to differences in phase and an introduction of phase
differences produces a change in amplitude.

Figure 2.9. A schematic of a lattice of atoms (grey circles) and their relationship to
incoming X-rays (arrows).

Bragg’s Law can be derived from Figure 2.9, as shown in Equations 2.3-2.7, where λ is
the extra distance traveled by the lower X-ray, and n is the order of reflection (n = 1 for
all reflections). Higher order reflections (n = 2,3,4) are the same as first order reflections
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from parallel planes and are multiples of the original planes. (2nd order 100 reflection is
the same as 1st order 200 reflection).
𝜆 = 𝐴𝐵 + 𝐵𝐶

(2.3)

𝐴𝐵 = 𝑑 𝑠𝑖𝑛𝜃

(2.4)

𝐴𝐵 = 𝐵𝐶

(2.5)

𝑛 𝜆 = 2 𝐴𝐵

(2.6)

𝑛 𝜆 = 2 𝑑 𝑠𝑖𝑛𝜃

(2.7)

Bragg’s Law relates the wavelength, λ, to the d spacing and the angle at which the X-rays
interact with the lattice. Equations 2.8-2.10 show the relation of the d spacing to the lattice
parameter(s) (a,b,c) and the Miller Indices, h,k,l. Equation 2.8 shows this relation for a
cubic structure, 2.9 shows this relation for a tetragonal structure, and 2.10 shows this
relation for an orthorhombic structure.
1
𝑑2
1
𝑑2
1
𝑑2

=
=

ℎ2 +𝑘 2 +𝑙2

(2.8)

𝑎2
ℎ2 +𝑘 2
𝑎2
ℎ2

𝑙2

+ 𝑐2

𝑘2

𝑙2

= 𝑎2 + 𝑏 2 + 𝑐 2

(2.9)
(2.10)

This relationship can also be modified to calculate bonds from the positions of the atoms
in the cell (shown in Equation 2.11 for non-cubic phases).
𝑑 = 𝑎[(𝑥1 − 𝑥2 )2 ]1/2 + 𝑏[(𝑦1 − 𝑦2 )2 ]1/2 + 𝑐[(𝑧1 − 𝑧2 )2 ]1/2

(2.11)

The components of a diffraction pattern are peak positions, intensity and peak shape
providing insight into the crystal structure in question. Peak positions shed light on the
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translational symmetry and size and shape of the unit cell; a result of the 2θ value. The
intensity of the peak gives information on the electron density within the unit cell (where
the electrons are located). The peak shape in a powdered sample is indicative of the
deviation of the sample from the structure of a perfect crystal in terms of crystal size,
defects, and microstrain.
The combined ideas of a crystal lattice, a periodic array of atoms, and a crystal system give
rise to the different types of lattices, termed the Bravais Lattices. There are 14 Bravais
lattices, and all must fulfill the requirement that each lattice point has identical
surroundings (Figure 2.10). A Primitive lattice (P) has one lattice point (atom) per unit cell,
and Body (I), Face (F) or Base (A,B,C) centered gives more than one lattice point, all of
which have minimum symmetry requirements. The Bravais Lattices describe crystal
structures, and are primarily used in space groups as a shorthand to give detailed
information about a given structure. A space group symbol is the Bravais Lattice type
followed by the symmetry operations/elements that generate equivalent positions
(Hermann-Mauguin symbols): BL HM HM HM. Every space group therefore has
information on the Bravais Lattice, and the symmetry element in the primary, secondary,
and tertiary symmetry direction respectively. Special (lies on a point group symmetry
element) and general (not on a symmetry element) positions are in a space group, where
each position in a space group is referred to as a Wyckoff position. A Wyckoff position
gives information for where an atom can be found in a unit cell, if it is a general or special
position, and what the multiplicity is for the atoms in the structure (can generate other
positions due to symmetry).
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Figure 2.10. A schematic of the 14 Bravais Lattices from reference 6, where P is the
primitive lattice type, C labels lattice with atoms centered in the faces perpendicular to the
c axis, I is a lattice with the atoms centered in the body of the cell, F is a lattice with the
atoms centered in the faces of the cell, and R is the primitive cell with identical cell axes
and cell angles.

The multiplicity (Z) is the number of formula units per unit cell, closely linked to the
Wyckoff positions of atoms in the unit cell (Equation 2.12).
#𝐹𝑈𝑠

𝑍 = 𝑈𝑛𝑖𝑡 𝐶𝑒𝑙𝑙

(2.12)

Components of a Bravais Lattice can be characterized by Miller Indices (h,k,l), which can
report information on points, directions, and planes. A vector is enclosed in brackets and
can calculated as shown in Equation 2.13.
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ℎ1 𝑘1 𝑙1 − ℎ2 𝑘2 𝑙2 = [ℎ𝑘𝑙]

(2.13)

When reporting vectors, the fractions should be removed by the smallest possible factor,
and a negative value is reported as [1̅00]. Families of directions can also be characterized
when the Miller Indices are in carrots: <100>c = [100] [010] [001] [ 1̅00] [ 01̅0] [ 001̅].
Planes are described by Miller Indices in parentheses, (hkl), determined by taking the
reciprocal of the intersection with each axis (Equations 2.14-15).
1 1 1
1∞∞
1

1

1

1/2 1/2 1/2

= (100)

= (222) = (111)

(2.14)
(2.15)

If a plane passes through the origin, an equivalent plane should be selected, or the origin
should be moved. Families of planes are denoted by braces, {100}, which represents all
equivalent planes to the Miller Indices, 100 (cubic = 6, tetragonal = 4,2). The distance
between the planes is calculated in a diffraction experiment.
Symmetry describes the indistinguishable transition of a figure from one point to another,
and point group symmetry is used to classify the shape of the molecules according to the
symmetry elements. Molecules can possess more than one symmetry element, written in
Schoenflies and Hermann-Mauguin notation. A point group is the collection of symmetry
elements possessed by a molecule, where Hermann-Mauguin notation represents symmetry
elements in point groups, plane groups or space groups.
The identity symmetry element does nothing (E or C1 (360 rotation)), and all molecules
have this element. A rotation axis (n-fold) Cn rotates the molecule by 360/n (120 is a 3-fold
rotation), a center of inversion occurs through a single point called the inversion center,

58

improper Rotation Sn is an axis of rotary reflection (a combination of a 360/n rotation
followed by reflection in a plane that is perpendicular to the Sn axis), and a mirror plane is
when one half of the molecule is a mirror image of the other half. There are three types of
mirror planes: σh horizontal mirror plane perpendicular to the principle rotation axis
(highest order rotation axis), σv vertical mirror plane which involves the principle rotation
axis and runs along the rotational axis, and σd diagonal mirror plane which includes the
principle rotation axis and bisects the angle between a pair of C2 rotation axes that are
perpendicular to the principle axis (includes principle axis). Some example space groups
6
are Fd3̅m and Pm3̅m (cubic), I4mm and P4mm (tetragonal), P6mm and P 𝑚3 cm (hexagonal),

R3 and R3c (trigonal), Pnma and Pmc2 (Orthorhombic), Cc and P2 (monoclinic), and P1
and P1̅ (triclinic).
Crystals can be analyzed via powder diffraction as well as single crystal diffraction. In an
ideal case, a single crystal has an atomic structure that repeats periodically over the entire
volume, and is easier to analyze via collected diffraction data. Advantages include a small
sample size, and less absorption problems, but it is difficult to grow good single crystals,
and easier to get a lot of powder. The crystals should be 50-250μm in size, and there is
often twinning (two or more single crystals grown together) that occurs during crystal
growth. This happens when the crystals are intertwined and grown together, but they have
different orientations (some of the directions may at least be parallel). In order to collect
data for single crystal analysis, the crystal must be aligned along a main axis, as it should
be parallel to the beam. The crystal is then rotated around that axis during the experiment
to search for certain combinations of rotations until 2-3 peaks are located, when the
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orientation is then fixed. A preliminary rotational image is taken to screen for sample
quality (no twinning) and the parameters are selected for later steps. To solve the structure,
the lattice parameters are determined, and the reflections are indexed. The measured
intensity of the peaks can be extracted, and any corrections can be applied. The electron
density distribution can then be calculated, and refinements can be performed to fine tune
the parameters.

2.2.2 Powder Diffraction
The two powder diffraction techniques used in this research are X-ray and Neutron
diffraction, both providing different advantages for data analysis.

2.2.2.1 X-ray Diffraction
X-ray diffraction is our “first line of defense” when it comes to the analysis of compounds,
and is based on the principle described using Bragg’s law, which depicts the interaction of
incident radiation with interplanar spacing to produce diffraction patterns unique to the
structure being studied. However, X-ray analysis often falls short when it comes to the
analysis of oxides in particular. Oxygen is notoriously difficult to see via X-ray diffraction,
but can be differentiated through the use of neutron bombardment. X-rays scatter linearly
with Z (atomic number) and therefore have difficulty recognizing lighter atoms such as
oxygen. X-rays interact with the outer shell electrons, which vary linearly with atomic
number Z, and so the X-rays also scatter linearly with Z. Neutrons have a higher penetrating
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power, and thus scatter with respect to an atoms nuclear structure, which does not vary
linearly with Z.
Benchtop diffractometers produce significantly lower quality diffraction patterns than
synchrotron or neutron diffraction data. Thus, internal standard X-ray measurements are
used to determine the lattice parameter of a crystal structure in a more controlled manner.
In this process, a standard is mixed with the sample of unknown size, and X-ray diffraction
is collected for both samples. This standard can be any simple, known structure, with major
peaks that can be differentiated from the major sample phase it is being compared to.
Because the added standard lattice parameter is known, the value for “zero” in the
refinement can be fixed to align the calculated and actual standard peaks, and the lattice
parameter for the sample can be refined. X-ray diffraction performed in this dissertation
was performed using a Rigaku Miniflex diffractometer employing Cu Kα radiation with a
graphite monochromator on the diffracted beam (Figure 2.11).

(a)

(b)

Figure 2.11. (a) The Rigaku Miniflex II diffractometer used for X-ray diffraction in this
dissertation. (b) The sample stage for X-ray analysis inside the diffractometer.
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Single crystal X-ray diffraction was performed by Lev Zakharov at the University of
Oregon using a single crystal Bruker Apex-II CCD diffractometer at 173K. The single
crystal was found using a high-resolution (10 micron) microscope, and due to the small
size of the crystal (0.01 × 0.01 × 0.01 mm), a strong X-ray micro-focus Incoatec IμS Cusource was used (λ = 1.54178 Å). The cell and structure refinements were done with Bruker
SAINT, SHELXS-97, and SHELXL-2014/7 softwares.

2.2.2.2 Neutron Diffraction
As stated previously, neutron bombardment and the subsequent refinements are
particularly useful for this research, as the projects rely heavily on the 8b site (typically
housing oxygen atoms), and the location of the oxygen atoms in the materials. From anion
substitution to oxygen vacancies, neutron refinements can be used to confirm suspected
displacements in a way that X-ray refinements cannot. Neutrons have a higher penetrating
power than x-rays, and thus are better suited for bulk samples. A comparison of X-ray and
neutron scattering amplitudes vs atomic weight can be seen in Figure 2.12 [7].

Figure 2.12. Scattering amplitude as a function of the atomic weight of the elements from
reference 7.
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There are different types of neutron diffraction, one of which is nuclear spallation, where
a particle accelerator is used to generate a beam of neutrons by accelerating a proton at a
target and expelling neutrons after the impact on the heavy metal target. The neutrons
initially have very high energies, slowing to lower energies by external moderators to reach
the energy pertinent to the experiment being performed. Instruments are arranged around
this process because the neutrons do not have charges that would allow them to be focused
to a specific area. Additionally, neutrons have a negligible electric dipole and therefore
interact with materials through nuclear forces which have a range of ~ 10-15 m. The distance
between nuclei is ~100,000× larger than the nuclei themselves, allowing the neutrons to
travel throughout a material much farther than X-rays without being absorbed or scattered.
This is the reason for the high penetrating power of neutrons, and why this type of
scattering does not vary linearly with the atomic number Z [5]. Figure 2.13 shows a
schematic of neutron scattering [8].

Figure 2.13. A schematic of neutrons colliding with a crystalline phase from reference 8.
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Time of Flight (TOF) neutron analysis is a variable wavelength diffraction technique, and
a constant wavelength is fixed at one wavelength for the source of diffraction (typically
used for X-ray diffraction). Both constant and variable wavelength measurements can be
performed with neutron diffraction, and both can be analyzed via the GSAS refinement
software [9]. Time-of-flight neutron diffraction data were collected at the Oak Ridge
National Laboratory (ORNL) Spallation Neutron Source (SNS) POWGEN beamline using
a beam of neutron with a center wavelength of 1.066 Å. Powder diffraction data were
collected on the 32-counter high-resolution diffractometer BT-1 at the Center for Neutron
Research at the National Institute of Standards and Technology (NIST).

2.2.2.3 Fitting the Structure Model
Using GSAS, samples in this dissertation are analyzed using a least squares method, and
are refined using Lebail and Rietveld techniques. Two terms assign values to how well the
model fits the calculated pattern: Rwp and χ2. Rwp is the weighted profile R-factor, and the
most straightforward discrepancy index (Equation 2.16).
2
𝑅𝑤𝑝
= 𝛴𝑖 𝑤𝑖 (𝑦𝐶,𝑖 − 𝑦𝑂,𝑖 )2 /𝛴𝑖 𝑤𝑖 (𝑦𝑂,𝑖 )2

(2.16)

Equation 2.16 depicts how Rwp relates to the intensity values simulated from the model,
yC,I (computed from the model), weight (wi), and the observed intensity values (yO,i).
Equation 2.17 depicts the expected R factor (Rexp), or the best possible Rwp, where N is the
number of data points.
2
𝑅𝑒𝑥𝑝
= 𝑁/𝛴𝑖 𝑤𝑖 (𝑦𝑂,𝑖 )2

(2.17)
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Rexp can be used along with Rwp to describe the goodness of fit (χ2), where the lowest
possible value is 1, as the actual Rwp can’t be smaller than Rexp (Equation 2.18).
𝑅𝑤𝑝 2

𝜒 2 = (𝑅

𝑒𝑥𝑝

)

(2.18)

χ2 is used to determine the difference between the expected and observed frequencies for
refinements, and can also be expressed in terms of the actual and expected fit (Equation
2.19). This value can also practically not be less than one [10].
𝜒2 = ∑

(𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑−𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑)2
𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑

(2.19)

Several variations for refinements can be applied to better fit the collected data. An
absorption correction can be applied to account for the extraneous absorption that occurs
for elements with larger atomic numbers. Thermal vibrations are characterized using
refined thermal parameters, where the vibrations from the atoms give an angle dependent
effect on the peak intensities. Generally, lighter atoms will have larger thermal parameters
than heavier atoms, due to their ability to move around with greater ease.
Time of Flight data can be related to the d-spacing of a lattice through the diffractometer
constants: DIFC, DIFA, and ZERO (Equation 2.20).
𝑇𝑂𝐹 = 𝐷𝐼𝐹𝐶 𝑑 + 𝐷𝐼𝐹𝐴 𝑑 2 + 𝑍𝐸𝑅𝑂

(2.20)

Relating the theoretical Time of Flight of a diffraction peak to it’s d-spacing, DIFC is
instrument dependent and must remained fixed. By combining Bragg’s Law and the de
Broglie Relationship, this relationship can be described (Equations 2.21-25), where L is
the total flight path (m), TOF is the time of flight (μs), h is planck’s constant, d is the
interplanar spacing (Å), m is the mass, v is the velocity, λ is the wavelength, and 2θ is the
scattering angle.
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𝜆 = 2𝑑 𝑠𝑖𝑛𝜃
ℎ

(2.21)

ℎ 𝑇𝑂𝐹

𝜆 = 𝑚𝑣 (= 𝑚
2𝑚

𝑇𝑂𝐹 = (

ℎ

𝐿

)

) 𝐿 𝑠𝑖𝑛𝜃 𝑑

𝑇𝑂𝐹 = 505.56 𝐿 𝑠𝑖𝑛𝜃 𝑑
𝑑=

1.977×10−3
𝐿 𝑠𝑖𝑛𝜃

𝑇𝑂𝐹

(2.22)
(2.23)
(2.24)
(2.25)

Assuming DIFA and ZERO are 0 in Equation 2.20, an expression for DIFC is shown in
Equation 2.26. DIFC is instrument dependent and must remained fixed, and will typically
remain fixed during a Rietveld refinement unless there are multiple histograms because
this value will vary between detector banks. This value allows for the small differences
that occur between instrument calibration and over the course of measurements.
𝐷𝐼𝐹𝐶 = 505.56 𝐿 𝑠𝑖𝑛θ

(2.26)

DIFA is sample dependent and can be refined, as it allows for peak shifts from sample
absorption by making changes to the expected TOF of a reflection. Initially DIFA is fixed
to 0, but can be refined in the final stages of analysis. The number of neutrons absorbed by
an atom is dependent on wavelength, meaning that the penetration of the neutrons, total
flight path, and scattering angle will vary with the wavelength of the neutrons, and DIFC
alone may not be able to account for this phenomenon. ZERO mitigates the timing
differences in the accelerator and detector, is instrument dependent, and must remain fixed.
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2.3 Thermogravimetric Analysis
Thermogravimetric analysis (TGA) is the measurement of the mass of a sample throughout
a thermal gradient [11]. The instrument used for this research is shown in Figure 2.14 can
detect minor changes in mass as a function of the temperature, allowing the speculation of
phases.

Figure 2.14. The thermogravimetric instrument (TA Instruments Model TGA Q50) used
to analyze the weight loss/gain of samples in this dissertation under N2 flow.

For example, if a sample loses mass at 100˚C, it is most likely coordinating water
molecules. This can also aide in the confirmation of phases, as the X-ray pattern after TGA
can determine if a new phase is formed that may include specific elements.
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2.4 Magnetism
Unpaired valence electrons in inorganic oxides have motion from their spin and the motion
of the orbital, causing a magnetic moment (the likelihood of aligning with a magnetic
field). This causes magnetic materials to be comprised primarily of transition metals and
lanthanoids; the materials with d and f unpaired electrons [12]. The primary magnetic
behaviors

include

paramagnetism,

ferromagnetism,

antiferromagnetism

and

ferrimagnetism (Figure 2.15). Low temperature magnetic susceptibility data in this
dissertation were collected using a Quantum Design MPMS.

Figure 2.15. A basic schematic of magnetic behaviors (adapted from [12]).
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Diamagnetism is an effect present in all materials where there are no unpaired electrons
(inner shells). Paramagnetism arises when the unpaired electrons are not itinerant
(localized), and the spins are largely disordered. Strongly metallic samples can exhibit
Pauli paramagnetism, which is a type of termperature independent paramagnetism. A
material displaying this phenomenon initially has a typical band structure prior to the
introduction of a magnetic field (Figure 2.16a). Once a magnetic field is applied, an energy
difference is induced, the spin up electrons are lowered in energy and the spin down
electrons are raised (Figure 2.16b). This energy difference is mitigated by the shift of spin
down electrons to spin up electrons (Figure 2.16c). This energy difference is very small
(which is why it is temperature independent), and occurs around the fermi level (EF), giving
rise to a very small spin up magnetic moment. This is a direct result of the introduction of
a magnetic field, and is therefore sensitive to the magnitude of the field.

Figure 2.16. An exaggerated schematic of a Pauli paramagnetic with spin up (red) and
spin down (blue) electrons in separated 3d sub bands (a) without the presence of a magnetic
field, (b) the initial energy difference resulting from the introduction of a magnetic field
and (c) the sub bands after compensation to return to the fermi energy (adapted from [12]).
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The magnitude of the energy difference in Figure 2.16 can be seen in Equations 2.27-28,
where 𝜇𝐵 is the Bohr magneton characterizing the magnetic moment of an electron, and B
is the magnetic field.
𝐸 = −𝜇𝐵 𝐵

(2.27)

𝐸 = +𝜇𝐵 𝐵

(2.28)

Equation 2.27 is parallel to the magnetic field, and Equation 2.28 is antiparallel to the
magnetic field. Pauli paramagnetism only occurs in metals due to the presence of spin up
and spin down electrons.
Ferromagnetic materials have unpaired electron spins that line up parallel with each other,
caused from long-range ordering, giving an overall magnetic moment. Figure 2.17 depicts
the splitting of the 3d sub band that spontaneously occurs for ferromagnetic materials.

Figure 2.17. A schematic of spin up (red) electrons in separated 3d sub bands in
ferromagnetic transition metals (adapted from [12]).
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Antiferromagnetic materials result from spins lining up in equal and opposite directions,
or antiparallel, giving zero magnetic moment. Ferrimagnetic materials are similar to
antiferromagnetic materials, however the opposing moments are unequal, giving a net
magnetic moment.
The magnetic moment of a material can be predicted using the spin only formula
(Equations 2.29-30), where 𝜇𝐵 is the Bohr magneton, n is the number of unpaired electrons,
and S is the spin quantum number.
𝜇𝑠𝑜 = √𝑛(𝑛 + 2)𝜇𝐵

(2.29)

𝜇𝑠𝑜 = √4𝑆(𝑆 + 1)𝜇𝐵

(2.30)

Magnetic susceptibility (χ) is a dimensionless proportionality constant that can measure the
magnetic properties of a material, indicating how a material responds to a magnetic field.
All ordered magnetic structures lose this order above a material specific temperature
termed the Curie temperature (Tc). Above this temperature, the spins become randomly
ordered, and the material becomes paramagnetic. The magnetic susceptibility in this higher
temperature region can be described using the Curie-Weiss Law (Equation 2.31), where θ
is the Weiss constant, and C is the material dependent Curie constant.
𝐶

𝜒 = 𝑇−𝜃

(2.31)

The data for these measurements are collected in M-DC (emu) as a function of temperature
(K) and this is then converted into magnetic susceptibility (Equation 2.32), where the moles
of the magnetic atom is calculated from the molar mass, mass of the sample and the mole
ratio of the atom in the formula, and Oe is the applied field in Ørsted (~4999.898 Ørsted).
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𝑀−𝐷𝐶

𝜒 = 𝑚𝑜𝑙∙𝑂

𝑒

(2.32)

The magnetic susceptibility is then corrected by subtracting χd from χ to get χc (Equation
2.33).
𝜒 − 𝜒𝑑 = 𝜒𝑐

(2.33)

χd is calculated from the diamagnetic correction specific to each atom; the addition of the
molar ratios in the molecular formula multiplied by the diamagnetic correction for each
element, which is then multiplied by 10-6. The Curie constant can be found from making a
graph of 1/χ vs T and using the resulting linear relationship (Equation 2.34).
1
𝜒

1

𝜃

= 𝐶𝑇−𝐶

(2.34)

The magnetic moment can then be calculated using Equations 2.35-36, where N is the
number of magnetic atoms or molecules, and kB is Boltzmann’s constant.
𝜇0 𝑁

2
𝑚𝑒𝑓𝑓

(2.35)

𝜇0 = 2.84√𝐶

(2.36)

𝐶=

3𝑘𝐵

Some materials exhibit more than one interesting behavior at one time, such as
multiferroics. Multiferroics are rare materials that are both ferroelectric and magnetic. A
ferroelectric material has a spontaneous polarization that can be mitigated by the
application of an electric field, which is typically driven by the hybridization of empty dorbitals with filled p-orbitals. Because the common mechanism of ferromagnetism requires
the presence of empty d-orbitals and multiferroics require magnetic order, it is rare to find
a material that exhibits this behavior.
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2.5 Electrical Properties
The electrical properties of materials are closely tied to the crystal structure. There are
many different classifications of electrical properties, including materials that are
dielectric, ferroelectric, pyroelectric, piezoelectric, superconducting, and potentially
topologically insulating. Understanding the fundamentals of conduction can help in the
rational design of these materials.

2.5.1

Conductivity

Electrical conductivity classifications report the ability of compounds to transport electrons
or charge throughout the material. The conductivity of these materials can be temperature
dependent, where the relationship depends on the behavior of the material. Conductivity
decreases as the temperature increases for metals, as the heat causes lattice vibration which
leads to increased scattering of mobile electrons. Conductivity increases with increasing
temperature for semiconductors, as the mobility of the electrons increase. Conduction is
explained using Equations 2.37-38, where σ is Electrical Conductivity, n is the carrier
concentration, e is the charge of the electron, μ is the electron mobility, τ is the relaxation
time, and m* is the effective mass of the electron.
σ = 𝑛𝑒𝜇

(2.37)

𝜇 = 𝑒𝜏/𝑚∗

(2.38)

Electrical resistivity measurements can be performed by attaching 2 or 4 probes to a
sintered pellet and measuring the resistance change at different temperatures. Equation 2.38
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describes the voltage-resistance relationship for the 2-probe technique, where V is the
voltage, I is the current, and Rsample is the resistivity of the measured sample [13].
𝑉
𝐼

= 𝑅𝑠𝑎𝑚𝑝𝑙𝑒

(2.38)

Equation 2.39 describes the voltage-resistance relationship for the 4-probe technique,
where R1 and R2 are the resistances indicative of the probes used.
𝑉
𝐼

= 𝑅1 + 𝑅2 + 𝑅𝑠𝑎𝑚𝑝𝑙𝑒

(2.39)

A 4-probe measurement technique is preferred, especially for samples with lower
resistance, due to the ability of this method to eliminate lead resistance. When the sample
is insulating with a large electrical resistance, the lead resistance is not as much of a factor,
and a 2-probe measurement method is acceptable. The instrumentation used in this
dissertation for high temperature resistivity and thermopower measurements (325-756 K)
is shown in Figure 2.18.

Figure 2.18. ULVAC-RIKO ZEM 3 used for high temperature resistivity and
thermopower measurements (325-756 K). The inset provides a closer view of the 4-probe
set-up used by this instrument.
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These measurements were performed using an ULVAC-RIKO ZEM 3 in static helium
conditions. Low temperature resistivity data were collected in the temperature range of
3298 K using a Quantum Design PPMS (Figure 2.19).

Figure 2.19. The Quantum Design PPMS used for low temperature resistivity
measurements.
The electronic structure in materials behave differently depending on their properties. The
energy of these states (Fermi-Dirac distribution) is shown in Figure 2.20 as a function of
the density of states for metals, semimetals, semiconductors, and insulators, where EF is
the fermi level [14].
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Figure 2.20. The energy of the electronic levels as a function of the density of states, for
metals, semimetals, semiconductors, and insulators (adapted from reference 14, 15).

A typical band structure involves the valence and conduction bands, with the Fermi level
in the middle. The band structure of a material, the occupancy of the valence band, and the
magnitude of the gap between the bands gives insight to the properties exhibited by that
material [15]. The band structure in metals have large overlap, semimetals have partial
overlap, semiconductors have varying band positions with a small band gap, and insulators
have separate bands with a large band gap. The Fermi level in these structures is the
electrochemical potential for filled bands of electrons, where there is a 50% chance of
electron presence at equilibrium. The Fermi level for metals and semimetals is located
inside the band, whereas the Fermi level in semiconductors and insulators is between the
bands. The Fermi level differs in semiconductors based on the type of conduction in the
material (n-type or p-type). A charge can be carried in a material by an electron or a hole,
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producing n-type and p-type carriers respectively. A hole is a conceptual lack of charge
when an electron leaves the valence band and is not a particle like an electron.
When the resistivity of a material is measured, a temperature gradient can be applied, and
resulting in a thermoelectric voltage. The thermoelectric effect encompasses three effects,
and describes the transformation between temperature changes and voltage. The Seebeck
effect is the conversion of heat to electricity, the Peltier effect is the conversion of
electricity to heat, and the Thomson effect is a more complicated version of the Seebeck
effect, where a current is applied through a material with a gradient in the Seebeck
coefficient.
The Seebeck coefficient, also known as the thermopower coefficient, is a way to
characterize the thermoelectric effect, and has units of volts per kelvin (Equation 2.40).
∆𝑉

𝑆 = − ∆𝑇

(2.40)

When the temperature gradient is applied, the charge carriers migrate from higher to lower
temperatures, where the voltage is measured. The Seebeck coefficient increases with
increasing temperatures. When S is below 10 the material is metallic, and when it is under
50 it is a semiconductor. Values above zero indicate p-type conduction, and values below
zero indicate n-type conduction.
When a temperature gradient is applied to a material, the valence electrons with higher
temperature move to the portion of the material with a lower temperature at a rate faster
than electrons moving in the opposite direction, resulting in a net voltage.
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2.5.2 Dielectrics
Dielectrics are materials that are characterized by their behavior in a parallel plate
capacitor, ideally exhibiting no dc electrical conductivity (Figure 2.21).

Figure 2.21. A schematic of a dielectric material in a parallel plate capacitor, adapted from
reference 16.

The relationship of the capacitance when a vacuum is present between the capacitor is
shown in Equation 2.41, where e0 is the permittivity of free space, C0 is the capacitance, d
is the distance of the space between the plates, and A is the area of the plates.
𝐶0 =

𝑒0 𝐴
𝑑

(2.41)

When a potential difference is applied, the quantity of charge Q0 is directly proportional to
the potential difference and the capacitance (Equation 2.42).
𝑄0 = 𝐶0 𝑉

(2.42)

When a dielectric material is placed between the capacitor, the amount of charge stored
increases to Q1 as a voltage is applied, and the capacitance becomes C1. The voltage causes
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a polarization of the valence electrons, (no long-range motion) where the relative
permittivity (dielectric constant, κ) can depict their relationship. This is dependent upon
the degree of polarization, which is dependent upon the material placed in the capacitor.
For instance, the relative permittivity, κ, is 1 in air, showing that C1 = C0 in Equation 2.43.
𝐶

𝜅 = 𝐶1
0

(2.43)

The electric potential (E) in a uniform electric field can be related to the voltage (V) across
the parallel plates (distance, d) using Equation 2.44.
𝑉 = 𝐸𝑑

(2.44)

Polarizability, permittivity and dielectric susceptibility can be used to describe the response
of a material to an applied field. The polarizability of a material quantifies the separation
of charges and the magnitude of those charges. It measures the specific dipole moment (p)
in response to that applied field (E), where the overall polarization (α) of a material can be
explained as the sum of all individual dipole moments created by the local field (Equation
2.45).
𝑃 = ∑𝑖 𝑝𝑖 = ∑𝑖 𝛼𝑖 𝐸𝑙𝑜𝑐𝑎𝑙, 𝑖

(2.45)

The relative permittivity, or the dielectric constant, can be described in terms of the
capacitance in Equation 2.46, when there is a material between a parallel plate capacitor.
𝐶=𝜅

𝑒0 𝐴
𝑑

(2.46)

Dielectric susceptibility (χ) can be described as the relative permittivity without the
contribution from the permittivity of free space (Equation 2.47).
𝑒0 𝜒 = 𝑒0 𝜀 ′ − 𝑒0 ; 𝜒 = (𝜀 ′ − 1)

(2.47)
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It is a constant that describes the degree of polarization of a material to an applied field.
The dielectric constant, polarizability and the susceptibility are all dependent on the
measuring frequency used to characterize the material. Polarizability is an additive quantity
that can occur as conglomerate of many sub-factors; electronic (𝛼𝑒 ), ionic (𝛼𝑖 ), dipolar
(𝛼𝐷 ), and space charge (𝛼𝑠𝑐 ) polarizability. The electronic polarizability is the
displacement of the electron clouds of individual atoms, altering the center of the electronic
charge distribution (Figure 2.22).

Figure 2.22. The induction of a dipole moment from the application of an electric field
(adapted from reference 17), where E is the applied field, C is the center of the negative
charge, O is the center of the positive charge (atomic nucleus), and x is the displacement
between the two separated charges.

As the frequency decreases, larger units displace, resulting in ionic polarization and
accompanying vibrational modes. Also known as orientational polarizability, dipolar
polarizability can occur at lower frequencies, which allows for molecular motions,
rotations and dipole motion. The lowest frequency measurement shows space charge
polarizability, which is a separation of charge, or charge migration. The frequency
dependence of the polarizability is shown in Figure 2.23.
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Figure 2.23. The frequency dependence of the various polarizabilities for the real (εr')
and imaginary (εr'') portions of the permittivity, adapted from reference 16.
Permittivity and polarizability show a comparable dependence to the measurement
frequency, and can be linked using the Clausius-Mossotti relationship (Equation 2.48),
where N is the number of polarizable species per unit volume.
𝜅−1
𝜅+2

𝑁𝛼

= 3𝑒

0

(2.48)

A small dielectric loss is a large component of what characterizes a “good” dielectric. It is
shown as tan δ, which depends on the measurement frequency and temperature of the
material. In a perfect dielectric, the current “leads” the voltage by 90˚, and the phase angle
θ is 90˚ and δ = 90- θ (Figure 2.24). For practical applications tan δ should be small and
the quality factor (Q) of dielectric is defined as 1/ tan δ which should be very high. The
energy dissipation in a dielectric material occurs in the form of heat and is due to the
formation of defects, ionic conductivity and electronic conductivity.
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Figure 2.24. The loss tangent (tan δ) for a dielectric material.

Common types of dielectrics include piezoelectrics, pyroelectrics and ferroelectrics.
Piezoelectrics are materials that exhibit an induced or changed dipole moment as a response
to mechanical pressure. Under mechanical pressure, the piezoelectric crystals polarize, and
electrical charges are generated on opposite crystal faces. Piezoelectricity depends on the
crystal structure and the direction in which the stress is applied to the material. Piezoelectric
crystals can be used as transducers, where they convert mechanical stress to and from
electrical energy. These find application as bimorphs in microphones and earphones, and
in sonar generators.
Pyroelectrics are materials in which the permittivity is temperature dependent. The induced
thermal expansion from changing temperatures changes the lengths of the dipoles,
therefore changing the polarization of the material, which you will remember is the
summation of all of the dipole moments created in a material. Unlike ferroelectrics, this
polarization cannot be reversed by an applied electric field. An example of this is the
pyroelectric crystal ZnO (wurtzite, hcp ½ filled), where the ZnO4 tetrahedra have a dipole
moment that can be affected by the temperature change, changing the net spontaneous
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polarization of the material. Pyroelectric materials can be used as infrared radiation
detectors.
Ferroelectric materials show a change in dipole orientation in response to an applied field.
These materials fall under the umbrella of Polar dielectrics, which can be further separated
into ferroelectrics and non-ferroelectrics. Non-ferroelectrics show a change in magnitude,
but not orientation in response to an applied field. Ferroelectrics differ from other
dielectrics due to high permittivities, the ability to retain residual electrical polarization
after there is no longer an applied voltage, and the ability for the polarization to be reversed
under an applied reverse voltage or coercive field. The relationship of the polarization and
the applied voltage is not linear, and produces a hysteresis loop. While the polarization can
be reversed, it first reaches a saturation polarization at the top of the loop, and then
maintains a remnant polarization, or a polarization that is maintained by the material after
the voltage returns to zero. Ferroelectrics can be used as capacitors, due to their high
permittivity, with a dielectric constant of 102-104, where a common dielectric is around 10100. Some common ferroelectric materials are BaTiO3, PbTiO3, KNbO3, LiNbO3,
Bi4Ti3O12, and Pb(ZrxTi1-x)O3. Ferroelectric materials can also be used as PTC thermistors,
or positive temperature coefficient thermally sensitive resistors due to the large increase in
resistivity on heating below Tc. Most non-metallic materials have a negative temperature
coefficient where the resistivity decreases with increasing temperature. These thermistors
can be used as switches in overload protection, as the current turns off as the resistivity
increases upon heating the material [16].
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2.5.3 Topological Insulators
Topological insulators are bulk insulating materials with a metallic/conducting surface
state. These are a relatively new class of materials that have topological protection,
meaning that not only are only the surface states conducting, but any change to the edge or
surface of the material will only result in the electrons moving across the new outer layer.
The surface states of these materials are protected by time reversal symmetry, which
describes wavefunction symmetry, where spin up and spin down electrons behave in the
same manner [18]. These materials arise from a phenomenon called spin-orbit coupling,
which is typically indicative of heavier elements (such as iridium) that are likely to exhibit
this quantum effect on a larger scale than that of lighter atoms [19]. Spin-orbit coupling
occurs when the spin of the electron interacts with the magnetic field created by the orbit
of the electron around the nucleus. If the magnitude of this interaction is large enough, this
can cause a band inversion, allowing electrons to traverse the surface of those bands and
travel along the surface state of the material (Figure 2.25).

Figure 2.25. An approximation of the band structure of a topological insulator (adapted
from reference 20).
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The magnitude of this interaction is typically not large enough to induce this behavior, but
a magnetic field can theoretically be generated in larger elements. A current example of a
topological insulator is Bismuth Telluride (Bi2Te3) [21]. Topological insulators can also
make good thermoelectric materials as they have a smaller band gap and are typically
synthesized with heavier elements. Because these materials have “topological protection”
of surface state electrons, conduction is not affected by the scattering that is typically a
function of energy storage and consumption, allowing the material to have increased
efficiency. These materials can therefore greatly advance the function of transistors,
memory devices, and magnetic sensors [22].

2.6 Optical Properties
The colors that we see are dependent upon the light that is absorbed and reflected from a
given material. When white light hits a material, certain wavelengths are absorbed, and the
light that is reflected is the color seen (Figure 2.26).

Figure 2.26. A schematic of white light being reflected from the surface of a material.
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2.6.1 Origins of Color
Colors can have many different mechanisms, all indicative of the structure of the material.
For instance, water exhibits a pale blue color from absorptions in the red region that arise
from molecular vibrations. Heavy water (D2O) undergoes an absorption shift due to the
weight, causing the absorption to occur in the infrared region, making it colorless. Colors
in organic dyes arise from charge-transfer excitations from pi bond interaction.
Mechanisms for color in inorganic oxides include intraatomic excitations (d-d transitions),
intervalence charge transfer excitations, and band gap transitions [23,24].
Localized intraatomic (d-d transitions) excitations can be explained using ruby and emerald
as an example. While ruby has an aluminum oxide structure and emerald has a beryl
(Be3Al2(SiO3)6) structure, both gemstones employ Cr3+ as the chromophore, where d
electrons are excited to higher energy levels by interactions with photons. The red and
green colors arise from the covalency of the lattices, giving crystal field splitting energies
of 2.23 eV and 2.05 eV for ruby and emerald respectively. In the case of ruby, a small
substitution of Cr3+ can lead to this color change (Figure 2.27). These types of transitions
also occur for Cu2+ and Co2+ compounds, where the electrons can only transfer within the
energy levels of the same atom.
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(a)

(b)

Figure 2.27. Structures of (a) pure Al2O3 (aluminum is grey, and oxygen is at the apices
of the octahedra) and (b) Cr3+ (red) doped Al2O3.

Intervalence, or charge-transfer excitations can occur between two metals, two cations, two
anions (rare), and an anion and a metal. Sapphire can be used to describe this phenomenon,
which also crystallizes in the corundum (Al2O3) lattice. The charge transfer that produces
the brilliant blue color indicative of the sapphire gemstone exists between Fe2+ and Ti4+
impurities in the lattice. In this case, an electron from the Fe2+ d6 orbital transfers to an Ti4+
d0 energy level: Fe2+ + Ti4+  Fe3+ + Ti3+ (Figure 2.28).

Figure 2.28. Intervalence charge transfer between Fe2+ and Ti4+ in sapphire.
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The structure that allows this transfer is shown in Figure 2.29. Other charge transfers that
produce color include Fe2+  Fe3+ in Prussian blue, O2-  Cr6+ in BaCrO4, and S3- (anionanion) in Lapis Lazuli.

(a)

(b)

(c)

Figure 2.29. (a) The corundum (Al2O3) structure. (b) Titanium and iron doping in the
aluminum oxide structure. (c) A closer view of the titanium and iron sites, and the
proximity that aides in the charge transfer mechanism.

Each individual atom has an energy level occupied by electrons, which interact with each
other when dealing with many atoms as in a crystal lattice, causing the formation of energy
bands from the overlap. The valence and conduction bands therefore replace the distinct
energy levels in some solids. The color of a material can arise from this splitting energy,
or band gap, as electrons transition between the energy bands. When light hits a material,
it absorbs the energy associated with the band gap, exciting an electron to the conduction
band, where the reflected color is seen as the electron relaxes back to the valence band
(Figure 2.30).
Colors associated with the band gap energy can be yellow to red, and black, but cannot be
blue. The spatial and energy level overlap in these materials can only give rise to certain
colors, as the light reflected has a smaller energy than that of the band gap. Materials that
originate from the band gap energy include WO3 (yellow), CdS (yellow), and HgS (red).

88

The solid solution CdS1-xSex has a color change that results from electronegativity
differences, as well as iconicity that affect the band gap energy.

Figure 2.30. The band gap of a material and the associated colors that are reflected and
absorbed based on the band gap energy.

The relationship between the color (the wavelength of the light) and the band gap is given
by Equation 2.49, where E is the energy, h is planck’s constant, c is the speed of light, and
λ is the wavelength.
𝐸 = ℎ𝑐/𝜆

(2.49)

This equation allows the calculation of expected band gaps, which can be measured in a
semiquantitative way from collected UV-Vis absorbance data.

2.6.2 UV-Vis Analysis
Measuring the optical properties of a material can help in the determination of color origin,
and stability for application. When pigments reflect in the near-IR region (heat energy),
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they can be used for a variety of different applications, as this can lead to cost savings from
energy conservation. Titanium dioxide is an example of a heat repelling pigment, and
because it is non- toxic, it is even used to repel the sun’s rays in sunscreen.
In this dissertation, Near-IR and UV-Vis diffuse reflectance measurements were
performed, using the Kubelka-Munk equation to transform the data to absorbance. This is
shown in Equation 2.50, where R is the reflectance, S is the scattering coefficient, and K is
the absorption coefficient [25].
𝐾
𝑆

=

(1−𝑅)2
2𝑅

(2.50)

From the corrected data, the band gap is measured by extrapolating the slope of the
absorbance data to the x-axis (energy in eV) in the visible region. Further measurements
have been performed to determine the absorbance in the near-IR region, shedding light on
the ability of the pigment to reflect heat.

2.6.3 Color Meter Measurements
Near-IR and UV-Vis analyses can measure the properties of the pigments across
wavelengths, but in order to measure the optical properties in an industrial, uniform setting,
a color meter is used along with the xyY and L*a*b* color scales. Colors are typically
characterized by colorimetry, using these color spaces.
The CIE (International Commission on Illumination) XYZ and CIE xyY color spaces
describes color in terms of the way the human eye sees color. The human eye has three
types of cones that sense light with short, medium, and long wavelengths, in medium and
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high brightness situations. Therefore, three parameters can be used that correspond to each
section, to describe color. These make up the tristimulus, LMS (long, medium, short) color
space. The tristimulus space is described by the CIE XYZ color space, which is in turn
described by the CIE xyY color space. The chromaticity of a color is specified by two
derived parameters, x and y in the xyY color space, which are normalized values and a
function of the tristimulus values, and Y is the luminescence [26].

Figure 2.31. The CIE L*a*b* color space from reference 27.

The CIE L*a*b* color space is also derived from the CIE XYZ tristimulus, the L* parameter
describes the lightness of a sample, and the a* and b* parameters represent red vs green
and yellow vs blue respectively. Figure 2.31 shows the spatial diagram of the L*a*b* color
space, removing ambiguity and allowing universal color comparisons [27].

2.6.4 Fourier Transform Infrared Spectroscopy
Fourier Transform Infrared Spectroscopy (FTIR) collects infrared spectra of many
different materials, that display the transitions between energy states from molecular
vibrations [28].
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CHAPTER 3: Iridium Containing Pyrochlores and Related Systems
Abstract:
The 4d and 5d transition metals have received recent attention as potential topological
insulators. This property is driven by the spin-orbit interaction that increases with atomic
number. This led to the substitution of various cations in the general pyrochlore formula
Bi2-xMxIr2O6+y (M = Ca2+, Co2+ and Cu1+), as well as phases with related structures:
Ca2Ru2O7 and Bi2-xCaxRu2-xIrxO6+y. These samples were synthesized via solid state and
hydrothermal reactions, resulting in materials with similar structures and properties. The
limit of the solid solutions were found, along with structural analysis finding drastic site
distortions for both the 8b and 16d ideal positions. The properties were characterized for
these samples, which were primarily metallic and paramagnetic.
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3.1 Introduction to Iridium Pyrochlores

Compounds with the pyrochlore structure (Figure 3.1) have been studied due to the many
interesting properties that have been observed for materials in this family. Abrupt metalinsulator transitions have been found for Cd2Os2O7 (second-order) and Tl2Ru2O7 (firstorder) [1-3]. Superconductivity occurs in Cd2Re2O7, and colossal magnetoresistance is
seen in Tl2Mn2O7 [4-6]. The magnetic properties of pyrochlores have been of considerable
interest because of the frustrated magnetic interaction of M cations (Figure 3.2) [7,8].

A
M
O
O'

(a)

16d
16c
48f
8b

(b)

(c)

Figure 3.1. (a) The A2M2O6O' pyrochlore structure shown as two interpenetrating
networks: A2O'and 2MO3. The A cation is in 2-fold linear coordination to O', and O' is in
tetrahedral coordination to A. (b) The coordination of the A cation including the long AO
bonds between the two networks. (c) The coordination of the “octahedral” M cation where
the true symmetry is that of a trigonal antiprism that is somewhat compressed along the 3fold axis.
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Figure 3.2. The pyrochlore structure as two interpenetrating networks where both networks
are represented by tetrahedra. The blue spheres are A cations with O' atoms (not shown)
in the center of each tetrahedron. The light brown spheres are M cations with O atoms (not
shown) along each edge of the orange tetrahedra with a MOM bond angle of about 130°.
In view of this tetrahedral arrangement for both networks, magnetic interactions between
A cations and between M cations are frustrated, but magnetic interactions between A and
M cations are not frustrated.

Recently, A2Ir2O7 iridate pyrochlores have received much attention as topological
insulators [9]. An important aspect of this topological insulating state is the spin-orbit
interaction, which increases dramatically with increasing atomic number. The A cation can
be a rare earth cation: Y and LuPr [10,11]. Very different properties have been reported
for different samples with the same A cation. This indicates that these phases have a
significant range of composition, but the actual range of composition is undetermined. For
example, one study of Nd2Ir2O7 reported metallic behavior from 4.2298 K, where another
study of Nd2Ir2O7 found semiconducting behavior over this temperature range [2,11,12].
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Still another group found a metal-to-semiconductor transition at 33 K [13]. When the A
cation is magnetic (NdHo), magnetic ordering has been reported at temperatures ranging
from 33141 K [8,13]. However, no evidence for magnetic ordering was found for
Y2Ir2O7, supporting the view of weakly interacting Ir ions [14].
This chapter discusses the substitution of various cations in the general formula Bi2xMxIr2O6+y

(M = Ca2+, Co2+ and Cu1+), as well as phases with related structures: Ca2Ru2O7

and Bi2-xCaxRu2-xIrxO6+y.
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3.2 Bi2-xCaxIr2O6+y Pyrochlore Phases: Structure and Properties

3.2.1 Bi2-xCaxIr2O6+y Introduction
Here we investigate the properties of Bi2-xCaxIr2O6Oy' pyrochlores where the average
oxidation state of Ir is varied in a controlled manner. Two previous studies of this system
gave no details on structure or Ir oxidation state, and no composition greater than x = 0.75
[15,16]. The end member with x = 2.0 was prepared at high pressure [17]. Properties and
detailed structure were not reported, but chemical analysis indicated a formula very close
to Ca2Ir2O7.

3.2.2 Experimental
Polycrystalline samples of Bi2-xCaxIr2O6+y (x = 01.0) were prepared through standard solid
state synthesis. The reactants were Bi2O3 (Sigma-Aldrich, 99.9%), CaCO3 (Sigma-Aldrich,
99.0%), and IrO2. The IrO2 was prepared from IrCl3·3H2O (Johnson Matthey Chemicals,
99.9%) through the decomposition of IrCl3·3H2O under an air flow at 700°C for 12 h. This
product was checked for purity via X-ray diffraction and chemical analysis. The pyrochlore
phases were formed through mixing appropriate quantities of the reagents, where the
oxides were combined through grinding the powders in a mortar and pestle. The pelletized
mixture was then placed in an alumina crucible and heated at 1000°C for 12 h in air. The
samples were ground and reheated in this manner up to three times. X-ray diffraction data
were obtained using a Rigaku Miniflex diffractometer employing Cu Kα radiation with a
graphite monochromator on the diffracted beam. Time-of-flight neutron diffraction data
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were collected at the Oak Ridge National Laboratory (ORNL) Spallation Neutron Source
(SNS) POWGEN beamline using a beam of neutron with a center wavelength of 1.066 Å.
Rietveld refinements utilized GSAS software [18].

An absorption correction was

employed, which is especially important for our samples due to the high absorption of Ir.
All refinements were in space group Fd3̅m.
High temperature resistivity and thermopower measurements were performed in a
temperature range of 325756 K via an ULVAC-RIKO ZEM 3 in static helium conditions.
Low temperature resistivity data were collected in the temperature range of 3298 K using
a Quantum Design PPMS. Low temperature magnetic susceptibility data were collected
using a Quantum Design MPMS. Bond valence sum values were calculated using the Bond
Valence Calculator, version 2.00 [19].

3.2.3 Results
3.2.3.1 Structure Analysis
A neutron diffraction study of a bismuth iridate pyrochlore sample reported a formula of
Bi1.91 Ir2 O6 O'0.82 indicating partial occupancy of both the A and O' sites [20]. For our Bi2xCaxIr2O6O'y

samples with various amounts of Ca substitution for Bi, refinements of neutron

diffraction data consistently indicate vacancies at the O' site (Vo). The Vo concentration at
x = 0.0 is about 0.2, decreases to about 0.1 for x = 0.2 and 0.5, but then increases to about
0.2 for x = 1.0. We find no evidence for vacancies at the A site for x = 0.21.0. A summary
of the Rietveld refinements for the three Bi2-xCaxIr2O6O'y samples with x = 0.2, 0.5 and 1.0
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is shown in Table 3.1. Further details are available in CIF files in Supporting Information.
An example Rietveld fit is shown in Figure 3.3, and a plot of unit cell edge vs x is shown
in Figure 3.4. Bragg peaks broaden with increasing x due to lattice strain, which commonly
occurs in solid solutions (Table 3.1).
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Background
Difference
Phase

Intensity

800

(Bi1.5Ca0.16)Ca0.34Ir2O6.82
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400
200
0
0
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3

4

5

d-Spacing (Å)

Figure 3.3.
A Rietveld plot of time-of-flight neutron diffraction data for
(Bi1.5Ca0.16)Ca0.34Ir2O6.82. The observed data is shown in black, the calculated profile is
shown in red, the difference curve is in blue, and the reflection markers are in teal. The
inset shows a peak that is allowed by the space group Fd3̅m, but cannot occur if all atoms
are isotropic and in ideal positions.
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Table 3.1. Summary of structure refinements for Bi2-xCaxIr2O6O'y phases.
x

0.0

0.2

0.5

1.0

Refined formula
a (Å)
wRp (%)
x (O)
A site: ½ ½ ½
A' site Ca occup.a
A' site, Ca x = y, z
O' occup.
Ca: Uiso (Å2) ×102
Bi: U11, U12 (Å2)c ×102

(Bi1.91)Ir2O6.815
10.326(1)
5.56
0.32985(4)
Bi: 0.956(5)
0.82(1)
-

(Bi1.8)Ca0.2Ir2O6.88
10.302(1)
1.83
0.33002(5)
Bi: 0.904(4)
Ca: 0.096(3)
0.534(1), 0.478(3)
0.88(1)
0.6(4)

(Bi1.5Ca0.16)Ca0.34Ir2O6.82
10.271(1)
2.24
0.32996(5)
Bi: 0.75; Ca: 0.082(8)
Ca: 0.17(1)
0.536(2), 0.482(2)
0.82(1)
1.2b

(Bi1.0Ca0.66)Ca0.34Ir2O6.78
10.247(1)
2.76
0.32908(8)
Bi: 0.5; Ca: 0.33(1)
Ca: 0.17(1)
0.540(2), 0.484(3)
0.78(1)
1.2(4)

1.11(1), -0.27(1)

0.82(1), -0.20(1)

0.70(2), -0.19(2)

0.55(5), -0.15(4)

Bi: RMS⊥, RMS|| (Å)d

0.12, 0.075

0.10, 0.065

0.094, 0.057

0.084, 0.050

Ir: U11, U12 (Å2) ×102

0.21(1), -0.01(1)

0.086(4), -0.016(7)

0.207(5), -0.019(7)

0.30(1), -0.02(1)

O': Uiso (Å2) ×102

1.44(4)

1.43(5)

1.35(4)

1.20(7)

O: Uiso (Å2)e ×102

0.42(1)

0.30(1)

0.45(1)

0.55(2)

AO' × 2 (Å)

2.2356(3)

2.2304(1)

2.2238(1)

2.2186(1)

AO × 6 (Å)

2.5335(2)

2.5264(4)

2.5193(3)

2.5197(1)

96g CaO' (Å)

-

96g CaO (Å)

2.003(1)

2.55(3), 2.01(3)f
2.76(1) ×2
2.02(1)
2.40(1) ×2
3.05(1)
1.9990(2)

2.58(2), 1.96(2)
2.73(1) ×2
2.03(2)
2.42(1) ×2
3.03(2)
1.9928(2)

2.64(3), 1.90(3)
2.74(2) ×2
2.01(3)
2.43(1) ×2
3.06(3)
1.9845(1)

3.95(3)

3.98(3)

4.05(3)

4.28(3)

3.19
-

3.25
2.30
2.88

3.31
2.34
2.96

3.32
2.37
3.12

IrO (Å)
Ir oxidation state
Bi BVS
Ca BVS ½ ½ ½
Ca BVS 96g no Vo
Ca BVS with Vo
Strain (%)

-

1.99

1.94

1.92

<0.01

0.045(5)

0.090(9)

(a) This is 6× the occupancy of Ca in each 96g site. (b)This value was not refined. (c) For
both Bi and Ir, U11 = U22 = U33 and U12 = U13 = U23. (d) Error estimates for RMS values
are about 0.005 Å. (e) Anisotropic U values are given in the CIF files. (f) Distances in
italics are not used for Ca BVS with Vo because the O' associated with this distance is
assumed to be missing.

Lattice Parameter, a (Å)
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Figure 3.4. Unit cell edge vs x for the Bi2-xCaxIr2O6Oy' system.

For x = 0.2 our refinement is consistent with the complete occupancy of the A site, which
conforms to the nominal composition of Bi1.8Ca0.2. However, refinement of occupancies
cannot eliminate the possibility of 1 to 2% vacancies at this site. Although Bi refines well
on the ideal (½ ½ ½) site when using anisotropic displacement factors, we find that Ca is
displaced by about 0.55 Å from the ideal (½ ½ ½) A cation position.

The anisotropic

displacement factors (U values) refined for Bi at the ideal position give root mean square
(RMS) displacement values of 0.102 Å perpendicular to the 3-fold axis and 0.063 Å along
the 3-fold axis. These RMS values are just slightly less than reported for x = 0.0, 0.12 Å
and 0.07 Å, respectively [20]. The displacement of Ca from the ideal position is also
primarily perpendicular to the 3-fold axis but is more than 4 times greater than the
displacement of Bi. This displacement of Ca from (½ ½ ½) was modeled using sites 96g
(x,x,z) and 96h (0,y,-y), as reported for other pyrochlores that contain large disordered
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displacements of the A cation from the ideal position [21-23].

Our model for

(Bi1.8 )Ca0.2 Ir2 O6 O'0.88 thus contains Ca displacements that are so large that they must be
refined as static displacements, but the smaller Bi displacements are well described with
anisotropic U values. Qualitatively, this combines the two different situations shown in
Figure 3.5 for Bi2Ti2O7 and Bi2Ru2O7 [24]. The displacement we find for Ca is very much
like that found for Bi in Bi2Ti2O7, and the displacements for Bi in Bi2Ru2O7 and
(Bi1.8 )Ca0.2 Ir2 O6 O'0.88 are well modeled as a thermal ellipsoid [25]. We obtain essentially
the same fit to our data using the 96g and 96h sites for Ca, which is expected based on
Figure 3.5. The wRp and 2 values for our x = 0.2 model with Bi and Ca on different sites
are 1.74% and 2.66 vs 1.86% and 3.06 for a model with Bi and Ca on the same site. When
we model (Bi1.8 )Ca0.2 Ir2 O6 O'0.88 with the Bi displacement off the ideal site in a 96-fold
position, a Bi displacement of 0.10 Å is found with no change in the fit to the observed
diffraction pattern. Thus, the magnitude of the displacement of Bi off the ideal site is the
same whether modeled as a static displacement or with anisotropic U values.

Figure 3.5. Clouds of nuclear density of Bi in Bi2Ti2O7 (left) and Bi2Ru2O7 (right) from
reference 24. Our model for (Bi1.8)Ca0.2Ir2O6.88 has a ring of Ca atoms displaced about 0.55
Å from the center analogous to that shown for the Bi atoms in Bi2Ti2O7, and the
displacement of Bi atoms in (Bi1.8)Ca0.2Ir2O6.88 can be described as a thermal ellipsoid as
in Bi2Ru2O7 because there is now no minimum at the center of the cloud.
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For (Bi1.8 )Ca0.2 Ir2 O6 O'0.88 the BVS value calculated for Ca at the (½ ½ ½) site (2.30) is
such that displacements of Ca off that ideal site are not expected if adjacent O' sites are
fully occupied because such displacements would further increase the BVS value, which
is already too high. The observed Ca displacements increase the BVS for Ca to 2.75 if the
O' vacancies are ignored. However, if one of the adjacent O' sites is vacant, the BVS of the
displaced Ca becomes about 1.99. Thus, it appears that the displaced Ca is always
associated with a vacancy at the O' site (Vo). An attraction between Ca and Vo can be
expected because Ca2+ on a Bi3+ site is a negative defect and a vacancy on an O2- site is a
positive defect. Thus, local charge balance is improved if Ca and Vo are neighbors.
Compelling support for this model is that refinement of occupation of Bi at the ideal site
and Ca at the displaced site matches the actual composition for samples with x = 0.2. The
oxygen at the O' site is strongly bound to four A cations. Thus, there could be as many as
4 Ca atoms associated with a single Vo. For x = 0.2 the Vo concentration is about 0.10.
This suggests that two Ca atoms are adjacent to every O' vacancy, and this would produce
a neutral Ca2Vo defect cluster.
For x = 0.5 we find that the amount of Ca displaced by about 0.55 Å from the ideal position
has increased (Table 3.1). However, now 32% of the Ca substituted for Bi is on the ideal
site with Bi giving the formula (Bi1.5Ca0.16)Ca0.34Ir2O6.82 where the Bi and Ca in the
parentheses is on the ideal site and the Ca outside the parentheses is on a 96-fold site. If all
this strongly displaced Ca is adjacent to a Vo site, the average Ca-to-Vo ratio is 1.5 for this
defect.

For x = 0.5 and 1.0, we now have eight parameters associated with the A site:

Bioccup at 16d, Bi U11, Bi U12, Caoccup at 16d, Ca Uiso at 16d, x and z for Ca in 96g, and Ca
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Uiso for Ca in 96g. This is two more than in the case of x = 0.2. It is mathematically
impossible to freely refine all eight of these parameters simultaneously. However, a stable
refinement was obtained for the x = 1.0 by fixing only the Bi occupation on the 16d site at
the nominal value. For x = 0.5 another parameter needed to be fixed to obtain a stable
refinement. Thus, the Ca Uiso was fixed at the value obtained by refinement in the case of
x = 1.0. The inset in Figure 3.3 depicts a peak allowed by the space group Fd3̅m that cannot
occur for isotropic atoms in the ideal positions. The intensity for this 842 peak has
significant contributions both from Ca in the 96-fold site and from the anisotropic
displacement values for Bi.
For x = 1.0 we find that 66% of the Ca is now on the ideal site with Bi giving a formula of
(Bi1.0Ca0.66)Ca0.34Ir2O6.78 where the Bi and Ca in the parentheses is on the ideal site and the
Ca outside the parentheses is on a 96-fold site (Figure 3.6). The BVS for Ca on the ideal
site is 2.37; this decreases to 1.92 for the statically displaced Ca assuming that there is an
adjacent Vo. If all this strongly displaced Ca is adjacent to a Vo site, the average Ca-to-Vo
ratio is 2.8 for this defect. The maximum ratio possible is 4.0. The actual ratio of all Cato-Vo is 8.3; thus, much of the Ca is forced to be on the ideal site. The Ca-to-Vo ratio
required to obtain a neutral Ca2Vo is 2.0. Thus, it appears that for x = 1.0, some Ca3Vo
defect clusters occur even though this is more Ca than required to achieve a neutral defect
cluster. Such a Ca3Vo cluster could still provide a more favorable site for Ca than the ideal
site.
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Figure 3.6. A cations are shown within a 6-membered ring based on corner-sharing IrO6
octahedra. Ca resides in the ring utilizing 96h and 96g sites. The ring diameter is about
1.1 Å. Bi resides in the center of the ring at the 16d site, and for x = 0.5 and 1.0 there is
partial substitution of Ca for Bi at this site.

Values for y and the distribution of Ca between the ideal and displaced sites presumably
will vary depending on synthesis conditions, such as temperature and O2 partial pressure.
The most precise determination of Ir oxidation state would be by titration. This is highly
successful for iridates that can be dissolved [26]. We were unable to dissolve our phases,
but the Ir oxidation state can be determined from the refined formula. This would not be a
reliable method when using X-ray diffraction data, but the high sensitivity to O in neutron
diffraction provides a sufficiently accurate definition of the O' content. The Ir oxidation
state is found to increase from 3.95 at x = 0.0 to 4.28 at x = 1.0 (Table 3.1). In Figure 3.7
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the oxidation state of Ir and the IrO distance are plotted vs Ca content. The IrO distance
decreases with increasing Ir oxidation state, as expected.
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Figure 3.7. Ir oxidation state (circles) and IrO distance (squares) vs x, for the system
Bi2-xCaxIr2O6Oy' .
3.2.3.2 Properties
All samples showed a room temperature resistivity of 0.002 ± 0.001 Ω·cm. This variation
is not considered significant; thus, we plot in Figure 3.8 resistivity from 3756 K
normalized to 1.0 at 756 K. The data from 3298 K for x = 0.0 are for a single crystal
grown from a Bi2O3 flux. The resistivity of this crystal at room temperature is 0.00109
Ω·cm, and this close match to our pellets indicates that our data on polycrystalline samples
was little impacted by grain boundaries. Figure 3.9 shows Seebeck coefficients from
3756 K, and Figure 3.10 shows magnetic susceptibility from 3298 K.
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Figure 3.8. Normalized resistivity data vs T for Bi2-xCaxIr2O6O'y phases. Data for x = 0.0
below room temperature is that from a 4-probe measurement on a single crystal. Inset
shows the low temperature upturn for Ca containing samples.

Seebeck Coefficient (V/K)

20
x=0
x = 0.2
x = 0.5
x = 0.8
x = 1.0

15
10
5
0
-5
-10

0

100 200 300 400 500 600 700 800

Temperature (K)
Figure 3.9. Seebeck coefficient vs temperature for Bi2-xCaxIr2O6O'y phases.
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Figure 3.10. (a) Magnetic susceptibility () vs temperature and (b) Magnetic susceptibility
(1/) vs temperature for Bi2-xCaxIr2O6Oy' phases.

3.2.4 Discussion
3.2.4.1 Structure
The A2M2O7 pyrochlore structure was long regarded as a derivative of the AO2 fluorite
structure with 1:1 ordering of two cations on the A site and ordered O vacancies. However,
in 1968 it was suggested that the structure was, in most cases, better regarded as composed
of two interpenetrating networks leading to a A2O'M2O6 formulation, which is frequently
written as A2M2O6O' (Figure 3.1) [27]. The backbone of this structure is the M2O6 network
composed of corner sharing MO6/2 octahedra, and this network has never been shown to
have significant deviations from its ideal structure or composition. The interpenetrating
A2O' network is the same as found for Cu2O. There are strong bonds only within each
network. There are no bonds between M and O', and there are only long weak bonds
between A and O of the M2O6 network. The A2O' network has a positive charge and the
M2O6 network has a negative charge. This network description explains large deviations of
composition for various forms of this structure, such as A2M2O6 and AM2O6, where O' is
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missing and there are only interstitial A cations within the M2O6 network. This network
description also facilitates discussion of Bi2-x Cax Ir2 O6 Oy' pyrochlores where the A cation
is Bi. There are no indications of deviations from stoichiometry for the IrO3 network, but
both cation and anion vacancies can occur in the A2O' network.
The unusual 2-fold linear O'AO' coordination for the A cation of the A2O' network can
lead to unusually high thermal motion perpendicular to this linkage. This was apparently
first noted for Hg2Ta2O7 [27]. Perpendicular to the linear OHgO linkage refinement of a
thermal ellipsoid for Hg revealed a root mean square (RMS) displacement for Hg of 0.165
Å vs only a RMS displacement of 0.02 Å in the direction along the short HgO bonds.
Diffraction data cannot be directly used to distinguish between static displacements and
thermally activated displacements because atoms do not move significantly in the time
scale of a diffraction event. For this reason, the term “temperature factor” has generally
been replaced by “displacement factor.” This linear two-fold coordination is common for
d10 cations, such as Cu1+, Ag1+ and Hg2+, and occurs in the AMO2 delafossite structure
where A can be Cu or Ag. Here also, the RMS displacements calculated from refinement
of thermal ellipsoids give large values perpendicular to a OAO linear linkage (Figure
3.11). In this case, data for six different compounds over a broad temperature range show
that the displacement is thermally activated [27]. Essentially the same displacement is
found when using a static model, but the observed temperature dependence is not one that
would be expected for a static displacement.
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Figure 3.11. Root mean square (RMS) displacements for M in OMO (M = Cu or Ag)
linear linkages in delafossite phases from reference 28.

Structural studies are reported for Bi2M2O7 compounds with the pyrochlore structure when
M = Sn, Ti, Ir, Ru, and Rh [22,23,25,29-31]. Generally, there is some small deficiency of
both Bi and O consistent with the M2O6 network being the backbone of this structure.
These Bi2M2O7 pyrochlores fall into two distinct classes based on both the unit cell size (a)
and electrical properties. Those with a between 10.35 and 10.70 Å are electrically
insulating (M = Sn, Ti). Those with a between 10.27 and 10.32 Å are metallic (M = Rh,
Ru and Ir). For the insulating pyrochlores (M = Sn and Ti) Bi is displaced by about 0.4 Å
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from its ideal site. This static displacement is so large for those with the larger unit cell
that it is readily distinguished from thermal motion using agreement factors related to the
fit to the diffraction pattern. Such a displacement of an A cation was first observed for the
5+
4+
pyrochlore “Sn2Ta2O7” [really Sn2+
1.76 (Ta1.56 Sn0.44 )O6.54], again an insulating compound

with a lone-pair cation (Sn2+) as an A cation [21]. When the lone-pair cation moves off the
ideal site, it is always in a direction primarily perpendicular to the 3-fold axis where the A
cation ideally resides. In the original study of Sn2Ta2O7, both the 96 fold positions (g and
h) were evaluated to describe the displacement. Both sites gave good agreement with
observed diffraction data, and both yielded a Sn2+ displacement of 0.38 Å. Subsequent
studies of the insulating Bi2M2O7 pyrochlores also reveal very little preference between the
96g and 96h sites.
The first insulating Bi2M2O7 pyrochlore reported to have large displacements of Bi from
the ideal site was Bi2Ti2O7 [22]. Rietveld refinement of combined synchrotron and neutron
diffraction data gave a formula of Bi1.74Ti206.62. The 0.38 Å disordered displacements of Bi
in Bi2Ti2O7 increase the Bi BVS from 2.79 to 3.04. Displacements of cations off their ideal
sites always cause BVS values to increase due to the nonlinear dependence of bond order
on bond distance. A subsequent study on an essentially stoichiometric sample of Bi2Ti2O7
yielded very similar results [23]. This time neutron diffraction data were collected at both
290 and 2 K. The Bi displacement increased from 0.38(2) Å at 290 K to 0.44(1) Å at 2 K.
Such an increase is the opposite of expected if this displacement were thermally activated.
The observed increase in Bi displacement at low temperature is expected as Bi settles into
its displaced position.
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In 1979 it was reported that pyrochlore Bi2Sn2O7 had phase transitions at 90 and 680°C
[32]. Thus, -Bi2Sn2O7 exists from 25 to 90°C; -Bi2Sn2O7 exists from 90 to 680°C, and
-Bi2Sn2O7 exists above 680°C with the normal pyrochlore structure. Below 680°C both
the- and -forms are distorted from cubic symmetry and have superstructures indicative
of a larger unit cell. This strongly inferred that the displacements of Bi from the ideal site
were ordered. A structure determination could then reveal if the Bi displaced according to
the 96g or 96h position or a mixture of the two. Crystals were grown from a Bi2O3 flux at
1200°C, but they were multiply twinned due to the two transitions that occur on cooling.
Thus, crystals are of little use for structure determination. Very recently, a herculean effort
revealed the structures of - and -Bi2Sn2O7 by combining high-resolution powder
diffraction data from both neutron and synchrotron sources.28 A comprehensive
investigation of 547 subgroups of the ideal Fd3̅m space group yielded unequivocal
structures for - and -Bi2Sn2O7. In-Bi2Sn2O7 all Bi cations move toward an edge of
octahedra of the Sn2O6 network as in the 96h position of the Fd3̅m space group. InBi2Sn2O7 all Bi cations move toward a corner of octahedra of the Sn2O6 network as in the
96g position of the Fd3̅m space group. This reinforces the conclusion that disordered
Bi2M2O7 structures have Bi distributed over both the 96g and h positions. In both forms of
Bi2Sn2O7 the Bi displacement is ~0.38 Å. Bond valence sum (BVS) values for Bi provide
a good explanation for the ordered Bi displacements in Bi2Sn2O7, which are 2.41 without
displacement and 2.92 with displacement. It appears that ordered Bi displacements also
occur in Bi2Zr2O7, but a complete structure analysis has not been performed in this case
[33].
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The situation for Bi2M2O7 pyrochlores with M = Ir, Ru, and Rh is very different from that
with M = Ti and Sn. The BVS of Bi at the ideal site is now greater than 3.0 for these
conducting pyrochlores. On this basis, no static displacement of Bi from its ideal position
is expected. Refinement of anisotropic U values for Bi reveal an ellipsoid very flattened
along the 3-fold axis. Figure 3.12 shows how the Bi RMS displacement values associated
with an ellipsoid decrease with increasing Bi BVS for Bi2M2O7 (M = Ru, Ir, and Rh) phases
and for our three Bi2-xCaxIr2O6O'y phases.

Bi RMS (Å)

0.15

RMS
RMS||
Ru

0.10

Ir

xCa= 0.5
xCa= 1.0

xCa= 0.2

0.05
3.1

Rh

3.2

3.3

3.4

Bi BVS
Figure 3.12. Bi root mean square (RMS) displacement (Å) vs Bi bond valence sum (BVS)
for Bi2M2O7 (M = Ru, Ir, and Rh) and for Bi2-xCaxIr2O6 phases. RMS⊥ is perpendicular to
the linear O'BiO' linkage, and RMS|| is along this linkage.

All Bi BVS values are greater than 3.00, and this decrease in Bi displacement as Bi is
compressed is expected. When two cations share a site, such as Bi and Ca on 16d, realistic
BVS values are frequently not observed for either cation due differing local relaxation
processes occurring around the two different cations. The fact that Bi2-xCaxIr2O6O'y phases
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fit well on this plot suggests that local relaxation is minimal, perhaps related to the rather
stiff IrO3 network.
There is only one conducting Bi2M2O7 compound (M = Ru) where structural information
is available at high and low temperature [30]. For Bi2Ru2O7, there are Rietveld refinements
of neutron diffraction data at room temperature and at 12 K. The Bi displacement at room
temperature has been determined both with displacement factors (anisotropic U values with
Bi on the ideal position) and with Bi positional parameters that are just off the ideal site
[25,30]. The RMS value derived from U values for the displacement perpendicular to the
3-fold axis is 0.153 Å vs 0.164 Å based on refinement of positional parameters in the 96g
or 96h position.

Thus, the displacement factor found is essentially the same when

determined by these two methods. Such agreement has been found also for Cu in CuScO2
[34]. The Bi displacement in Bi2Ru2O7 has been determined at low temperature only based
on the nonideal positional parameters [30]. On decreasing the temperature to 12 K this
displacement has dropped from 0.164(16) Å to 0.126(17) Å.

A decrease of this

displacement is expected if this is a thermal displacement factor, but such a drop is not
expected if the displacement is static.
Even more compelling information on the nature of displacements comes from pair
distribution function analysis with least-squares and reverse Monte Carlo modeling (Figure
3.5). The results for Bi2Ti2O7 show very clearly that the large Bi displacements are static
in nature [24]. There is no significant Bi density within 0.5 Å of the ideal position at 14 K
or 300 K. The temperature dependence of the Bi density for Bi2Ti2O7 also indicates that
this must be viewed as a static displacement. The Bi density sharpens and moves further
from the ideal site with decreasing temperature. Opposite behavior is expected if the
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displacement is based on thermally activated motion, and this opposite behavior is
observed for Bi2Ru2O7 (Figure 3.5). The shape of the Bi density here has the appearance
of an ellipsoid flattened along the 3-fold axis. There is no indication of a hole at the ideal
site either at 14 K or 300 K. Furthermore, the Bi cloud shrinks toward the ideal site with
decreasing temperature in the case of Bi2Ru2O7. The results in Figure 3.5 thus strongly
support that Bi displacements are thermally activated in Bi2Ru2O7 but not in Bi2Ti2O7.
The tendency has been to focus on the large Bi displacements of the A2O' network, but O'
also shows large displacements, which must be correlated with the Bi displacements. A
good understanding of the Bi and O' displacements then requires an understanding of lattice
modes, and there have been attempts to do this [35]. One starting point is to consider the
well-established lattice modes of cubic SiO2 (cristobalite), which is isostructural with the
A2O' pyrochlore network, except that cation/anion positions are interchanged. This
approach has proven helpful in the case of Bi2Sn2O7 where the displacements of Bi and O'
are well ordered [29]. However, this approach is limited because these modes are generally
described based on rotations of rigid SiO4 tetrahedra. The assumption of rigid tetrahedra
is not valid for the Bi2O' networks. The O' site has full tetrahedral symmetry; thus, its
displacements are constrained to be isotropic with the common structure refinements that
describe displacements using thermal ellipsoids.

However, thermal ellipsoids are

frequently only a crude approximation to true thermal displacements. We have shown that
using anharmonic displacements for atoms at the O' site of the pyrochlore structure can
provide a good description of displacements at this site that are not isotropic [36]. Such
displacements have also been approximated by disordering O' into the (x,x,x) position (32e)
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in the case of Bi2Ti2O7 and Bi2Ru2O7 [23,30]. In this situation, O' can move toward 1 Bi
and away from the 3 other Bi atoms or away from 1 Bi and toward the 3 others (a face of
the tetrahedron). Interestingly, the former occurs in Bi2Ru2O7 and the latter occurs in
Bi2Ti2O7, which is the normally expected displacement. In - and -Bi2Sn2O7 these O'
displacements are ordered with a displacement toward a tetrahedral edge in the  form and
a tetrahedral face in the  form. We have evaluated both of these displacement directions
for (Bi1.8)Ca0.2Ir2O6.88, and find that both give a displacement of 0.1 Å from the ideal site.
Using the (x,x,x) site (32e), Bi is displaced directly toward one Bi of the tetrahedron as was
reported for Bi2Ru2O7 [30]. Using the (x,3/8,3/8) position (48f), O' is displaced toward one
edge and away from the other edge of the tetrahedron to give two BiO distances of
2.142(2) Å and two of 2.327(2) Å. As a local mode this seems more likely than the
movement of O' toward one Bi atom, but the real answer to the motion of O' requires an
understanding of lattice modes.
It has been suggested that the large perpendicular displacements of Bi cations in the
pyrochlore structure are generally static rather than thermally activated [24,30]. This
suggestion includes both the conducting and insulating Bi2M2O7 pyrochlores. Although
the evidence is conclusive in the case of very large displacements (>~0.2 Å), the preceding
discussion concludes that existing diffraction evidence for the conducting Bi2M2O7
pyrochlores is that this is normal thermal motion, the magnitude of which is not unusual
for linear OAO coordination. Although it was argued that heat capacity data supported
static displacements of Bi in Bi2Ru2O7 [24], we find that argument not to be compelling.
Previous studies of Ag1−xMxSbO3+x (M = Na, K, and Tl) phases with the pyrochlore
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structure found Ag on the ideal A site with both Na and Tl strongly displaced from this site
into the 96-fold sites [37]. Our studies of Bi2-xCaxIr2O6Oy' phases present the first example
of a situation with some A cations showing large anisotropic thermal motion and other A
cations with much larger displacements that are static.

3.2.4.1.1 Ca2Ru2O7
Very little is known about Ca on the A site of the pyrochlore structure. Oxides of the type
5+
A2+
2 M2 O7 with the pyrochlore structure are known (M = Nb, Ta, Sb) where A can be Cd

or Hg, but not Ca or Sr. Although there are several reports of Ca2M2O7 (M = Ir, Os, Ru)
compounds with the pyrochlore structure, all lack a complete structure analysis [17,38].
Thus, the precise composition with regard to possible Ca and/or O' deficiency is uncertain.
The structure of Ca2Ru2O7 with the pyrochlore structure has been reported based on room
temperature single crystal X-ray diffraction data, but occupation parameters were not
refined [38]. We have grown crystals of Ca2Ru2O7 (Figure 3.13) and refined the structure
based on data collected at 173 K. An X-ray diffraction pattern performed at room
temperature can be seen in Figure 3.14 for Ca2Ru2O7. Such a low temperature decreases
thermal displacements and facilitates obtaining accurate occupation parameters. The
results are summarized and compared in Tables 3.2-3.4. Anisotropic displacements factors
for Ca2Ru2O7 were refined for the first time. The Ca occupation factor dropped to 85%
indicating a formula of Ca1.7Ru2O7. Refinement of the O' occupation factor gave 101%.
Thus, the final refinement fixed this occupation at 100%. Comparing this refinement with
the previous report shows very similar values for the unit cell edge and the RuO distance.
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The small decreases for our results can be attributed to the lower temperature. Thus, we
can conclude that the compositions are likely very close. Our refinement generally gave
lower displacement factors given as root mean square (RMS) displacements, which are
expected due to the lower temperature but may also be impacted by our refinement of the
Ca occupation factor. The Ca displacement was not significantly anisotropic. There is no
strongly displaced Ca as found for Bi2-xCaxIr2O6O'y phases, which is consistent with the
absence of O' vacancies that provide the impetus for such very large displacements.

Figure 3.13.

Microscopic images (35×) of black Ca2Ru2O7 crystals.
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Figure 3.14.

Room temperature X-ray diffraction data for Ca2Ru2O7 crystals.
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Table 3.2. Summary of crystal refinement data for single crystals of Ca2Ru2O7.
Structural formula
Formula weight
Color and habit
Crystal size (mm3)
Space group
a (Å)
V (Å3)
Z
ρcalc (g/cm3)
λ (Cu Kα) (Å)
μ (mm-1)
θ range for collection (˚)
Limiting Indices
No. of reflections collected
No. of independent reflections
No. of parameters
Final R indices [I > 2σ(I)]
Final R indices (all data)
Goodness of fit on F2
Measurement Temp. (K)

Ca1.7Ru2O7
382.27 g/mol
Black, Octahedral
0.01 × 0.01 × 0.01
Fd3̅m
10.187(1)
1057.1(1)
8
4.806
1.5419
60.840
6.53-66.57
-12 ≤ h ≤ 12, -12 ≤ k ≤ 12, -11 ≤ l ≤ 12
4076
65
12
R1 = 0.0217; wR2 = 0.0576
R1 = 0.0253; wR2 = 0.0608
1.053
173(2)

Table 3.3. Single crystal structure information, including thermal parameters and atomic
positions.

Ca
Ru
O(1)
O(2)

Position

x

y

z

16d
16c
8b
48f

0.5
0
0.375
0.3210(6)

0.5
0
0.375
0.125

0.5
0
0.375
0.125

a. Root mean square displacement (Å).

U11
(Å2)
×102
2.0(2)
0.92(8)
2.5(3)
2.3(4)

U12=U13=U23
(Å2) ×102
-0.03(7)
-0.04(2)
0
0

U22, U33
(Å2)
×102
U11
U11
U11
1.0(2)

Uiso
(Å2)
×102
2.0(2)
0.92(8)
2.5(3)
1.5(1)

RMSa
0.14
0.10
0.16
0.12
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Table 3.4. Comparison of single crystal data to previous work.
a (Å)
x, 1/8, 1/8 (O)
Ca: U11, U12 (Å2) ×102
Ru: U11, U12 (Å2) ×102
O: U11, U22=U33,
U12=U13=U23 (Å2) ×102
O': Uiso (Å2) ×102
AO (Å) ×6
AO' (Å) ×2
RuO (Å)
Ca RMSa (Å)
O RMS (Å)
O' RMS (Å)
Ru RMS (Å)
Ca site occupation
T (K)

This work

Ref. 38

10.187(1)
0.3210(6)
2.0(2), -0.03(7)
0.92(8), -0.04(2)

10.197(2)
0.3219(1)
3.2(1)
0.81(1)

2.3(4), 1.0(2), 0

2.0(1)

2.5(3)
2.563(4)
2.206(1)
1.941(2)
0.14
0.12
0.16
0.10
0.85(3)
173(2)

4.8(1)
2.559
2.208
1.946
0.18
0.14
0.22
0.09
1.0b
300

(a) Root mean square displacement.
(b) This value was not refined.

Figure 3.15 shows the refined structure along with the local structure.

● Ca2+
● Ru5+
● O(2)
● O(1)

Figure 3.15.
sites.

16d
16c
48f
8b

The refined structure of Ca2Ru2O7, and the local structure for the A and M
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3.4.2.2 Electrical and Magnetic Properties
The variation of properties found for individual R2Ir2O7 pyrochlores (R = a rare earth
cation) indicates that a range of stoichiometry exists, but the actual composition ranges
have not been determined and may be very small. The observed properties indicate that the
R2Ir2O7 phases are on the borderline between localized and delocalized 5d electrons for Ir.
The general finding is that the tendency for delocalized behavior increases as the size of
the rare earth cation increases. Semiconducting properties are consistently found when R
is small, and metallic properties have been consistently reported for the pyrochlore with
the largest R cation, Pr2Ir2O7. This trend has been attributed to an increase in the IrOIr
angle, which is caused by larger R cation size [39]. A 180° MOM angle is the most
favorable angle for strong mixing of the t2g d cation orbitals with p orbitals of oxygen in a
-type bonding interaction. The IrOIr angle is 127° for R = Eu and increases to 132° for
R = Pr [40]. The IrOIr angle in Bi2 Ir2 O6 O'y is 131.4° [20]. Thus, it has been argued that
the reason for the metallic properties of Bi2Ir2O7 is simply the magnitude of the IrOIr
angle, which is very close to that found in metallic Pr2Ir2O7 [40]. However, another factor
that may push Bi2Ir2O7 (and Bi2Ru2O7) to the metallic state is the presence of the Bi 6s and
6p states, which are close to the Fermi level and mix with O 2p and Ir 5d states. A similar
situation may exist for Pr2Ir2O7. The stable oxide of Pr is Pr6O11, not Pr2O3. Thus, Pr2Ir2O7
might be Pr23+𝑥 Ir24−𝑥 O7 providing an explanation for its metallic properties. However, the
reported metallic properties may also be related to stoichiometry issues.
Structural studies for Bi2M2O7 (M = Ir or Ru) pyrochlores indicate that the stoichiometry
can vary according to Bi2-xM2O7-y. Assuming an oxidation state of 3+ for Bi, the x/y ratio
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must be maintained at 2/3 for a 4+ oxidation state for M. This ratio is found to be lower
than 2/3 (0.49) when M is Ir leading to some reduction of Ir (3.95+) [20]. When M is Ru,
this ratio was found to be higher than 2/3 (1.4) giving some oxidation of Ru (4.08+) [30].
This difference in M oxidation state is not unexpected considering that higher oxidation
states are much easier to obtain with Ru than with Ir. The average oxidation state of Ir in
the Bi2-xCaxIr2O6O'y system varies from 3.95 at low x to 4.28 at high x (Table 3.1). The
magnitude of resistivity shows little response to this change. There is, however, a
significant difference in the slope of the vs T plot (Figure 3.8). The slope is steepest
for x = 0.0 and becomes less steep as x increases. This change can be attributed to increased
scattering caused by the Ca “impurity.”

Seebeck data indicate a major change in the

transport mechanism as x varies (Figure 3.9). Low x samples show n-type behavior at low
temperature that changes to p-type behavior with increasing temperature. Hall data
reported from a single crystal of “Bi2Ir2O7” also show this change from n- to p-type
behavior with increasing temperature [41]. High x samples show p-type behavior at all
temperatures. When the Ir oxidation state is very close to 4+ at x = 0.5, it appears that n
and p-type carriers are compensating giving a Seebeck coefficient very close to zero at low
temperatures. This behavior suggests that for low x increasing temperature results in the
two bands shown in Figure 3.16a becoming broader and coalescing to form one broader 5d
t2g band (Figure 3.16b), leading to the change from n- to p-type properties.
Given that we are on the local-delocalized border, we may consider three equations related
to electron transfer from Ir to Ir in R2-xIr2O6O'y pyrochlores:
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(1) Ir4+ + Ir3+ → Ir3+ + Ir4+ for x/y less than 2/3.
(2) Ir4+ + Ir5+ → Ir5+ + Ir4+ for x/y greater than 2/3.
(3) Ir4+ + Ir4+ → Ir3+ + Ir5+ for x/y = 2/3.

It appears that semiconducting properties may always exist for R2Ir2O7 phases that are very
close to the ideal stoichiometry where (3) pertains, except possibly in the case of R = Pr.
The metallic behavior observed for some samples could be attributed to mixed valency (1)
or (2). For Bi2-xCaxIr2O6O'y samples (1) would pertain at low x, (2) at high x, and (3) at
intermediate x where the Ir oxidation state is 4+. There are several possibilities why
semiconducting properties are not observed at intermediate x values for our Bi2xCaxIr2O6O'y

samples. As previously mentioned, this could be caused by band broadening

related to the IrOIr angle or the contribution of Bi 6s and 6p states bands as shown in
Figure 3.16.

Figure 3.16. (a) The Ir4+ 5d t2g band split due to spin-orbit coupling labeled according to
effective total angular momentum (Jeff).41 The lower band (filled) contains four 5d electrons
per Ir, the upper band has two empty 5d states per Ir. The gap between the filled band and
the empty band is very small for stoichiometric R2Ir2O7 phases, leading to semiconducting
behavior with a small activation energy. (b) For Bi2Ir2O7 the gap between the two t2g bands
appears to have disappeared due to broadening of these bands.
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Another possibility is that the average Ir oxidation state is never close enough to 4+ for any
sample. Yet another possibility arises from the fact that our Bi2-xCaxIr2O6Oy' phases cannot
be considered to have a strictly periodic lattice. The IrO3 network tends toward strict
periodicity, but the A2O' lattice deviates strongly from a periodic lattice due to O'
vacancies, mixed Bi/Ca on the A site, and Ca displacements from the ideal site. This
deviation from strict periodicity for the lattice is evidenced by increasing lattice strain with
increasing x (Table 3.1). This strain means that lattice spacings in these single-phase but
inhomogeneous Bi2-xCaxIr2O6O'y phases vary throughout a given sample. Thus, a sample
with an average Ir oxidation state of 4+ might actually have an inhomogeneous electron
distribution with regions of mixed 4+/3+ Ir with slightly larger than average lattice spacing
and 4+/5+ Ir with slightly smaller than average lattice spacing. Each of these regions could
thus have delocalized electron behavior, and this would be somewhat analogous to a charge
density wave. It might be expected that the magnitude of this charge separation in various
areas of this phase could intensify at very low temperatures leading to the small upturn in
resistivity observed at low temperatures when the average Ir oxidation is close to 4+
(Figure 3.8 inset). This upturn was previously noted for Bi2-xCaxIr2O6O'y phases and labeled
a metal-insulator transition [16]. Although the upturn suggests movement toward electron
localization, it would seem that an insulating state was not actually achieved.
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3.3 Bi2-xCoxIr2O6+y Solid Solution
The samples in the series Bi2-xCoxIr2O6+y were synthesized in the same way as the powder
samples in the calcium substituted solid solution. The structure of the cobalt series was
analyzed via X-ray analysis, and magnetic susceptibility was measured.

3.3.1 Structure Analysis
A structural analysis was performed on the series Bi2-xCoxIr2O6+y via collected X-ray data
(Figure 3.17), and the limit of the solid solution was found to be ~x = 0.5. Internal standard
measurements were performed to determine the lattice parameters of the solid solution, as
shown in Figure 3.18. This solid solution was previously made [15,30], and its properties
were recently characterized [43].

Figure 3.17. An overlay of X-ray patterns, showing the limit of substitution for the series
Bi2-xCoxIr2O6+y.
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Figure 3.18. The lattice parameter vs nominal cobalt content for the series Bi2-xCoxIr2O6+y.

3.3.2 Properties
Here, the inverse magnetic susceptibility was measured by Dr. Ramirez, as seen in Figure
3.19. Unlike reference 43, the data collected here did not have a large shift in susceptibility
with increasing cobalt content.

Figure 3.19. The inverse magnetic susceptibility of the Bi2-xCoxIr2O6+y samples, for x =
0.1 and 0.4.
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3.4 Bi2-xCuxIr2O6+y Solid Solution
Samples in the series Bi2-xCuxIr2O6+y were synthesized in the same way as the powder
samples in the calcium and cobalt substituted solid solutions. The structure of the copper
series was analyzed via X-ray and neutron analysis. Magnetic susceptibility and electrical
properties were measured. Although this system has been previously synthesized, we have
found a higher limit of substitution (~x = 0.5) and analyzed the properties of the materials
for the first time [15].

3.3.1 Structure Analysis
The series Bi2-xCuxIr2O6+y crystallized in the cubic space group Fd3̅m, and was analyzed
via internal standard in order to determine the lattice parameters of the various samples.
Figure 3.20 shows an X-ray diffraction pattern for one of the copper containing samples

222

with labeled hkl values.

10

20

30

40

135
026

115

133
224

113

022

111

004

044

226

Pyrochlore hkl values

50

60

2(°)

Figure 3.20. An X-ray diffraction pattern for a Bi2-xCuxIr2O6+y sample, with hkl values
labeled on appropriate peaks.
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An overlay of the X-ray diffraction patterns for the entire solid solution can be seen in
Figure 3.21, showing that the solid solution is phase pure up to ~x = 0.5.

x=0
x=0.1
x=0.2
x=0.3
x=0.4
x=0.5
10

20

30

40

50

60

2(°)

Figure 3.21. An overlay of collected neutron data for the nominal copper concentration in
the series Bi2-xCuxIr2O6+y.

The refined lattice parameters from X-ray diffraction data can be seen compared to other
literature values in Table 3.5, where there is good correlation between the values
[15,20,43]. The X-ray diffraction data was then compared to the neutron diffraction refined
lattice parameters, as seen in Figure 3.22.
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Table 3.5. Refined lattice parameters for Bi2-xCuxIr2O6+y, as compared to previously
published values [15,20,43].
x

Lattice Parameter, a (Å)

0
0.1
0.2
0.25
0.3
0.4
0.5

a (Å)
Refined
10.315(6)
10.297(5)
10.283(0)
10.256(5)
10.239(5)
10.234(3)

Published
10.325
10.306
10.272
10.229
-

X-ray
Neutron

10.4

10.3

10.2

Bi2-xCuxIr2O6+y
10.1

0.0

0.2

0.4

Copper Content (x)

Figure 3.22. The lattice parameters collected via X-ray diffraction compared with those
refined from neutron diffraction data, for the series Bi2-xCuxIr2O6+y.

Neutron diffraction data was collected at Oak Ridge National Lab for x = 0.2 and 0.4 in the
series Bi2-xCuxIr2O6+y, and preliminary refinements were performed in the same way as the
Bi2-xCaxIr2O6+y solid solution. The preliminary data can be seen in Table 3.6, where the
current refined formulas for x = 0.2 and 0.4 suggest mixed valency of both copper and
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iridium. Further analysis is needed to determine the concentration of different oxidation
states of both cations in this system.
Table 3.6. Summary of preliminary structure refinements for Bi2-xCuxIr2O6Oy' phases as
compared to the parent compound.
x
Refined formula
a (Å)
wRp (%)
O 48f (x, 1/8, 1/8)
Cu 96g (x = y, z)
Bi 16d occup.
Cu 16d occup.
Cu 96g occup.a
O' occup.
Ca: Uiso (Å2) ×102
Bi: U11, U12 (Å2)b ×102
Ir: U11, U12 (Å2)b ×102
O': Uiso (Å2)×102
O: Uiso (Å2) ×102
Bi/Cu (16d)O' × 2 (Å)
Bi/Cu (16d)O × 6 (Å)
Cu (96g)O' (Å)
Cu (96g)O (Å)
IrO (Å)

0.0

0.2

0.4

(Bi1.91)Ir2O6.815

(Bi1.80)Cu0.20Ir2O6.96

(Bi1.63Cu0.09)Cu0.28Ir2O6.99

10.326(1)
5.56
0.32985(4)
0.956(5)
0.82(1)
1.11(1), -0.27(1)
0.21(1), -0.01(1)
Uiso: 1.44(4)
0.42(1)
2.2356(3)
2.5335(2)
-

10.287(1)
2.50
0.32897(7)
0.5251(23), 0.480(5)
0.902(5)
0.01681(10)
0.963(11)
0.7(7)
0.98(4), -0.34(5)
0.007(10), 0.001(14)
2.29(8), 0b
0.215(16)c
2.2273(1)
2.5304(5)
2.44(4), 2.08(5)
2.130(34) × 2,
2.411(23) ×4
1.9918(1)

10.244(1)
2.80
0.32918(7)
0.4789(20), 0.5327(27)
0.817(8)
0.0474(5)
0.02374(24)
0.985(13)
1.042(32)
Uiso: 1.042(32)
0.003(11), -0.038(16)
3.42(12)
0.23(2)d
2.2178(1)
2.5182(5)
2.208(33), 2.318(32)
2.065(22) × 2,
2.342(11) × 4
1.9842(3)

2.003(1)

(a) This is 6× the occupancy of Ca in each 96g site. (b) For this site, U11 = U22 = U33 and
U12 = U13 = U23. (c) The Uaniso for the 48f position in x = 0.2 is: U11 = 0.276(24), U12 = U13
= 0, U23 = 0.102(23), U22 = U33 = 0.185(16). (d) The Uaniso for the 48f position in x = 0.4 is:
U11 = 0.207(26), U12 = U13 = 0, U23 = 0.039(26), U22 = U33 = 0.241(17).

Figures 3.23 and 3.24 show the refined plots of the samples with nominal copper
concentration x = 0.2 and 0.4 respectively in the series Bi2-xCuxIr2O6+y.
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Figure 3.23. The preliminary neutron refinement for x = 0.2 in the series Bi2-xCuxIr2O6+y,
where the pink pattern is the refined pyrochlore phase, and the teal pattern is a minor IrO2
impurity.

Figure 3.24. The preliminary neutron refinement for x = 0.4 in the series Bi2-xCuxIr2O6+y,
where the pink pattern is the refined pyrochlore phase, and the teal pattern is a minor IrO2
impurity.

Analogous to the refinement for the calcium containing solid solution, the copper displaced
from the ideal position with a magnitude of 0.418(29) Å and 0.454(22) Å for x = 0.2 and
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0.4 respectively. This value is large enough that the displacement is characterized as static,
not thermal, and is analogous to the static displacement seen in Bi2Ti2O7 at low
temperatures (0.44(1) Å at 2 K) (Figure 3.5) [23]. Additionally, the size of copper is
smaller, more closely related to calcium than bismuth, and therefore is more likely to shift
from the ideal site. The smaller size of copper may also be the reason behind the smaller
limit of substitution for this series compared to the calcium analogue.
As iridium cannot have a valence of 3+ in this case, the charges in the refined formulas are
likely balanced through the presence of Cu1+. The neutron scattering factors for bismuth,
copper and irdium are 8.532, 7.718, and 10.600 respectively. Because these values are
easily differentiated through neutron diffraction, the refined occupancies and positions
from collected data are reliable representations of the local environment. In these samples,
Iridium refined to be fully occupied in the M site, and copper refined to have a similar
occupancy to that of the nominal concentration. Copper is not typically found in the A site
of the pyrochlore structure but has been known to crystallize in the M site, as in Cd2Cu2F6S
[10]. It is difficult for Cu2+ to crystallize in the A site of the pyrochlore structure due to the
Jahn-Teller distortion that is inherent to the valence state of this element, and the
unlikelihood for the cation to sit in an 8-fold coordinated site. As stated previously, metals
that exhibit Jahn-Teller distortion are typically those with degenerate electrons in the eg
orbitals, and the effect typically occurs in a 6-coordinated local environment. In contrast to
the d 9 Cu2+, the d10 Cu1+ is known to crystallize in strong linear coordination environments,
such as the delafossite CuAlO2 [44-46], and the anticristobalite Cu2O [10]. Although Cu1+
is not known to occupy the A site in the pyrochlore structure, the local environment for this
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site is similar to that of copper in the delafossite and anticristobalite structures. The
coordination of the sites are 8 and 2- fold coordinated respectively, but the A site in the
pyrochlore structure has two smaller bonds and six longer bonds in this case, potentially
allowing the Cu1+ to form two stronger linear bonds with the 8b site (Cu1+‒O'; similar to
its preferred environment), and six weaker bonds (Cu1+‒O). The linear relationship of the
A site is reinforced by the decreasing bond lengths of the 8b oxygen atoms upon copper

10.40

2.30

10.35

2.25

10.30

2.20

10.25

2.15

10.20

0.0

0.2

0.4

Cu1+— O' Distance (Å)

Lattice Parameter, a (Å)

substitution Figure 3.25.

2.10

Nominal Copper Content (x)

Figure 3.25. A plot of the refined lattice parameters and Cu1+‒O' bond length for x = 0,
0.2, and 0.4 in the series Bi2-xCuxIr2O6+y.

The presence of Cu1+ seemingly allows the full occupancy of oxygen in the 8b position,
something not seen in the calcium containing analogue. This implies that in the presence
of a lower valence cation in the A site, there will be little to no oxygen vacancies present.
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As stated previously, a related solution was made with ruthenium: Bi1.6M0.4Ru2O7 (M =
Cu, Co) [30]. For the copper substituted ruthenate, a similar distortion for the A site was
found, where both copper and bismuth shift to the 96h position. We did not see a distortion
of oxygen from the 8b to the 32e position as seen for the ruthenate, nor were the quantity
of oxygen vacancies analogous. The refined structure for the nominal Bi1.6Cu0.4Ru2O7 had
a refined formula of Bi1.62Cu0.40Ru2O7, with fixed oxygen content, implying a mixture of
oxidation states [30].

3.3.2 Properties
In spite of the differences in the structures of the calcium and copper containing series, the
properties of both are very similar. Magnetic susceptibility and electrical properties were
measured for the copper containing system Bi2-xCuxIr2O6+y. Magnetic susceptibility
measurements showed paramagnetism, as seen in Figure 3.26, and resistivity
measurements showed that the materials are metallic (Figure 3.27).
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Figure 3.26. (a) Magnetic susceptibility () vs temperature and (b) inverse magnetic
susceptibility (1/) vs temperature for nominal copper concentration x = 0, 0.1, 0.2 and 0.4
in the series Bi2-xCuxIr2O6+y.

136

0.0035
x=0
x = 0.1
x = 0.2
x = 0.3
x = 0.4

(a)

Bi2-xCuxIr2O6+y

Resistivity (cm)

Resistivity (cm)

0.0014
0.0030

(b)

0.0010

0.0012
0.0010
0.0008

x=0
x = 0.1
x = 0.2
x = 0.3
x = 0.4

0.0006
0.0004

0

50

100

150

200

250

300

0.0025

Bi2-xCuxIr2O6+y

0.0020
0.0015

300

Temperature (K)

400

500

600

700

800

Temperature (K)

Figure 3.27. (a) Low and (b) high temperature resistivity measurements.
Seebeck data was collected at high temperatures for the system, as seen in Figure 3.28. As
in the calcium system, the samples show n-type behavior for lower values of x at room

Seebeck Coefficient (V/K)

temperature, changing to p-type behavior at higher temperatures and for larger values of x.
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Figure 3.28. The Seebeck coefficient vs temperature for Bi2-xCuxIr2O6+y.
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3.5 Bi2-xCaxRu2-xIrxO6+y Solid Solution
The solid solution Bi2-xCaxRu2-xIrxO6+y was obtained via hydrothermal and solid state
synthesis. Crystals were achieved via hydrothermal synthesis, but they contained
impurities. The powdered samples prepared via solid state synthesis produced pure phase
x = 0.5 and 1.0 samples, with a limit of substitution of ~x = 1.0. The collected X-ray
diffraction data can be seen in Figure 3.29 for x = 0.5, 1.0 and the impure sample x = 1.5.

Bi2-xCaxRu2-xIrx O7
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Figure 3.29. X-ray diffraction data for x = 0.5, 1.0 and 1.5 in the series Bi2-xCaxRu2xIrxO6+y.

Inverse magnetic susceptibility was collected for x = 0.5 and 1.0 in the series Bi2-xCaxRu2xIrxO6+y,

where the samples exhibit paramagnetic behavior (Figure 3.30).
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Figure 3.30. Inverse magnetic susceptibility vs temperature for x = 0.5 and 1.0 in the
series Bi2-xCaxRu2-xIrxO6+y.

3.6 Conclusions
Iridium and ruthenium containing samples (Bi2-xMxIr2O6+y, M = Ca, Co, Cu; Ca2Ru2O7; and
Bi2-xCaxRu2-xIrxO6+y) were synthesized via solid state and hydrothermal reactions, resulting
in materials with similar structures and properties. In the calcium containing iridium
pyrochlore Bi2-xCaxIr2O6+y, the limit of substitution was found to be ~x = 1.0, where the
calcium was found to shift from the ideal position to occupy the higher multiplicity 96g
site, while pairing with an oxygen vacancy. For higher calcium concentration samples
calcium occupied both the 16d and 96g sites. The samples were found to be paramagnetic
and metallic. In the related sample Ca2Ru2O7, in the absence of the shared A site, the
calcium was found to occupy the ideal site. Cobalt substituted samples were found to have
a limit of substitution of ~x = 0.5, and magnetic susceptibility was measured. Copper
containing samples (Bi2-xCuxIr2O6+y) were found to have a limit of substitution of ~x = 0.5,
and a similar structure to the calcium containing samples. In this preliminary neutron
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refinement, the copper was found to shift to the 96g position from the ideal 16d, occupying
both positions at higher copper content. The oxygen sites were practically fully occupied
for both the x = 0.2 and 0.4 samples, suggesting the presence of Cu1+ in the system. Further
analysis is required to determine the presence and valency of both iridium and copper in
the system. As with the calcium analogue, the samples are paramagnetic and metallic. The
Bi2-xCaxRu2-xIrxO6+y system showed a limit of substitution of ~x = 1.0. Both the x = 0.5 and
1.0 samples were paramagnetic.
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CHAPTER 4: Tin Containing Pyrochlores
Abstract:
Sulfur and Fluorine substituted Sn2Nb2O7 pyrochlore pigments were synthesized to
produce brilliant orange/red compounds as an environmentally friendly alternative to other
toxic, inorganic, orange/red pigments. Neutron diffraction structure refinements indicated
that the studied compositions crystallized in the pyrochlore structures with a large number
of vacancies and significant local structural disorder. 119Sn Mössbauer analysis verified the
presence of both Sn2+ and Sn4+ in all compositions. The static displacive disorder and
unusual lattice evolution with sulfur substitution are presumably driven by the strong lone
pair stereoactivity associated with Sn2+. Chemical analysis confirmed the existence of
sulfur and fluorine in these compounds. Optical characterization was performed through
diffuse reflectance and color meter measurements. The compounds were found to have 6095% reflectance in the near-infrared (NIR) region, adding new functionality to the
application of these compounds as “cool” pigments. The estimated band gap was
determined to be in the range of 2.35 to 2.05 eV, decreasing with increasing sulfur content,
consistent with the color change from yellow to orange/red. Sn2TiNbO6F1-xClx phases (x =
0-1.0) showed increasing lattice parameters upon chlorine substitution accompanying an
increasing band gap, with potential application as cool pigments. The solid solution Sn2Ti1xCrxWO7-xFx

(x = 0-1.0) showed a decreasing lattice parameter on chromium substitution.

The samples were paramagnetic, with magnetic moments increasing from 3.108 μB to 3.513
μB (x = 1 to x = 0.2).
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4.1 Introduction to Sn2+ Pyrochlores
There are considerable efforts in industry and academia to use Sn2+ (5s2 lone pair)
containing compounds to replace toxic Pb2+ (6s2 lone pair) containing functional materials
such as ferroelectric/piezoelectric perovskites (e.g. PZT, PbTiO3) [1] or orange pigments
(e.g. PbCrO4/ PbMoO4) which have been met with limited success [2,3]. SnO itself is rather
unstable, disproportionating into SnO2 and Sn metal at high temperatures. Using SnO in
the synthesis of materials makes it increasingly difficult to control the stoichiometry and
composition of the synthesized compounds. The Sn2+ cation carries a 5s2 lone pair which
is considered chemically inactive but sterically active, inducing considerable local
distortions/displacements in the crystal structure [4,5]. It is hard to stabilize Sn2+ in the
pyrochlore structure as most structures prefer to have large cations in a more symmetrical
environment, such as the A site in the perovskite structure. To our knowledge, no simple
Sn2+MO3 perovskite oxides (analogous to PbTiO3) have ever been reported. However, a
growing number of mixed oxides of Sn2+ are being prepared where the structure can
accommodate a large number of cation and anion vacancies and/or local distortions such
as pyrochlores (Sn2M2O7; M = Nb, Ta) [6] and layered foordites (SnNb2O6) [7].
The general formula of a pyrochlore structure is A2M2O6O' with the ideal space group
Fd3̅m and 8 molecules per unit cell. The unique nature of the pyrochlore structure lends
itself to a wide variety of chemical substitution at the A, M, O and O' sites. In this structure
each M cation is surrounded by six oxygen atoms forming octahedra, corner shared to
create the base network of the pyrochlore structure. Each A cation is surrounded by eight
oxygen atoms, consisting of six O forming a puckered ring and two O' forming bonds with
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the A cations. As the A‒O' distance is always shorter than the A‒O distances, the A‒O
interaction can be neglected, and the structure can be described as two interpenetrating
networks of M2O6 octahedra and A2O' chains (Figure 4.1). This description is widely used,
as it is suitable for most pyrochlore compounds including defect pyrochlores of the type
□AM2O6□ and A2M2O7-x□x where the M2O6 network still forms the octahedral “backbone”
of the structure [6].

A
M
O
O'

16d
16c
48f
8b

Figure 4.1. Representation of an ideal pyrochlore structure, with a network of M2O6 corner
shared octahedra and an interpenetrating network of A2O' chains.

4.2 Sn2+ Pigments
A sought-after goal in the pigment industry is to discover a durable, non-toxic, inorganic,
red pigment. An intense red color can be produced in a material with an appropriate band
gap if two criteria are satisfied: first, the absorption edge must be located at the appropriate
energy (∼2.0 eV) so that the red component of the visible spectrum is not absorbed, and
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second, the absorption edge must be sufficiently sharp so that most other photon energies
within the visible range (green and blue) are absorbed. An intense red color is obtained in
the CdS1-xSex series (along with the red pigment vermilion, HgS) based on the band gap of
the material [8]. However, this series (as well as vermilion) suffers from both toxicity and
stability issues and is currently being phased out for use as pigments in large scale coatings.
Although some oxides, oxynitrides, sulfides, and oxysulfides with orange to red colors are
promising candidates to fill this gap, the development into industrially available pigments
has yet to be executed, and stability problems have not yet been resolved [9-11].
Surprisingly, the band gap in oxides is very rarely the appropriate value to give an attractive
red color. The valence band in oxides is usually comprised primarily of O 2p states, and
filling a cation s band located just above the O 2p band could be a method of reducing the
band gap to produce a red colored material originating from such a band gap. This idea led
to exploration into the chemistry of oxides with s2 cations such as Sn2+.
Sn (II) containing pyrochlores are known to produce colored oxides ranging from yellow
and dark orange to red/brown compounds, where the color originates from the band gap of
the structure. For example, deep yellow or orange colors can be obtained in the compounds
Sn2+2-x(Sn4+yNb2-y)O7-x-y/2, Sn2TiNbO6F, and Sn2Ti0.9Ta1.1(O,F)7, adopting the pyrochlore
structure [12]. Shepherd Color Company disclosed the successful synthesis of Sn2Nb2O7
pyrochlore oxides and their sulfur substituted analogues as potential non-toxic
replacements for currently available yellow and orange/red pigments containing cadmium,
lead or mercury [13]. The company has introduced a new yellow pigment in the market
based on this parent pyrochlore compound Sn2Nb2O7 (commercially named as Niobium

149

Tin Pyrochlore (NTP)) [14]. Although substitution of sulfur for oxygen in Sn2Nb2O7 is
reported with a color range from yellow to orange, the origin of this change is not fully
understood [14].
The structure of Sn2Nb2O7 has been characterized via single crystal and powder X-ray
diffraction analysis and has been shown to contain vacancies in the Sn2+ and oxygen sites
[15-17]. As mentioned earlier, SnO undergoes disproportionation to SnO2 and Sn metal
during synthesis, hence
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Sn Mössbauer analysis is widely used in determination of the

Sn2+/Sn4+ ratio and local coordination of tin in various oxides. Previous
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Sn Mössbauer

analysis of Sn2Nb2O7 showed a substantial amount of Sn4+ present in the octahedral M site,
resulting in the formula Sn1.43(Nb1.84Sn0.16)O6.35 [15]. This is also the case with tin tantalum
oxide, which shows a similar amount of Sn4+ in the formula: Sn1.64(Ta1.88Sn0.12)O6.58 [18].
Here, we report for the first time on detailed structural analysis of the parent compound
Sn2Nb2O7 as well as its sulfur substituted analogues using powder neutron diffraction. The
structure of fluorine substituted compound Sn2TiNbO6F is also analyzed for the first time
via powder neutron diffraction.
Optical properties including NIR reflectance were measured for the Sn2Nb2O7-xSx (x = 00.7) and Sn2TiNbO6F samples. Detailed structure analysis combined with optical property
measurements enabled us to unravel the structure/color property relationships in these
interesting but complicated materials (Figure 4.2).
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Figure 4.2. The refined Sn2Nb2O7-xSx structure with the resulting pigments.

4.2.1 Experimental
Polycrystalline samples of Sn2Nb2O7-xSx (x = 0-0.6) and Sn2TiNbO6F were prepared
through standard solid state synthesis. Stoichiometric quantities of SnO (Johnson-Matthey,
99.9%), Nb2O5 (Alfa Aesar, 99.9+%), SnS (Alfa Aesar, 99.5%), and/or TiO2 (Sigma
Aldrich, 99.9+%) and SnF2 (Aldrich, 99%) were mixed thoroughly using an agate mortar
and pestle. The pelletized mixture was then sealed in a fused silica ampule under vacuum
(10-4 Torr), and heated at 850°C in a MTI furnace for 12 h. The samples were reground and
reheated repeatedly to complete the reaction.
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X-ray diffraction data were obtained using a Rigaku Miniflex diffractometer employing
Cu Kα radiation with a graphite monochromator on the diffracted beam. An internal
standard was used in data collection for lattice parameter calculations. Time-of-flight
neutron diffraction data were collected for Sn2Nb2O7 at the Oak Ridge National Laboratory
(ORNL) Spallation Neutron Source (SNS) POWGEN beamline.

Powder neutron

diffraction data were collected for Sn2Nb2O7-xSx (x = 0.2, 0.4, 0.6) on the 32-counter highresolution diffractometer BT-1 at the Center for Neutron Research at the National Institute
of Standards and Technology (NIST). A Cu (311) monochromator, yielding a wavelength
of 1.5403(2) Å, was employed. Collimation of 15′ of arc was used before the
monochromator, 20′ before the sample, and 7′ before the detectors. The samples (~10 g)
were loaded into vanadium containers 15.6 mm in diameter and 50 mm in length. Data
were collected at room temperature over a 2θ range 3−167°. Rietveld refinements utilized
GSAS software [19].
Diffuse reflectance data (up to 2500 nm) were collected using a Jasco V-670
Spectrophotometer and converted to absorbance using the Kubelka-Munk equation. A
Konica Minolta CM-700d Spectrophotometer (Standard illuminant D65) was used to
measure L*, a*, b* color coordinates.
119

Sn Mössbauer spectra were obtained on a constant-acceleration spectrometer using a 10

mCi Ca119mSnO3 source. All 119Sn Mössbauer spectra were obtained using powder samples
and the isomer shifts are with reference to CaSnO3.
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Thermogravimetric analysis (TGA) was performed using a TA Instruments Model TGA
Q50 to analyze the weight loss/gain of the samples upon heating under air or N2 flow to
800˚C with a ramp rate of 5˚C/min.
Sulfur and fluorine analyses were carried out by Galbraith Laboratories. Sulfur content in
the samples was estimated using a combustion method for Sn2Nb2O7-xSx samples with
nominal x values 0.2, 0.4 and 0.6. Fluorine content was investigated by the ion selective
electrode method. The fluoride in the compound was released through pyrolysis at 1100ºC
under a stream of moist oxygen using vanadium pentoxide as an accelerator. The resulting
fluorine in solution was then examined by a fluoride ion-specific electrode (ISE).

4.2.1.1 Flux Synthesis
The synthesis of Sn2TiNbO6F crystals was attempted via flux synthesis. 20× flux synthesis
aided the creation of a major, powdered, Sn2TiNbO6F phase, with small crystals of SnF2
and a SiO2 impurity from the quartz tubes (Figure 4.3). The synthesis of this pyrochlore
produced a material that was powdered at low temperatures and melted/solid at higher
temperatures. Several samples were made with the hopes of optimizing the process and
producing usable single crystals. Figure 4.4 shows different magnifications of Sn2TiNbO6F
heated at 500°C (20× flux), and Figure 4.5 shows the same flux heated at 600°C.
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Figure 4.3. A microscopic image of 35× magnification of Sn2TiNbO6F flux synthesis after
a H2O rinse (400°C).

Figure 4.4. (a) 8× and (b) 35× magnification of Sn2TiNbO6F 20× flux synthesis samples
heated at 500°C.

Figure 4.5. 35× magnification of Sn2TiNbO6F 20× flux synthesis samples heated at
600°C.
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All samples showed SnF2 and/or SiO2 impurities, but the orange color and X-ray diffraction
pattern shows that the Sn2TiNbO6F phase forms. Large single crystals were not
synthesized, but a powdered Sn2TiNbO6F phase was created using this method.

4.2.2 Structure Analysis
4.2.2.1 Sn2Nb2O7-xSx Solid Solution
Powder X-ray diffraction data of sulfur substituted samples Sn2Nb2O7-xSx (0  x  1) are
shown in Figure 4.6. The color changes from yellow to a reddish or dark orange as a
function of the sulfur content. The nominal formula Sn2Nb2O7-xSx is used here for
convenience as the actual general formula is more complicated, consisting of a large
number of vacancies and distortions: Sn2-z(Nb2-ySny)O7-z-y/2-xSx. The maximum miscibility
limit of sulfur is found to be x = 0.7, after which the X-ray patterns start to show the
presence of SnNb2O6 (foordite) as a major impurity phase (Figure 4.6).
Chemical analyses for x = 0.2, 0.4 and 0.6 samples confirmed the presence of sulfur in the
solid solution. Thermogravimetric analysis (TGA) for x = 0 and 0.6 samples indicated that
the compounds were fairly stable up to 800˚C when heated under nitrogen flow (Figure
4.7). When heated in air, Sn2Nb2O7 underwent a color change, but did not show significant
weight gain. The sulfur containing sample x = 0.6 showed 8% weight gain resulting from
the formation of SnSO4 (Figure 4.7), providing further experimental evidence to the
presence of sulfur in the system.
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(b)

Figure 4.6. (a) X-ray diffraction patterns for sulfur substituted samples with the nominal
formula Sn2Nb2O7-xSx. A foordite impurity phase (peak positions denoted by asterisks)
arises after ~x = 0.7, signaling the solubility limit of the pyrochlore solid solution. (b) The
corresponding color as a function of the nominal sulfur content.
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Figure 4.7. (a) Thermogravimetric analysis (TGA) was performed for Sn 2Nb2O7-xSx (x =
0 and 0.6) samples under nitrogen and air flow upon heating to 800˚C, the samples were
physically altered as shown here, along with their weight gain. (b) TGA curve of the
Sn2Nb2O7-xSx (x = 0.6) sample when heated to 800˚C in air flow. The 8% weight gain is
due to the formation of SnSO4.
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All XRD patterns can be indexed well in the space group of an ideal pyrochlore structure,
Fd3̅m. Cell edges are calculated with LeBail fits using GSAS/EXPGUI software [19]. The
variation of the lattice parameter (a) with increasing nominal sulfur content is shown in
Figure 4.8.
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Figure 4.8. Lattice parameters for the Sn2Nb2O7-xSx solid solution vs nominal sulfur
content. Both X-ray and neutron data are displayed. A dashed line is drawn to guide the
eye, and the estimated uncertainties are smaller than the plotted point size.

There is a good agreement between the refined X-ray and neutron values, and the cell edge
obtained for zero or low sulfur compositions falls within the range previously observed for
nonstoichiometric phases in the Sb-Nb-O system [17]. However, the slight decrease seen
in the lattice size with increasing sulfur substitution is not expected, as the anionic radius
of sulfur is larger than that of oxygen [20]. This abnormality is likely to be rationalized by
considering the parent compound Sn2Nb2O7 that shows behavior unlike that of other related
pyrochlore niobates. The plots of lattice parameters versus ionic radii of A cations (CN =

157

6 and 8) are shown in Figure 4.9, comparing known pyrochlore niobates with the formula
A2Nb2O7 [10,15,20-23].

Figure 4.9. Lattice parameters vs ionic radii for niobate pyrochlores [10,15,20-23], with
Sn2+ coordination numbers (CN) of (a) CN = 6; (b) CN = 8. The ionic radius for Sn2+ is
estimated using the equation of bond valence sum: S = exp((R0-R)/B)) with R0 and B
parameters from I.D. Brown [24,25]. A dashed trend line is drawn to guide the eye.
The deviation of Sn2Nb2O7 from the unit cell trend line is unanticipated based on the
position of tin in the periodic table and its ionic radius. Notice that the cell edge of
Sn2Nb2O7 is even larger than that of Hg2Nb2O7 and comparable to that of Pb2Nb2O7. This
anomalous structural behavior of Sn2Nb2O7 can be attributed to a strong lone-pair effect
exhibited by Sn2+ 5s2 in oxides due to considerable interaction between Sn 5s and O 2p
orbitals. Electronic structure calculations showed that the stereochemical activity of the
Sn2+ lone pair decreases in tin monochalcogenides as one descends from SnO to SnTe
across the periodic table, where the Sn electron distribution becomes more spherically
symmetric throughout the whole series [8]. This is due to the weakening of the interaction
of anion p states with Sn 5s states which in turn reduces the coupling of Sn 5s/Sn 5p
(facilitated by the Sn(5s)-X(p) interaction, X = O, S, Se, Te), leading to less stereoactive
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Sn(II) lone pair from SnO to SnTe. As a consequence of the anion dependence of the lone
pair effect, larger chalcogenides have the tendency to form less distorted phases, like SnTe
which favors more symmetric rocksalt structure compared to SnO. When substituting other
chalcogenides such as sulfur for oxygen, as in the case of Sn2Nb2O7-xSx, more regular
pyrochlore structures (trend line in Figure 4.9) and hence smaller unit cells are expected
owing to the reduced lone pair activity upon sulfur substitution [24,25].
Although the crystal structure of the parent compound Sn2Nb2O7 was previously
characterized by single crystal data [15], neutron analysis has never been reported for the
sulfur and fluorine containing pyrochlore phases. It is well known that the pyrochlore
structure (A2M2O6O) can tolerate vacancies at the A and O' sties [10]. Neutron diffraction
is more accurate than X-ray for the precise location of light atoms like oxygen, as well as
the determination of oxygen vacancies in defect oxides. In this work, the least-squares
refinements are performed on powder neutron data of the Sn2Nb2O7-xSx (x = 0.0, 0.2, 0.4,
0.6) series in the cubic space group Fd 3̅m. The results are summarized in Table 4.1 and
more details can be found in the SI section. The refined formulas show the expected nonstoichiometry that is normally encountered in the family of tin pyrochlores.
The disordered crystal structure is compared with the ideal pyrochlore structure in Figure
4.10, depicting a large amount of disorder associated with this system. The local A site
coordination for the refined structures of x = 0.0 and 0.2 can be seen in Figures 4.11 and
4.12 as compared to the ideal pyrochlore structure, highlighting the distortions on the ideal
A and O' positions.
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Table 4.1. Summarized crystallographic data for structure refinements of Sn2Nb2O7-xSx
series.a,b
Nominal Content x
a (Å)
wRp (%)
O (48f) (x, 1/8, 1/8)
O'' (32e) (x = y = z)
S/O' (8b) (x = y = z)
Nb5+, Sn4+ (16c) (x = y = z)
Sn2+ (96h) (0, y, -y)
Sn2+ (96g) (x, x, z)
O'' occup.b
S/O' occup.
Nb5+, Sn4+ occup.
Sn2+ (96h) occup.c
Sn2+ (96g) occup.c
O Uiso (Å2)d ×10-2
O'' Uiso (Å2) ×10-2
S/O' Uiso (Å2) ×10-2
Nb5+/Sn4+ Uiso (Å2) ×10-2
Sn2+ (96h/96g) Uiso (Å2) ×10-2
Sn2+ O'' Avg. (×8) (Å)e,f
Sn2+ O Avg. (×6) (Å)e
Sn2+ S/O' Avg. (×2) (Å)e,f
O'' ‒ S/O' (Å)
Nb5+/Sn4+  O × 6 (Å)

0.0

0.2

0.4

0.6

10.595(1)
4.18
0.3138(1)
0.3367(2)
0.375
0
0.2792(11)
0.4803(10),
0.5240(18)
0.512(4)
0.018(4)
1.700, 0.300
1.044(12)
0.636(12)
0.98(2)
1.2(1)
1.0(3)
1.01(1)
0.98(9)
2.408
2.737
2.331
0.704(4)
1.9912(1)

10.589(1)
6.54
0.3134(1)
0.3396(6)
0.375
0
0.2778(9)
0.472(5),
0.510(4)
0.368(3)
0.14(1)
1.824, 0.176
1.284(9)
0.312(9)
1.31(3)
1.9(3)
0.9(3)
1.14(2)
0.8(2)
2.393
2.743
2.328
0.650(12)
1.9886(3)

10.584(1)
6.28
0.31313(7)
0.3396(6)
0.375
0
0.2768(3)
0.4685(23),
0.5096(30)
0.316(3)
0.18(2)
1.920, 0.080
1.308(3)
0.228(2)
1.37(3)
2.2(3)
1.8(3)
1.20(2)
1.0(1)
2.391
2.746
2.325
0.649(11)
1.9867(2)

10.579(1)
6.34
0.3130(2)
0.3391(7)
0.375
0
0.2768(5)
0.469(6),
0.509(5)
0.256(3)
0.23(2)
1.948, 0.052
1.296(8)
0.216(7)
1.30(3)
1.8(5)
2.1(4)
1.16(2)
0.97(18)
2.391
2.745
2.324
0.658(13)
1.9852(2)

Notes:
(a) Crystal structures refined with space group Fd-3m, where Nb5+ and Sn4+ are in the 16c
site, O in the 48f site, O'' in the 32e site, S and O' in the 8b site, and Sn2+ in both 96g and
96h sites. Numbers in parentheses are the standard deviations. (b) The refined formulas for
x
=
0,
0.2,
0.4,
and
0.6
are
Sn1.68(Nb1.700Sn0.300)O6O''0.512O'0.018,
Sn1.596(Nb1.830Sn0.170)O6O''0.368S0.14,
Sn1.536(Nb1.906Sn0.094)O6O''0.316S0.18,
and
Sn1.512(Nb1.950Sn0.050)O6O''0.256S0.23 respectively. (c) Corresponding site multiplicity has
been applied to the reported occupancy value. Numbers in parentheses are the standard
deviations in the last significant figure. (d) Anisotropic U values are given in the CIFs (see
SI section). (e) Individual bond distances are given in the CIFs (see SI section).
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Figure 4.10. Comparison of an ideal pyrochlore A2M2O7 (left) with refined crystal
structure of Sn2Nb2O7 in this work (right). The 48f oxygen atoms located at the vertices of
the M centered octahedral are omitted for clarity.
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Figure 4.11. (a) Local structure for the ideal 16d (A) site with the (b) higher multiplicity
96g/h and 32e positions present in the parent compound Sn2Nb2O7.
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Figure 4.12. The model for the final refinement of the Sn2Nb2O7-xSx solid solution for x =
0, showing all possible sites for the atoms in each refined crystallographic position. The
inset shows the differing 96g position for the sulfur containing samples (exemplified by x
= 0.2), shifting from the main ring of nuclear density and creating a more complicated A
site. The 48f oxygen atoms are at the apices of the M centered octahedra.

A representative Rieveld fit (x = 0.4) in Figure 4.13 shows a good agreement between the
calculated and the observed intensities. The total amount of impurity phases, such as
SnNb2O6 (foordite) and SnS, was found to be less than 1% for low sulfur content phases (x
= 0.2, 0.4) and < 3% for the x = 0.6 sample.
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Figure 4.13. The Rietveld fit of neutron data for Sn2Nb2O7-xSx (x = 0.4) sample, with the
refined formula Sn2+1.536(Nb1.906Sn4+0.094)O6.316S0.180. Reflection lines represent phases
from top to bottom: (pink) the major pyrochlore phase, (teal) the SnNb2O6 (foordite)
impurity, and (black) the SnS impurity.

The initial refinement for x = 0.0 assuming the ideal pyrochlore model resulted in
excessively large atomic displacement parameters (ADPs) on both the A (16d) and O (8b)
sites. The values of these ADPs are too large to be attributed to thermal motion of Sn2+ and
O atoms at room temperature. After removing A (Sn2+) and O atoms from the crystal
structure, difference Fourier maps clearly reveal off-center nuclear density around the Sn2+
(16d) and O (8b) sites, indicating static disorder. The shape of the nuclear density is a
bicapped torus around the Sn2+ site with the two slightly elongated caps pointing along the
3-fold axis, and that around the O site is a group of four spherical lobes arranged
tetrahedrally along the 3-fold axis. A disordered model similar to Cruz et. al. [15] is
therefore adopted, in which the A-site atoms are displaced to the 96h (0, y, -y) and 96g (x,
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x, z) sites and the O atoms are displaced to the 32e (x, x, x) sites, resulting in reasonable
ADPs and better R factors. The data refined to give a final formula of
Sn1.680(Nb1.700Sn0.300)O6O''0.512O'0.018 (Figure 4.14).
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Figure 4.14. Refined Neutron data for the parent compound Sn2Nb2O7, with the actual
sample formula Sn1.680(Nb1.700Sn0.300)O6O''0.512O'0.018. The first phase (pink) is the
calculated pyrochlore peaks, the second phase (teal) is the SnNb2O6 (foordite) impurity,
the third phase (black) is the Sn impurity, and the fourth phase (blue) is the SnO2 impurity.
The magnitude of displacement is 0.39 Å from the ideal A site for Sn2+, consistent with the
single crystal study [15]. The O atoms however are found to be significantly displaced
from the centrosymmetrical positions by 0.704(4) Å. The A-site displacement has also been
observed for Bi3+ containing pyrochlores, where the off-centering is related to the influence
of stereochemically active 6s2 lone pair electrons on Bi3+ [26-29]. The donut-shaped
scattering density around the A sites can be adequately represented by moving Bi3+ to either
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the 96h or 96g site [26,28,29]. In the case of Sn2+ with 5s2 lone pair electrons, a combination
of 96h and 96g sites makes better simulation for the bicapped torus-shaped scattering
density around the A sites. Our structural refinements show appreciable occupancy of Sn2+
on both sites with 96h more preferred (Table 1). Compared with stereochemically active
Sn2+ and Bi3+, Pb2+ with 6s2 lone pair electrons is relatively inert and no static disorder was
found for Pb-containing defect pyrochlores [30]. A similar structural model is used for
neutron analysis of sulfur substituted samples and the refinement results are shown in Table
4.1. The refined sulfur content is consistent with that found through chemical analysis.
Figure 4.12 shows an inset of the local environment for the x = 0.2 phase. Compared with
that of the x = 0.0 phase, we see a more dramatic disorder of the 96h/96g sites, which is
exacerbated by the increasing sulfur presence. The 96g position refines to make up only
14~20% of the total Sn2+ occupancy for all sulfur containing samples (decreasing with
increasing sulfur content).
The pyrochlore structure can support local distortions and deviations from ideal
stoichiometries through cation and anion vacancies, and disorder, but these factors are
generally correlated and can cause perturbations that would not otherwise occur [28-31].
The existence of Sn2+ vacancies create “holes” of missing electron density that cause
oxygen atoms to deviate from their ideal site (8b), instead occupying the 32e positions. The
deviation of oxygen from the ideal 8b position (O') to the tetrahedral 32e position is denoted
here as O''. The Sn2+ vacancies make it impossible for all oxygen atoms in the 32e positions
to be tetrahedrally coordinated as in the ideal pyrochlore structure. As sulfur is larger than
oxygen it occupies the ideal 8b position and the displacement to the 32e position only
occurs for the oxygen atoms, confirmed through structure refinements (Table 4.1). This
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type of distortion commonly occurs in anion and cation defect pyrochlores. In this work,
we see oxygen displacements to the 32e on the order of ~0.6 Å for all samples closer to
that seen in other distorted pyrochlores [26,31-33].
As Sn2+ undergoes disproportionation to produce Sn4+ and Sn0 during synthesis, some Sn4+
replaces Nb5+ in the octahedral sites. Quantitative analysis of Sn4+ by diffraction method is
challenging due to similar scattering power of Sn4+ and Nb5+ (neutron scattering lengths:
Sn 6.225; Nb 7.054). Conventional determination of relative Sn4+ content in the presence
of Sn2+ is by 119Sn Mössbauer spectroscopy. Single crystal [15] and XRD [17] studies of
the Sn2-z(Nb2-ySny)O7-z-y/2-xSx phases (x = 0) reported 10.1% and 11.5%, respectively, of the
total tin present as Sn4+ in the octahedral M sites based on Mössbauer measurements. Our
119

Sn Mössbauer spectra are shown in Figure 4.15 for x = 0.0, 0.1 and 0.6 samples.

Figure 4.15. 119Sn Mössbauer spectra showing a decrease in Sn4+ content as substituted
sulfur x (nominal) is increased, for the solid solution Sn2Nb2O7-xSx.
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Each spectrum consists of three well resolved peaks: a doublet and a singlet with chemical
isomer shifts characteristic of Sn2+ and Sn4+, respectively. The data are summarized in
Table 4.2.

Table 4.2.

119

Sn Mössbauer data for the Sn2Nb2O7-xSx solid solution.
xa

Sn(IV)b

IS(IV)

IS(II)

QS(II)c

0.0a 15.0(-)%

0.15(1)

3.45(1)

1.82(2)

0.05
0.10
0.2
0.4
0.6

0.15(1)
0.17(1)
0.12(1)
0.13(2)
0.10(2)

3.44(1)
3.45(1)
3.44(1)
3.46(1)
3.47(1)

1.82(2)
1.79(1)
1.72(1)
1.71(2)
1.68(1)

9.3(5)%
10.0(5)%
10.0(5)%
5.8(5)%
3.5(5)%

Notes:
(a) x stands for nominal sulfur content. (b) The atomic percentage of Sn4+ as in total tin.
Only Sn(IV) intrinsic to the pyrochlore phase is included here. 38% of the Sn(IV) in the
experimental data was modelled as SnO2, with IS = 0.127 mm/s at 10 K, and QS = 0.52
mm/s. Consistently good fits are obtained at 295 K and 10 K. Intrinsic Sn(IV) and
SnO2 cannot be reliably differentiated by 119Sn Mössbauer spectroscopy alone. (c) The
quadrupole splitting is only shown for Sn(II). The quadrupole splitting for Sn(IV) in the
pyrochlore phase was fixed at 0.3 mm/s, a value corresponding to the average for fits of
the different samples. This parameter is not strongly determined by the spectra.
The isomer shift and quadrupole splitting of Sn2+ are similar to the literature values except
for Sn4+, and the relative Sn4+ content is somewhat higher than those previously reported
for x = 0.0 phases [15,17]. This atomic percentage of Sn4+ derived from Mössbauer data is
used to estimate the concentration of Sn4+ in the octahedral sites. The Sn2+ content in the A
site could be refined independently from the neutron data as the A site is only comprised
of Sn2+. By combining Mössbauer and neutron results we could calculate the amount of
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Sn4+ and use it to estimate the amount of Nb5+ as the M site is fully occupied with Nb5+ and
Sn4+. The ratio of Sn4+/Nb5+ is varied according to the refined Sn2+ content and the final
formula confirms the data collected via Mössbauer analysis. For the Sn2-z(Nb2-ySny)O7-z-y/2xS x

solid solution, the amount of both Sn4+ and Sn2+ decreases as sulfur content increases

(Figure 4.16). The decrease in Sn4+ content with increasing sulfur substitution in the M site
arises from the decreased propensity for SnS to disproportionate to SnS2 and Sn metal when
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1.5

0.00

0.0

0.2

0.4

0.6

Sn2+ Content

Sn4+ Content

compared to SnO.

1.4

Nominal Sulfur Content (x)
Figure 4.16. Sn4+ content determined by 119Sn Mössbauer (filled circles) and Sn2+ content
determined by neutron refinements (filled squares) as a function of nominal sulfur content.

The corner-shared octahedral framework M2O6 is very rigid in the (A2O)M2O6 pyrochlore
structure. The refined M2O6 (M = Nb/Sn) is of regular octahedral shape with MO distances
of 1.9912(1) Å and OMO bond angles close to 90º. Asymmetric local environment
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associated with divalent Sn has been found in many oxides such as SnWO4, SnSO4 and
SnO [17]. In the pyrochlore structure, the stereoactivity of lone pair electrons on Sn2+
induces severe distortion around Sn on the A sites, resulting in eight SnO (Sn at 96g and
96h) bond distances ranging from 2.05 Å to 3.11 Å with an average distance of 2.65 Å
(averaging the closest 6 bond distances: 2.44Å), similar to the reported data [15,17]. The
shortest SnO distance is between Sn2+ at the 96g site and oxygen at the 32e site. This
same short Sn2+O bond distance was found in Sn0.26WO3 [34]; it is 2.15 Å in SnHPO4
[35] and 2.18 Å in SnNb2O6 [36] and SnWO4 [37]. These bond distances are all shorter
than expected based on Shannon radii. The refined Sn2+S distance (2.33 Å) is also shorter
than expected, although the bond distance found in SnS is even shorter (2.11 Å) [38]. The
variation of average bond distances for Sn2+‒ O'' (32e) (weighted), Sn2+‒ O'/S (8b), Sn2+‒
O (48f) (weighted), and Nb5+/Sn4+‒ O are shown with the lattice parameter as a function of
sulfur content in Figure 4.17.
As you can see, the average bond distances decrease with increasing sulfur content, with
the exception of Sn2+‒O (48f). This is consistent with the unit cell contraction upon sulfur
substitution. Description of the bonding of Sn2+ is difficult given the high degree of
disorder in the refined structure.
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(a)

(c)

(b)

(d)

Figure 4.17. Average bond distances as compared to the lattice parameters for (a) Sn 2+‒
O'' (32e) (weighted), (b) Sn2+‒ O'/S (8b), (c) Sn2+‒ O (48f) (weighted), and (d) Nb5+/Sn4+‒
O, all shown vs nominal sulfur content (refined sulfur content is shown in Table 4.1).

4.2.2.2 Sn2TiNbO6F Solid Solution
We have previously reported the substitution of anions such as fluorine in the O' 8b site of
the pyrochlore structure Sn2TiNbO6F, where the Ti 3d band lies below the Nb levels,
resulting in a reduction of the band gap and thus a red/orange color [12]. In this case, the
charge difference from the addition of fluorine is compensated through the addition of
titanium into the M site. It is hypothesized that the color in these compounds comes from
the transfer of electrons from the 5s to Ti4+/Nb5+ mixed empty d-orbitals. In order to
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understand the relationship between the structure and the color in detail, we performed a
structure analysis for the material. We collected

119

Sn Mössbauer data, as in the sulfur

containing compounds, which confirmed the presence of Sn4+ with an atomic percentage
of ~3%. This value is close to that seen for the higher substituted sulfur samples (x = 0.6),
highlighting that the colors of these samples can be influenced by the Sn4+ content in the
octahedral sites. This shows that while sulfur substitution results in a darker color, there is
more than one avenue to achieve a more intense red/orange color through substitution.
Sn2TiNbO6F was synthesized in the same way as the Sn2Nb2O7-xSx series, and the structure
was analyzed using neutron diffraction data. The actual refined formula for this compound
is Sn2(Nb0.958Ti0.984Sn0.058)O6O''0.324O'0.052F0.206, where the Sn2+ was independently refined
in the 96h and 16d sites respectively. Table 4.3 is a compilation of the refined structural
data for Sn2TiNbO6F as collected via neutron diffraction shown in comparison with the
parent compound Sn2Nb2O7. A structural model of the local A site in Sn2TiNbO6F can be
seen in Figure 4.18, as compared to the A site of an ideal pyrochlore.
The probable reason for the nonstoichiometric concentration of fluorine could be a result
of synthesis in quartz tubes (to mitigate Sn2+ disproportionation), which produced a white
coating on the inside of the tube, indicating some reaction of fluorine with the SiO2 tubes.
The location of Sn2+ given by the refinement was confirmed through the use of difference
Fourier maps, showing the location of the nuclear density in the ideal 16d and higher
multiplicity 96h site. When Sn2+ was refined in the 96g positions, the occupancy was
consistently a negative value, indicating the absence of the cation in this site.
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Table 4.3. Structural data for the compound Sn2TiNbO6Fa as compared to the parent
compound Sn2Nb2O7.
Formula

Sn2Nb2O7

Sn2TiNbO6F

a (Å)
wRp (%)
O (48f) (x, 1/8, 1/8)
O'' (32e) (x = y = z)
F/O' (8b) (x = y = z)
Nb5+, Ti4+, Sn4+ (16c) (x = y = z)
Sn2+ (96h) (0, y, -y)

10.595(1)
4.18
0.3138(1)
0.3367(2)
0.375
0
0.2792(11)
0.4803(10),
0.5240(18)
0.512(4)
0.018(4)
1.700, 0.300
1.044(12)
0.636(12)
0.98(2)
1.2(1)
1.0(3)
1.01(1)
2.407
2.737
2.330
0.704(4)
1.9912(1)

10.472(1)
3.10
0.3155(1)
0.3406(4)
0.375
0
0.2776(4)

Sn2+ (96g) (x, x, z)
Sn2+ (16d) (x = y = z)
O'' occup.b
O' occup.
F occup.
Nb5+, Sn4+ occup.
Ti4+ occup.
Sn2+ (96h) occup.c
Sn2+ (96g) occup.c
Sn2+ (16d) occup.
O Uiso (Å2)d ×10-2
O'' Uiso (Å2) ×10-2
F/O' Uiso (Å2) ×10-2
Nb5+/Ti4+/Sn4+ Uiso (Å2) ×10-2
Sn2+ O'' Avg. (8) (Å)e
Sn2+ O Avg. (6) (Å)e
Sn2+ F/O' Avg. (2) (Å)e
32e ‒ 8b (Å)
Nb5+/Ti4+/Sn4+ O × 6 (Å)

0.5
0.324(3)
0.052
0.206
0.958(3), 0.058(1)
0.984(2)
1.872(5)
0.128(30)
0.94(2)
0.9(2)
5.2(2)
0.8(1)
2.346
2.684
2.285
0.623(6)
1.9741(1)

(a)
The
formula
for
the
nominal
composition
Sn2TiNbO6F
is
Sn1.872Sn0.128(Nb0.958Ti0.984Sn0.058)O6O''0.324O'0.052F0.206. (b) This is 4× the occupancy of O''
in each 32e site. (c) This is 6× the occupancy of Sn2+ in each 96h/g site. (d) Anisotropic U
values are given in the CIFs. (e) Individual bond distances are given in the CIFs.

The difference in the position of the A site from the parent compound and the sulfur
substituted analog could be due to the full occupancy (no vacancies) of Sn2+ on the A sites,
causing the nuclear density to be flatter and less disordered. The M site is also fully
occupied, where niobium and titanium refined to have slightly lower occupancies than the
nominal values, compensated by the presence of Sn4+. When compared to the other
materials discussed here, the fluorine substituted pyrochlore produced a smaller lattice

172

parameter (10.595Å vs 10.472Å), which is most likely a product of this more symmetric
structure.

(a)

A
A
O
X
O

16d
96h
48f
8b
32e

(Sn2+)
(Sn2+)
(O)
(O'/S)
(O'')

(b)

Figure 4.18. (a) Local structure for the ideal A site vs the A site in Sn2TiNbO6F, comparing
the ideal 16d site with the higher multiplicity 96h and 32e positions.

As oxygen and fluorine have similar neutron scattering lengths it is difficult to differentiate
between them in a structure when using neutron diffraction. As other cations and anions
can be easily refined through neutron diffraction, along with the ability of the refinement
to determine the total occupancy of the 8b and 32e sites, the fluorine content was
experimentally determined by elemental analysis. Due to the large electronegativity
difference between fluorine and oxygen the structure was refined with fluorine in the 8b
positions.
TGA was performed on a Sn2TiNbO6F sample, under N2 flow at 500 and 800°C. Neither
changed the X-ray pattern of the sample (Figure 4.19), and the color became only slightly
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darker after 800°C. Although these samples exhibited thermal stability under nitrogen
flow, they are unable to be synthesized in this manner.

st

Sn2TiNbO6F 1 Heating
Sn2TiNbO6F TGA 500ºC
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30
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50
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Figure 4.19. X-ray of Sn2TiNbO6F after TGA under N2 flow at 500°C.

4.2.2.3 Sn2TiNbO6F1-xClx Solid Solution
The solid solution Sn2TiNbO6F1-xClx was synthesized up to x = 1.0 (Figure 4.20), and the
lattice parameters were determined from internal standard measurements (Figure 4.21). As
expected, and due to the larger size of chlorine, the lattice parameter increases as a function
of increasing chlorine content.
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x=1.0
x=0.8
x=0.6
x=0.5
x=0.4
x=0.2
x=0

Figure 4.20. An overlay of the X-ray diffraction patterns of the series Sn2TiNbO6F1-xClx
from x = 0-1.0.
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Figure 4.21. The refined lattice parameters for Sn2TiNbO6F1-xClx from x = 0-1.0.
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4.2.3 Optical Properties
The systematic color change from yellow to dark orange with increasing amount of sulfur
indicates a decrease in band gap with sulfur addition. The reported band gap for parent
compound Sn2Nb2O7 is 2.4 eV [39] whereas the ideal band gap is ~2 eV for a red pigment
such as CdS1-xSex or HgS [1]. Diffuse reflectance data were collected (Figure 4.22) and

Absorbance

used to estimate the band gap of the samples in the Sn2Nb2O7-xSx series.

x=0
x = 0.05
x = 0.1
x = 0.2
x = 0.4
x = 0.6
x = 0.7

Sn2Nb2O7-xSx

1.5

2.0

2.5

3.0

3.5

Energy (eV)
Figure 4.22. Normalized absorbance measurements vs nominal sulfur content, x (refined
sulfur content is shown in Table 4.1), from which the reported band gap values were
derived.
The spectral data showed a steep slope, where the absorbance value was extrapolated to its
minimum to determine the band gap (Figure 4.23) with values ranging from 2.35 to 2.05
eV for x = 0 to 0.6 respectively.
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Figure 4.23. Band gap reduction resulting from sulfur addition, with the accompanying
color change, shown as a function of nominal sulfur content (refined content is shown in
Table 4.1).

The band gap of the fluorine substituted pyrochlore Sn2TiNbO6F was extrapolated to be
2.14 eV from the collected absorbance data shown in Figure 4.24 as compared to the parent

Absorbance

compound. The band gap for Sn2TiNbO6F has been previously reported as 2.3 eV [12].

Sn2TiNbO6F
Sn2Nb2O7

1.0

1.5

2.0

2.5

3.0

3.5

4.0

Energy (eV)

Figure 4.24. Diffuse reflectance spectra for the parent compound and the fluorine
substituted pyrochlore for band gap determination, along with the corresponding colors.
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Absorbance data for the solid solution Sn2TiNbO6F1-xClx (x = 0-1.0) is shown in Figure
4.25, used to calculate the band gap values shown in Figure 4.26.

1.6
x=0
x=0.2
x=0.4
x=0.5
x=0.6
x=0.8
x=1.0
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1.2

0.8

Sn2TiNbO6F1-xClx

0.4

0.0
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Calculated Band Gap, Eg (eV)

Figure 4.25. Diffuse reflectance spectra for Sn2TiNbO6F1-xClx (x = 0-1.0).
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Figure 4.26. Band gap data for Sn2TiNbO6F1-xClx (x = 0-1.0).
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For most niobates the valence band has predominately O 2p character and the conduction
band has predominately Nb 4d character. Metal niobates usually have band gaps large
enough so that there is no optical absorption in the visible spectrum resulting in white
samples (e.g. KNbO3, Sr2Nb2O7). The introduction of Sn(II) results in a strong Sn 5s
contribution at the top of the valence band, resulting in a decrease of the band gap in
niobates. This decrease is enough to produce an intense yellow color for the Sn(II)
containing niobates such as SnNb2O6 and Sn2Nb2O7 [12,40]. A similar band gap decrease
is also seen in sulfur substituted compounds that do not contain tin, such as InGaZnO4 and
TiO2 [41,42]. When sulfur is substituted into the lattice of the tin niobate, the addition of
the S 3p band to valence band increases valence band maximum and decreases the band
gap (close to 2 eV) with an accompanying color change from yellow to orange to red. This
color change could also be enhanced by a decrease in the Sn4+ content (with filled 4d
orbitals) in the octahedral sites when sulfur is substituted for oxygen, by increasing the
probability of charge transfer from filled O 2p to empty Nb5+ 4d orbitals. In the fluorine
substituted analog, the color arises from the electron transfer from the O 2p to Ti empty 3d
orbitals, the presence of which lowers the band gap and produces a redder color. A
schematic of the band composition is shown for the parent compound, along with the
possible changes due to sulfur and fluorine substitution (Figure 4.27). A schematic of the
likely band structure of several materials is shown in Figure 4.28 as an illustration of the
effects of fluorine substitution.
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2.2 eV

Figure 4.27. A schematic of the band structure for the parent compound, sulfur substituted
compound, and fluorine substituted compound.

2.2 eV

Figure 4.28. A schematic of various pyrochlores compared to the parent compound
Sn2Nb2O7 and the fluorine substituted pyrochlore.

Color Meter measurements [43] were performed for the Sn2Nb2O7-xSx solid solution
(Figure 4.29), showing in a quantitative way that the color changes from yellow to red
when sulfur is introduced into the lattice.
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Figure 4.29. A plot of the values derived from the L* a* b* color space vs nominal sulfur
concentration (refined content is shown in Table 4.1) for the series Sn2Nb2O7-xSx, as
measured via color meter analysis. The L* a* b* color space values for Sn2TiNbO6F are
65.72, 10.97, and 73.46 respectively. The L* a* b* color space values for Fe2O3 are 25.86,
27.91, and 22.02 respectively.

Color can be separated into both brightness and chromaticity. Three cones in the human
eye are responsible for how we see light of varying wavelengths in different brightness
environments. Because of this, three parameters are used to describe the color we see,
termed the Tristimulus, LMS color space. Two normalized, derived parameters x and y
report the chromaticity of a measurement and are a function of the tristimulus values. The
color space is frequently written as xyY, where the third term represents the brightness of a
sample. The values assigned to a sample from this color space can also be quantified using
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the L* a* b* color space. The xyY color space for the Sn2TiNbO6F1-xClx solid solution is
shown in Figure 4.30, and the L* a* b* color space values are shown in Figure 4.31.

Figure 4.30. The xyY color space for the Sn2TiNbO6F1-xClx solid solution (x = 0, 0.2, 0.4,
0.5, 0.6, 0.8, 1.0).
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Figure 4.31. The L* a* b* color space values for the Sn2TiNbO6F1-xClx solid solution (x
= 0, 0.2, 0.4, 0.5, 0.6, 0.8, 1.0).
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Table 4.4 compiles the average L* a* b* color space values for the nominal x = 0.6 sample
in this solid solution, along with Sn2TiNbO6F, measured values for Fe2O3, and a lead
chromate/molybdate pigment sample obtained from PPG industries.
Table 4.4. L* a* b* color space values for all Sn2+ containing samples discussed here
compared to currently used industry samples from PPG industries.
Sample
Sn2Nb2O7
Sn2Nb2O6.4S0.6
Sn2TiNbO6F
Fe2O3
Lead Chromate/
Lead Molybdate

L*
45.65
41.98
65.72
25.86

a*
33.42
32.90
10.97
27.91

b*
41.41
33.53
73.46
22.02

43.46

48.30

41.77

Higher L* values refer to brightness, positive a* values refer to the red character of a
pigment and positive b* values refer to the yellow character of a pigment. Our data for
Sn2Nb2O7-xSx samples showed L* values that are comparable with those of commercial
lead chromate/molybdates and much higher than those for iron oxide. The a* and b* values
are larger than iron oxide and slightly smaller than those for the commercial lead
chromate/molybdate samples. The values for Sn2TiNbO6F show that it is brighter and more
yellow than the other materials discussed here. These results indicate that the pigments
based on the Sn2Nb2O7-xSx series provide an attractive alternative to current industrial
orange/red pigments containing lead.
Reflectance data for the sulfur substituted system showed 75-95% reflectance in the near
infrared (NIR) region, categorizing the materials as “cool” pigments (Figure 4.32, 4.33).
NIR reflectance of this series is consistent with that of other red/orange pigments (~80%)
[2].
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Figure 4.32. Near-IR spectra for the sulfur substituted series Sn2Nb2O7-xSx (refined sulfur
content is shown in Table 4.1), depicting high reflectance in the NIR region. These values
classify this system of pigments as “cool” pigments.

Reflectance data for Sn2TiNbO6F1-xClx is shown in Figure 4.33. Reflectance data for
Sn2TiNbO6F showed ~60% reflectance. Figure 4.34 shows the collected reflectance data
for both Sn2TiNbO6F and the parent compound Sn2Nb2O7, where the fluorine substituted
compound has a decreased propensity for reflectance in the near-IR region when compared
to the parent compound and the sulfur substituted analog.
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Figure 4.33. Near-IR spectra for the Sn2TiNbO6F1-xClx series.
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Figure 4.34. (a) Reflectance data for the parent compound Sn2Nb2O7 and the fluorine
substituted pyrochlore Sn2TiNbO6F. (b) A cartoon representation of the effects of a cool
pigment when used on a roof in sunlight.
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4.3 Sn2Ti1-xCrxWO7-xFx Solid Solution
Another fluorine substituted pyrochlore was attempted with tungsten and chromium, in the
solid solution Sn2Ti1-xCrxWO7-xFx. Due to the ease of disproportionation for tin, it needs to
be paired with stable constituents. Cr3+ was chosen in this solid solution because it does
not easily get reduced to Cr2+ in oxides, where tungsten was chosen because it has been in
previous reddish pigments. Several other atoms were tried in the M site of the pyrochlore
structure, where Ga and Al worked up to about x = 0.5, most likely due to their small size.

4.4.1 Structural Analysis
Despite the motivation behind making this compound, the resulting color was green. The
system was made up to x = 1.0, and X-ray analysis was performed via internal standard
measurements in order to find the lattice parameters of the system (Figure 4.35, 4.36). This
system was found to have a decreasing lattice size with the addition of Fluorine, which is
expected due to the size difference between fluorine and oxygen.
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Figure 4.35. Lattice parameters for the series Sn2Ti1-xCrxWO7-xFx.
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x = 0.2
x = 0.5
x = 0.7
x = 0.8
x = 1.0

Figure 4.36. X-ray diffraction patterns for the series Sn2Ti1-xCrxWO7-xFx for x = 0.2, 0.5,
0.7, 0.8, and 1.0.

4.4.2 Magnetism
The magnetic susceptibility (Figure 4.37) and inverse magnetic susceptibility (Figure 4.38)
shows that there is Cr3+ present, and that the system is paramagnetic. From x = 1 to x = 0.2
magnetic moment increases from 3.108 μB to 3.513 μB (corrected and high temp), where
the theoretical moment is 3.7 μB - 3.9 μB for Cr3+. The lower than expected moment is
consistent with a Cr, or Cr2O3 impurity, as they both have lower magnetic moments (2.86
μB and 3.08 μB respectively) [44]. Cr2O3 has a Néel temperature of TN = 307 K, also known
as the magnetic ordering temperature, where the transition from antiferromagnetic to
paramagnetic occurs [44].
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Figure 4.37. Magnetic susceptibility for the Sn2Ti1-xCrxWO7-xFx solid solution.
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Figure 4.38. Inverse magnetic susceptibility for the Sn2Ti1-xCrxWO7-xFx solid solution.

Magnetic susceptibility measurements were also performed by Dr. Ramirez (Inverse
magnetic susceptibility shown in Figure 4.39), giving a moment of 3.55 μB for Sn2CrWO6F
when fit from 320-350°C. The inset shows the subtraction of a linear fit of the inverse
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susceptibility from the magnetic susceptibility, indicating the presence of a Cr2O3 impurity,
which would support the lower measured moment. The derivative of the susceptibility gave
a transition temperature of 307 K, identical to that of Cr2O3.

Figure 4.39. Inverse magnetic susceptibility for Sn2CrWO6F, as measured by Dr.
Ramirez.

4.4.1 Flux Synthesis
Attempted crystal growth of Sn2CrWO6F was performed through flux synthesis in excess
SnF2, in a sealed tube at 400°C (Figure 4.40). There was a mixture of black and green
phases, after a slow cooling rate, where the pellet melted to the tube, and dark crystals lined
the interior. The phases from this synthesis included SiO2, SnO, SnF2, and CrF3, indicating
that the formation of the pyrochlore phase was ultimately unsuccessful.
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Figure 4.40. Attempted flux synthesis of Sn2CrWO6F, resulting in SiO2, SnO, SnF2, and
CrF3 phases.

4.4 Conclusions
Compounds with the nominal composition Sn2Nb2O7-xSx (x = 0-0.6) and Sn2TiNbO6F were
synthesized and characterized both structurally and optically. There is a 0.2% decrease in
the lattice size as a function of sulfur addition, possibly resulting from the increased
symmetric nature of Sn2+ with higher sulfur content. The fluorine substituted analogue
shows a smaller lattice size than the sulfur substituted series, most likely due to the
decreased number of defects present.
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Sn Mössbauer analysis showed the presence of

Sn2+ and Sn4+ in the samples, which are the common tin oxidation states present in Sn2+
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pyrochlores. Deviations from the ideal site were seen for both Sn2+ and non-octahedral
oxygen atoms to sites with higher multiplicities such as 96g/h and 32e. Chemical analysis
confirmed the presence of sulfur although the sulfur content refined by neutron analysis is
lower than the expected nominal values. These compounds have been tested in acid,
showing stability in nitric, hydrochloric, and sulfuric acid, as well as in aqua regia. Optical
measurements were collected to find the band gap energies from 2.35 to 2.05 eV and
reflectance from 60-95%, allowing these pigments to be used for practical applications as
“cool” pigments. Sn2TiNbO6F1-xClx phases were synthesized (x = 0-1.0), with increasing
lattice parameter upon chlorine substitution and an increasing band gap (lighter color), also
categorized as “cool” pigments. The solid solution Sn2Ti1-xCrxWO7-xFx was synthesized
up to x = 1.0, with a decreasing lattice parameter on fluorine and chromium substitution.
The samples were paramagnetic, with magnetic moments increasing from 3.108 μB to 3.513
μB for x = 1 to x = 0.2.
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CHAPTER 5: Temperature Independent Dielectrics with the Pyrochlore Structure
Abstract:
Many materials in the general series Bi2-xCaxM2-xM'xO7 (M = Ti, Hf, Sn; M' = Sb, Nb, Ta)
were prepared for the first time and were characterized via their structure and dielectric
properties resulting in extremely low loss dielectric materials with dielectric constants from
16-98. The materials were both largely temperature and frequency independent. The lattice
parameters of the quaternary pyrochlores in the series BiCaMM'O7 showed an expected
linear relationship with the ionic radii of the substituted elements. The solid solution Bi2xCaxSn2-xSbxO7-y,

was analyzed via neutron diffraction, where the limit of the solid solution

was close to ~x = 1.3. Until this value, the compounds crystallize in the pyrochlore phase,
forming a mixture of the pyrochlore phase and the Ca2Sb2O7 weberite phase beyond this
value. The refined formulas for the nominal calcium content x = 0.5, 1.0, and 1.5 in this
solid

solution

were

Bi1.36Ca0.64Sn1.60Sb0.40O6.88,

Bi0.76Ca1.24Sn1.06Sb0.94O6.85 respectively.

Bi0.82Ca1.18Sn1.10Sb0.90O6.86,

and
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Publications based on this chapter:
[1] Giampaoli, G.; Li, J.; Day, B.; Subramanian, M. A. Temperature Independent
Dielectrics Adopting the Pyrochlore Structure. In Progress.
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5.2 Introduction to Pyrochlore Dielectrics
The dielectric properties of pyrochlore materials are currently being studied due to their
potential application as high-κ dielectric materials. The general formula of the pyrochlore
structure is A2M2O6O' with the ideal space group of Fd3̅m, having 8 molecules per unit cell
(Z = 8) (Figure 5.1). There are 4 crystallographically non-equivalent sites (the Wyckoff
positions are labeled in Figure 5.1) which can accommodate a vast array of elements.

A
M
O
O'

16d
16c
48f
8b

Figure 5.1. The pyrochlore structure, A2M2O7, with a framework of corner shared
octahedra and an interpenetrating network of A2O' chains.

This structure is frequently described as a network of corner shared M2O6 octahedra
interspersed with A2O' chains, where the A atom is 8-fold coordinated and the M atom is 6fold coordinated [1]. Several quaternary structures adopting the pyrochlore structure have
been previously reported, including the series (CaxM1-x)2(Ti1-xNbx)2O7 (M = Bi, La, Pr, Nd,
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Sm, Dy, or Er), CaErMM'O7, AIIAIIITiSbO7 (where AII = Pb, Cd or Zn and AIII = Bi or RE),
and AIIAIIIM IVM VO7 (where AII = Ba, Cd, Ca, Sr or Pb, AIII = Bi, La or Sm, M IV = Ti, Zr,
Hf or Sn, and M V = Nb or Ta) [2-5].
The weberite structure is very close to the pyrochlore structure, not only because they have
the same ideal formula, but also because they have a similar framework. The general
formula for the weberite structure is A2M2O7, with a different (but closely related) lattice
than the pyrochlore structure crystallizing in the space group Imma with 4 formula units
per unit cell. The structure is made up of mostly corner shared octahedra, where A, M, and
O atoms have 2, 2, and 3 cystallographically different sites respectively (Figure 5.2) [6].

A
A
M
M
O''
O'''
O*

4a
4d
4b
4c
4e
8h
16j

Figure 5.2. The weberite structure, A2M2O7, with a partially corner shared framework of
octahedra and three crystallographically different oxygen sites.

Because pyrochlores and weberites are so closely related, some combinations of elements
are able to form both structures under different conditions [1,7]. While not common,
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materials have also been known to transfer between these structures under high pressures.
For example, Cd2Sb2O7 (𝑅𝐶𝑑2+ = 0.9Å) is a pyrochlore, but it can form a metastable phase
of weberite at high pressures. High pressure studies of the Ca2Sb2O7 (𝑅𝐶𝑎2+ = 1.12Å)
weberite report a mixture of phases, along with the formation of a cubic pyrochlore phase.
The calcium weberite phase is more stable than the cadmium analogue. The Ca2Os2O7
weberite is stable, but when the pyrochlore phase is synthesized, it leads to a calcium
deficient structure (Ca1.7). The stability of the weberite Pb2Sb2O7 (𝑅𝑃𝑏2+ = 1.29Å) depends
on synthesis conditions as low temperatures or wet chemical synthesis result in a
metastable pyrochlore phase [6,8]. Antimonate oxides are more likely to form in the
weberite structure, such as AgLnSb2O7 (Ln = La, Pr, Nd, and Sm).
Pyrochlore oxides with the formula A2M2O7 have been known to produce dielectric
materials [9,1]. Dielectrics are materials that are characterized by their behavior in a
parallel plate capacitor, ideally exhibiting no dc electrical conductivity. The dielectric
constant, polarizability and the susceptibility are all dependent on the measuring frequency
used to characterize the material. Permittivity and polarizability show a comparable
dependence to the measurement frequency and can be linked using the Clausius-Mossotti
relationship (Equation 5.1), where N is the number of polarizable species per unit volume,
κ is the dielectric constant, and ε0 is the permittivity of free space [10,11].
𝜅−1
𝜅+2

𝑁𝛼

= 3𝜀

0

(5.1)

Polarizability is an additive quantity that can occur as conglomerate of many sub-factors;
electronic (𝛼𝑒 ), ionic (𝛼𝑖 ), dipolar (𝛼𝐷 ), and space charge (𝛼𝑠𝑐 ) polarizability. The total
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dielectric polarizability includes ionic and electronic components (Equation 5.2,5.3) [1216]. The additivity rule explains the relationship of ion to molecular polarizabilities in the
same way that an ionic radius is related to the bond distance but does not always hold true
for more complicated systems. The frequency dependence of the polarizabilities can be
seen in Figure 5.3 [10].
𝛼(𝑀2 𝑀′𝑋4 ) = 2𝛼(𝑀𝑋) + 𝛼(𝑀′𝑋2 )
𝛼(𝐶𝑜𝑚𝑝𝑙𝑒𝑥 𝑜𝑥𝑖𝑑𝑒𝑠) = ∑ 𝛼 (𝑠𝑖𝑚𝑝𝑙𝑒 𝑜𝑥𝑖𝑑𝑒𝑠)

(5.2)
(5.3)

Figure 5.3. The frequency dependence of the various polarizabilities for the real (εr') and
imaginary (εr'') portions of the permittivity [10].

The Clausius-Mossotti relationship, also written as shown in Equation 5.4 (where Vm is the
molar volume, b is 4π/3, and κ' is the real part of the dielectric constant), applies to
materials with cubic symmetry and relies on the additivity of the molecular polarizability
[17].
1 𝑉𝑚 (𝜅 ′ −1)

𝛼 = 𝑏(

(𝜅 ′ +2)

)

(5.4)
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A small dielectric loss is very important for a material to be classified as a “good”
dielectric. The dielectric loss or dissipation factor is defined as tan δ and normally depends
on the measurement frequency and temperature. In a perfect dielectric, the current “leads”
the voltage by 90˚, and the phase angle θ is 90˚ and δ = 90- θ (Figure 5.4). For practical
applications tan δ should be small and the quality factor (Q) of dielectric is defined as
1/ tan δ which should be very high. The energy dissipation in a dielectric material occurs
in the form of heat and is due to the presence of defects, ionic conductivity, and electronic
conductivity.

Figure 5.4. The loss tangent (tan δ) for a dielectric material in relation to the voltage, V,
and the current, I.

Hafnium containing materials, such as the pyrochlore Ho2Hf2O7, have been suggested as
emerging advanced dielectric materials. This hafnate has dielectric constant of ~20, and a
low dielectric loss of ~0.1%, with temperature and voltage independence at 100 kHz. These
materials can potentially find application as high-κ dielectrics in complementary metaloxide-semiconductor (CMOS) devices, requiring a thin dielectric oxide with a high
dielectric constant and low loss [18]. SiO2 is the current standard for gate dielectrics, but a
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higher dielectric constant is desirable. In the simplified model for a parallel plate capacitor,
the capacitance is inversely related to the thickness of the material. This is shown in
Equation 5.5, where κ is the dielectric constant, C is the capacitance, ε0 is the permittivity
of free space, A is the area of the capacitor and t is the thickness.
𝐶=

𝜅𝜀0 𝐴
𝑡

(5.5)

For the SiO2 based materials, higher capacitance requires a decreased thickness which
increases the leakage current and deteriorates device performance. If the dielectric constant
is larger, a material with the same thickness can supply a higher capacitance. Thus, finding
a material with an improved dielectric constant without sacrificing other important
properties of gate dielectrics (interface quality, reliability, band gap, etc.) is difficult and
important, as SiO2 materials can only reduce in size to a certain extent [19]. Other
compounds such as the ferroelectric HfO2 based materials are of recent interest due to
potential application as ferroelectric random-access memory (FeRAM) materials, with
reported dielectric constants of ~30 [20].
Here, we delve into the synthesis of compounds crystallizing in the pyrochlore and
weberite structures and their resulting dielectric properties.

5.2 Experimental
Polycrystalline samples of Bi2-xCaxM2-xM'xO7 (M = Ti, Hf, Sn; M' = Sb, Nb, Ta) were
prepared through standard solid state synthesis. Stoichiometric quantities of Bi2O3 (SigmaAldrich, 99.9%), CaCO3 (Sigma-Aldrich, 99.0%), TiO2 (Sigma-Aldrich, 99.9%), HfO2

203

(Johnson Matthey, 99.95%), SnO2 (Sigma-Aldrich, 99.9%), Sb2O3 (Johnson Matthey,
Grade 1), Nb2O5 (Aldrich, 99.99%), and Ta2O5 (Aldrich, 99.99%) were mixed thoroughly
using an agate mortar and pestle. The pelletized mixture was then placed in an alumina
crucible and heated from 900°C to 1300°C for 12 to 24h in air. The samples were reground
and reheated repeatedly to complete the reaction.
X-ray diffraction data were obtained using a Rigaku Miniflex diffractometer employing
Cu Kα radiation with a graphite monochromator on the diffracted beam. X-ray diffraction
was used to collect internal standard data for lattice parameter calculations. The dielectric
constant and loss factors were measured for sintered pellets from 103 to 107 Hz using a HP
4284A precision LCR meter, from 25 to 250˚C. Powder neutron diffraction data were
collected on the 32-counter high-resolution diffractometer BT-1 at the Center for Neutron
Research at the National Institute of Standards and Technology (NIST). A Cu (311)
monochromator, yielding a wavelength of 1.5403(2) Å, was employed. Collimation of 15′
of arc was used before the monochromator, 20′ before the sample, and 7′ before the
detectors. The samples (~10 g) were loaded into vanadium containers 15.6 mm in diameter
and 50 mm in length. Data were collected at room temperature over a 2θ range 3−167°.
Rietveld refinements utilized GSAS software [21].

5.3 Structural Analysis
Samples in the series Bi2-xCaxM2-xM'xO7 (M = Ti, Hf, Sn; M' = Sb, Nb, Ta) were synthesized
and analyzed via X-ray analysis, and characterized to determine the dielectric properties.
Lattice parameters are reported in Table 5.1 [1,22-24], along with the dielectric data and

204

respective colors. Among the series already reported are Bi2-xCaxTi2-xNbxO7, BiCaTiTaO7,
BiCaSnTaO7, and BiCaHfTaO7. The series (CaxM1-x)2(Ti1-xNbx)2O7 (M = Bi, La, Pr, Nd,
Sm, Dy, and Er) has previously been made, reporting a similar lattice parameter as reported
here for Bi2-xCaxTi2-xNbxO7 (Table 5.1) of ~10.37Å for the highest substituted species, x =
0.8 [2,22-24].
Table 5.1. A summary of dielectric and cell edge data for Bi2-xCaxM2-xM'xO7 phases.
Dielectric polarizabilities were taken from reference 22.
Observed
Expected
Dielectric
Dielectric
M/M'
x
a (Å)
Color
Constant
Constant
(Ko)a
(Kc)b
Ti/Sb
1
10.255
0.004
46c
30d
Off White
Ti/Sb
1.5 10.599
0.002
12
12d
Light Yellow
Ti/Nb
0.5 10.363
48
Yellow
Ti/Nb
1
10.358
0.004
98
33
Light Yellow
Ti/Ta
1
10.318
0.004
80c
54
Off White
Hf/Sb
0.5 10.638
0.005
43
21d,e
Light Yellow
Hf/Sb
1
10.542
0.002
39c
17d,e
Off White
e
Hf/Nb
1
10.573
0.001
85
21
Off White
Hf/Ta
0.5 10.644
26e
Off White
c
e
Hf/Ta
1
10.531
0.008
29
28
Off White
Sn/Sb
0.5 10.564
0.017
24
18d
Off White
c
d
Sn/Sb
1
10.466
0.055
22
15
Off White
Sn/Sb
1.5 10.454f
0.001
17c
15d,f
Off White
g
c
d
Sb
2
0.001
16
12
Off White
Sn/Nb
1
10.507
0.001
58
21
Light Yellow
Sn/Nb 1.2 10.514
0.003
65
20
Yellow
Sn/Ta
1
10.483
0.004
33c
28
Off White
(a) The reported dielectric data was collected at 1 MHz and at room temperature. (b)
Expected dielectric constant calculated using the Clausius Mossotti equation. (c) Dielectric
constant corrected for low density. (d) The polarizability used for Sb5+ was an estimated
2.90 Å3, as opposed to 4.27 Å3 for Sb3+. (e) Hf polarizability was estimated to be similar
to Zr (3.31 Å3), as ZrO2 and HfO2 have similar dielectric constants and cell size [23,24].
(f) This sample is a mixture of weberite (7.306 Å × 10.230 Å × 7.464 Å) and pyrochlore
(10.453 Å) phases, where the refined pyrochlore phase information was used to calculate
the expected dielectric constant. (g) The parent compound Ca2Sb2O7 was made via solid
state synthesis as a weberite phase with lattice parameters shown in Table 5.3. Values for
the pyrochlore lattice parameter of Ca2Sb2O7 can be found in reference 1, where the
compound is cubic at high temperatures and under different synthesis conditions.
Loss
Tangent
(D)a
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BiCaTiTaO7 has been previously reported with a lattice parameter of 10.357Å vs the value
reported here of 10.318Å (BiCdTiTaO7 a = 10.333Å), BiCaSnTaO7 with a lattice parameter
of 10.357Å vs this data, 10.483Å (Pseudocubic BiCdSnTaO7 a = 10.435Å), and
BiCaHfTaO7 with a lattice parameter of 10.500Å vs this data;10.531Å [5]. The dielectric
constants for many quaternary pyrochlores are reported, but not that we have seen for the
materials discussed in this work. Several lead analogues have also been reported, such as
BiPbTiTaO7, BiPbSnTaO7, and BiPbHfTaO7, with higher dielectric constants, but these
materials were all pseudocubic and not as closely related to the materials studied here [5].
The linear nature of the quaternary pyrochlores in the series BiCaMM'O7 are shown in

Lattice Parameter, a (Å)

Figure 5.5, depicting an expected regression with increasing ionic Radii.
10.6
M = Hf

M = Hf
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M = Sn

M = Sn

10.5
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0.60
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0.65
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0.60
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0.65

0.70
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Figure 5.5. Plots showing the linear nature of the quaternary pyrochlore substitutions in
the series BiCaMM'O7 (M = Sn, Ti, Hf and M'= Sb, Nb, Ta).
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The X-ray diffraction patterns for the series BiCaMM'O7 (M = Ti, Hf, Sn; M' = Sb, Nb, Ta)
are shown in Figure 5.6.
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Figure 5.6. X-ray Diffraction patterns for the quaternary pyrochlore substitutions in the
series BiCaMM'O7 (M = Sn, Ti, Hf and M'= Sb, Nb, Ta).

A more in-depth study was performed on the solid solution Bi2-xCaxSn2-xSbxO7-y, due to a
perceived structural transition from the pyrochlore to weberite structure (Figure 5.7). This
substitution was found to produce a mixture of phases instead of the projected structural

Intensity

transition.

x = 1.8
x = 1.5
x = 1.2
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x = 0.5
x = 0.2

10

20

30
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Figure 5.7. An overlay of the X-ray data for the series Bi2-xCaxSn2-xSbxO7, as labeled by
the nominal calcium content.

207

Lattice parameters are shown for the series Bi2-xCaxSn2-xSbxO7-y from X-ray internal
standard and neutron diffraction data in Figure 5.8, where values for the lattice parameters
of the end members (Bi2Sn2O7 and Ca2Sb2O7) were taken from references 1 and 25. While
both end members do not typically crystallize in the cubic pyrochlore structure, they have
been known to form this structure at high temperatures and under different synthesis
conditions. The nominal calcium content for all samples are shown with the respective
lattice parameters in Figure 5.8. The refined calcium content for the neutron samples are
shown in Table 5.1. The sample with nominal content x = 1.2 was a pure phase sample,
which extrapolated to have an actual content of x = 1.28 using an equation of best fit for
the neutron refined values; analogous with the refined limit in the nominal x = 1.5 sample
(x = 1.24). The nominal x = 1.8 sample showed a mixture of phases as in the nominal x =
1.5 sample, where the pyrochlore phase showed an extrapolated calcium content limit of x
= 1.28. This shows that the limit of substitution is x = ~1.3, past which results in a mixture
of pyrochlore and weberite phases.

Lattice Parameter, a (Å)
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10.8

10.6

10.4

0

1

2

Nominal Calcium Content (x)
Figure 5.8. An overlay of lattice parameters refined from X-ray internal standard and
neutron diffraction data for the series Bi2-xCaxSn2-xSbxO7-y, all plot against the nominal
calcium content. Values for the lattice parameters of the end members (Bi2Sn2O7 and
Ca2Sb2O7) were taken from reference 1 and 25, where the compounds are both cubic at
high temperatures and under different synthesis conditions.

Due to this phase limit, the samples with nominal values of x = 0.5 and 1.0 crystallize in
the pyrochlore structure, where the synthesis of x = 1.5 resulted in a mixture of phases. The
pyrochlore structure details are in Table 5.2, giving refined formulas for nominal x = 0.5,
1.0,

and

1.5

of

Bi1.36Ca0.64Sn1.60Sb0.40O6.88,

Bi0.76Ca1.24Sn1.06Sb0.94O6.85 respectively.

Bi0.82Ca1.18Sn1.10Sb0.90O6.86,

and
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Table 5.2. Summarized crystallographic data for the structure refinements of the
pyrochlore phases in the series Bi2-xCaxSn2-xSbxO7-y,a where Bi3+ and Ca2+ are in the 16c
position, Sn4+ and Sb5+ are in the 16d position, O' is in the 8a position, and O is in the 48f
position.
Nominal Calcium
Content, x

0.5

1.0

1.5

a (Å)
Chi2
wRp (%)
O (48f) (x, 1/8, 1/8)
O' (8b) (x = y = z)
Bi3+/Ca2+ (16d) (x = y = z)
Sn4+/Sb5+ (16c) (x = y = z)
O' occup.
Bi3+, Ca2+ occup.
Sn4+, Sb5+ occup.
O Uiso (Å2)b ×10-2
O' Uiso (Å2) ×10-2
Bi3+/Ca2+ Uiso (Å2) ×10-2
Sn4+/Sb5+ Uiso (Å2) ×10-2
Bi3+/Ca2+  O (×6) (Å)
Bi3+/Ca2+  O' (×2) (Å)
Sn4+/Sb5+  O (×6) (Å)

10.564(1)
1.89
7.29
0.3262(1)
0.375
0.5
0
0.88(1)
1.36(1), 0.64(1)
1.60, 0.40
1.11(3)
1.77(9)
3.20(5)
0.28(2)
2.6189(6)
2.28724(1)
2.03367(32)

10.466(1)
1.50
6.53
0.3252(1)
0.375
0.5
0
0.86(1)
0.82(1), 1.18(1)
1.10, 0.90
0.93(3)
1.53(8)
1.87(4)
0.29(2)
2.6020(5)
2.26599(1)
2.01057(29)

10.454(1)
1.56
6.42
0.3255(1)
0.375
0.5
0
0.85(2)
0.76(2), 1.24(2)
1.06, 0.94
1.85(6)
2.15(16)
2.64(9)
0.98(4)
2.5964(10)
2.26327(2)
2.0095(6)

(a) The refined formulas for x = 0.5, 1.0, and 1.5 are Bi1.36Ca0.64Sn1.60Sb0.40O6.88,
Bi0.82Ca1.18Sn1.10Sb0.90O6.86, and Bi0.76Ca1.24Sn1.06Sb0.94O6.85 respectively. (b) Anisotropic
U values are given in the CIFs.

The refined neutron data for the x = 1.0 pyrochlore sample can be seen in Figure 5.9, and
the mixed phase x = 1.5 sample in Figure 5.10. The second phase in the nominal x = 1.5
sample refined to be the fully occupied weberite, Ca2Sb2O7 (Table 5.3).
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Figure 5.9. Refined neutron data for the pyrochlore with nominal calcium content x =
1.0, and the actual formula Bi0.82Ca1.18Sn1.10Sb0.90O6.86.
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Figure 5.10. Refined neutron data for a mixture of the pyrochlore and weberite phases
with nominal calcium content x = 1.5, and the actual formulas Bi0.76Ca1.24Sn1.06Sb0.94O6.85
and Ca2Sb2O7 respectively.
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Table 5.3. Summarized crystallographic data for the structure refinements of the weberite
phase in the sample with the nominal composition Bi0.5Ca1.5Sn0.5Sb1.5O7-y (refined to be
Ca2Sb2O7), where Ca2+ is in the 4a and 4d positions, Sb5+ is in the 4b and 4c positions, O''
is in the 4e position, O''' is in the 8h position, and O* is in the 16j position. All sites are
fully occupied, giving the formula Ca2Sb2O7.
Nominal Calcium
Content, x
a (Å)
b (Å)
c (Å)
Chi2
wRp (%)
O'' (4e) (0, 1/4, z)
O''' (8h) (0, y, z)
O* (16j) (x, y, z)
Ca2+ (4a) (x = y = z)
Ca2+ (4d) (x = y, z)
Sb5+ (4b) (x = y, z)
Sb5+ (4c) (x = y = z)
O'' Uiso (Å2) ×10-2
O''' Uiso (Å2)a ×10-2
O* Uiso (Å2)a ×10-2
Ca2+ (4a) Uiso (Å2) ×10-2
Ca2+ (4d) Uiso (Å2)a ×10-2
Sb5+ (4b/4c) Uiso (Å2) ×10-2
Ca2+ (4a)  O'' (4e) (×2) (Å)
Ca2+ (4a)  O''' (8h) (×2) (Å)
Ca2+ (4a)  O* (16j) (×4) (Å)
Ca2+ (4d)  O''' (8h) (×4) (Å)
Ca2+ (4d)  O* (16j) (×4) (Å)
Sb5+ (4b)  O''' (8h) (×2) (Å)
Sb5+ (4b)  O* (16j) (×4) (Å)
Sb5+ (4c)  O'' (4e) (×2) (Å)
Sb5+ (4c)  O* (16j) (×4) (Å)

1.5
7.307(1)
10.231(1)
7.465(1)
1.56
6.42
0.1498(8)
0.0930(5), 0.7334(7)
0.2079(4), 0.3823(3),
0.4386(4)
0
0.25, 0.75
0, 0.5
0.25
0.70(13)
1.68(26)
1.29(16)
1.35(17)
1.52(40)
0.42(13)
2.7918(23)
2.206(5)
2.4932(30)
2.4356(31)
2.7075(33)
1.985(5)
1.9918(29)
1.9739(22)
1.9775(29)

(a) Anisotropic U values are given in the CIFs.

A single crystal of the weberite Ca2Sb2O7 has been previously made and characterized by
Chelazzi, et al [26], giving similar data to that of the powder neutron diffraction data
refined here. The atomic positions were analogous with the exception of the oxygen sites
4e, 8h and 16j, differing by 0.012Å, 0.041Å, and 0.022Å respectively. The volume of the
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single crystal lattice is 2.8% smaller than the volume of the powder lattice (542.23(9)Å3
and 558.07(3)Å3 respectively). The bond valence sum (BVS) for oxygen in the structure
were calculated for O'', O''' and O* to be 2.05, 1.98 and 2.16, as compared to that of the
single crystal which was found to be 2.11, 2.06 and 2.23 respectively. Other elements have
been substituted into the same formula, Mn2Sb2O7, resulting in a deviation from the
synthetic orthorhombic Ca2Sb2O7 structure, to the cubic or weberite-3T (“rhomboedrically
distorted pyrochlore”) structure [27]. The structure of both of these compounds, as well as
Bi2Sn2O7, greatly depend on the employed synthesis conditions.
In contrast to related compounds such as Bi2Ti2O7, the Bi2-xCaxSn2-xSbxO7-y solid solution
did not show structural distortions [28]. As with other lone pair containing cubic
pyrochlores such as Sn2Nb2O7 [29], bismuth titanate undergoes a static displacement on
the A and O' sites [28]. The lack of structural distortions here are likely due to the more
stoichiometric nature of the pyrochlores.

5.4 Dielectric Properties
All samples in the series Bi2-xCaxM2-xM'xO7 (M = Ti, Hf, Sn; M' = Sb, Nb, Ta) reported in
Table 5.1 include dielectric constants collected at 1 MHz at room temperature, ranging
from 22-98. All materials exhibited low dielectric loss (<0.06), a larger observed dielectric
constant than expected, and temperature and frequency independence, unlike similar
phases such as Li0.38Bi1.62Ti2O6O'0.89, Ca2Nb2O7, and (Bi1.45Ca0.05Zn0.5)(Nb1.5Zn0.5)O7 [3032]. Although there are many compounds that have higher dielectric constants, many of
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these vary with temperature and frequency [33]. The temperature independence for the
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dielectric loss and the dielectric constant at 1 MHz can be seen in Figure 5.11.
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Figure 5.11. (a) The temperature dependence of the dielectric constant and (b) dielectric
loss at 1 MHz for all samples in the series BiCaMM'O7 (M = Sn, Ti, Hf and M'= Sb, Nb,
Ta).

The related CdBiHfTaO7 was reported with a lattice parameter of 10.480Å and a dielectric
constant of 60 [5], where the calcium analogue is reported here with a dielectric constant
of 29, as seen in Table 5.1. The ionic radius of cadmium is smaller than that of calcium
(1.10Å vs 1.12Å respectively [8]), the direct cause for the slightly larger lattice parameter
in the calcium analogue. Cadmium has a higher dielectric polarizability than calcium
(3.40Å3 vs 3.16Å3 respectively) which is likely the cause of the larger dielectric constant.
However, despite the additivity of dielectric polarizability, the difference in polarizability
alone is not enough for the dielectric constant of CdBiHfTaO7 to be so much higher than
that of the calcium material, so it is likely that there is more than ionic and electronic
polarization present in the materials [23]. Other cadmium analogues such as
BiCdFe0.5Sb1.5O7 and BiCdCr0.5Sb1.5O7 show similar dielectric constants of 43 and 28 [34].
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Figure 5.12 shows a schematic of a dielectric material in a parallel plate capacitor, with
pyrochlore and weberite structures, where d is the distance between plates, A is the area of
the plates, E0 is the electric field, and P is the polarization [10].

Figure 5.12. A schematic of a theoretical dielectric material (Pyrochlore and weberite
structures) in a parallel plate capacitor.

5.5 Conclusions
Dielectric properties are reported for the series Bi2-xCaxM2-xM'xO7 (M = Ti, Hf, Sn; M' = Sb,
Nb, Ta) at room temperature and 1 MHz, with low loss <0.06, and dielectric constants from
16-98. All solid solutions show promise for use in electronic devices based on temperature
and frequency independent dielectric properties. The series Bi2-xCaxSn2-xSbxO7-y, was
analyzed via neutron diffraction, where the limit of the solid solution was found to be ~x =
1.28. Until this value, the compounds crystallize in the pyrochlore phase, forming a mixture
of the pyrochlore phase and the Ca2Sb2O7 weberite phase as more calcium is substituted
into the system.
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General Conclusions and Future Work
The synthesis and characterization of many pyrochlore solid solutions were discussed in
this dissertation, for potential application as topological insulators, pigments, and dielectric
materials. Various cations were substituted into the series Bi2-xMxIr2O6+y (M = Ca2+, Co2+
and Cu1+), where the samples were analyzed along with similar phases Ca2Ru2O7 and Bi2xCaxRu2-xIrxO6+y.

Multiple synthesis methods including solid state and hydrothermal

synthesis were employed, giving rise to primarily paramagnetic and metallic materials. The
series Bi2-xCaxIr2O6+y showed a limit of substitution of ~x = 1.0, where calcium shifted from
the ideal position to occupy the higher multiplicity 96g site, and paired with an oxygen
vacancy, occupying both the ideal site and the 96g position with higher calcium
substitution. In single crystals of the related Ca2Ru2O7 calcium was found to occupy the
ideal position. The cobalt containing samples showed a limit of substitution of ~x = 0.5.
The copper containing samples (Bi2-xCuxIr2O6+y) had a limit of substitution of ~x = 0.5, and
with a similar structure and properties to the calcium containing samples. The oxygen sites
were fully occupied, suggesting the presence of Cu1+ in the system. The Bi2-xCaxRu2xIrxO6+y

system showed a limit of substitution of ~x = 1.0. Both the x = 0.5 and 1.0 samples

were paramagnetic.
New orange/red pigments were synthesized from sulfur and fluorine substituted Sn2Nb2O7
pyrochlore materials. All materials had a multitude of stabilized vacancies and distortions
on the A and O' sites, with 119Sn Mössbauer confirmed Sn4+ present in all Sn2+ containing
materials. Sulfur and fluorine content were confirmed through chemical analysis. The
compounds were found to be “cool” pigments, with band gaps from 2.05 to 2.35 eV.
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Bi2-xCaxM2-xM'xO7 (M = Ti, Hf, Sn; M' = Sb, Nb, Ta) materials were synthesized and
characterized to shed light on the dielectric properties and underlying structures. The
materials had dielectric constants ranging from 16-98, with very low dielectric loss, that
were both largely temperature and frequency independent. The quaternary pyrochlores
BiCaMM'O7 showed a linear relationship between the lattice parameters and the ionic radii
of M and M'. Bi2-xCaxSn2-xSbxO7-y was analyzed via neutron diffraction, where the limit of
the solid solution was found to be ~x = 1.3. Beyond this limit, a mixture of pyrochlore and
Ca2Sb2O7 weberite phases formed. The refined formulas for x = 0.5, 1.0, and 1.5 in the Bi2xCaxSn2-xSbxO7-y

series were Bi1.36Ca0.64Sn1.60Sb0.40O6.88, Bi0.82Ca1.18Sn1.10Sb0.90O6.86, and

Bi0.76Ca1.24Sn1.06Sb0.94O6.85 respectively.
The thoughtful substitution of various cations and anions are critical to the rational design
of new compounds for more efficient materials with expanded application. The materials
discussed in this dissertation were both newly designed solid solutions and extensions upon
previously known formulas, showing that the work of a scientist is never finished.
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Appendix A: Additional Solid Solutions

This appendix includes a list of the majority of the samples made for all projects, including
synthesis conditions, the phases present in the X-ray diffraction patterns, the number of
times it was fired, and pertinent comments (Table A.1).

Table A.1. A summary table of the majority of the samples made for this research,
including the unsuccessful experiments.

Sample

Sample
ID

Heat
#

Synthesis Conditions/
Experiment

Heated
Powder
Color

Sn2TiTaO6F

GG1-1C

1

Sealed Tube, 700˚C, 12Hr

Grey/Orange
Light
Yellow/
Orange
Light
Yellow/
Orange

XRD Phase
ID
Sn2(Ta2O7)
Almost Pure
Sn2TiNbO6F
(TiO2)
Almost Pure

Hardly any difference from 1st
heating XRD pattern, 3B had
better color

Sn2TiNbO6F
Almost Pure

Lighter, but more vibrant than
the F compound

Sn2TiNbO6Cl

GG1-4C

1

Sealed Tube, 750˚C, 24Hr

Sn2TiTaO6Cl

GG1-4D

1

Sealed Tube, 750˚C, 24Hr

Sn2Ta2O7

GG1-6A

1

Sealed Tube, 700˚C, 12Hr

White

Sn2(Ta2O7)
Almost Pure

Sn2Nb2O7

GG1-6B

1

Sealed Tube, 700˚C, 12Hr

Light Orange

Sn2(Ta2O7)
Nearly Pure

Sn2TiNb0.5Ta0.5O6F

GG1-12C

1

Sealed Tube, 650˚C, 12Hr

Orange/
Mustard
Orange

Sn2Nb0.5W0.5O6F

GG1-12E

1

Sealed Tube, 650˚C, 12Hr

Brown

Sealed Tube, 750˚C, 12Hr

Dark Mossy/
Green

Sn2Nb1.8W0.2O7

GG1-14C

1

Comments

Sn2TiNbO6F,
Sn2Nb2O7,
almost pure
Sn2Nb2O7,
Impurities
Sn2Nb2O7,
Almost Pure

Sn2TiNbO6F

GG1-15A

1

Microwave Heating

Light Orange

Sn1.59Nb1.84O
6.35, Almost
Pure

Sn2Ti0.8Fe0.2W0.2Nb0.8
O6F

GG1-16A

1

Sealed Tube, 700˚C, 12Hr

Red/ Purple/
Brown

NbO0.76, with
impurities

Sn2FeWO6F

GG1-16C

1

Sealed Tube, 700˚C, 12Hr

Mossy
Green/ Grey

NbO0.76,
impure

Sn2CrWO6F

GG1-18A

1

Sealed Tube, 800˚C, 12Hr

Light Brown

Impure

Sn2CrWO6F

GG1-19D

1

Sealed Tube, 700˚C,
quenched, 12Hr

Dark Brown/
Purple

Sn2TiNbO6F,
Nearly Pure

Powder was light orange

The pellet did not hold its
shape through heating; it was a
powder when pulled from the
oven
The outside and inside of the
pellet were both the light
orange color
The color seemed to be a
mixture of samples 12A and
12B
The pellet was black
The pellet was black
The pellet had a light grey
tinge to the orange color,
powder was slightly browner
than sample 2C
The raw pellet was red due to
the Fe2O3 starting material, the
heated pellet was purple, and
the powder looked like red dirt
The pellet was multicolored
and light green and there was a
white crust along the bottom of
the quartz tube
Sample was oxidized, and so
raw Sn2CrWO6F was rerun as
sample 18D under the same
parameters; Pellet was very
hard, and brown/black with a
light green rim
Pellet was cleaned of outer
light green layer; this removed
SiO2 impurity peak; sample
was quenched
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Sn2GaWO6F

GG1-20A

1

Sealed Tube, 700˚C, 12Hr

Dark Brown

Impure

Sn2AlWO6F

GG1-20B

1

Sealed Tube, 700˚C, 12Hr

Brown

Impure

Sn2InWO6F

GG1-20C

1

Sealed Tube, 700˚C, 12Hr

Brown

Impure

Sn2ScWO6F

GG1-21A

1

Sealed Tube, 700˚C, 12Hr

Light Brown

Impure

Sn2MnWO6F

GG1-21B

1

Sealed Tube, 700˚C, 12Hr

Light Grey/
White

Impure

Sn2TiWO7

GG1-21C

1

Sealed Tube, 700˚C, 12Hr

Dark Purple/
Orange

Sn2TiNbO6F,
Almost Pure

Sn2ZrWO7

GG1-21D

1

Sealed Tube, 700˚C, 12Hr

Dark Grey

Impure

Melted slightly to the tube;
Pellet was dark green with a
yellow center
Melted slightly to the tube; the
pellet was yellow on top but
black on bottom
Melted slightly to the tube;
Pellet was light orange
Melted to the tube; Pellet was
orange on top, with black spots
on bottom
Small amount of white on
tube; Pellet was light grey
Pellet was very dark purple;
when ground, there was a deep
orange color
Pellet was light grey
Completely melted to the
quartz tube; pellet was purple/
red/ black, and the surrounding
tube was orange
Melted to the tube; Pellet was
grey with an orange section on
bottom

Sn2HfWO7

GG1-21E

1

Sealed Tube, 700˚C, 12Hr

Orange/ Rust

Impure

Sn2GeWO7

GG1-22A

1

Sealed Tube, 700˚C, 12Hr

Light Brown/
Orange

Impure

Sn2SnWO7

GG1-22B

1

Sealed Tube, 700˚C, 12Hr

Dark Grey

Impure

Pellet was light Grey
The pellet was soft, and it was
the same color as the powder
The pellet was dark grey

YSnCrNbO6F

GG1-26A

1

Sealed Tube, 700˚C, 12Hr

Light/ Lime
Green

Possible
Sn2TiNbO6F;
w/I

YSnCrWO7

GG1-26B

1

Sealed Tube, 700˚C, 12Hr

Dark Grey/
Brown

Impure

Sn2Ti0.8Cr0.2WO6.8F0.2

GG1-27B

1

Sealed Tube, 700˚C, 12Hr

Dark Purple/
Orange

Sn2TiNbO6F,
Nearly Pure

Sn2Ti0.5Cr0.5WO6.5F0.5

GG1-31A

1

Sealed, Boat, 700˚C, 12Hr

Dark Purple/
Orange

Sn2TiNbO6F

Y0.5Sn1.5Cr0.5Ti0.5Nb
O6F

GG1-32A

1

Sealed Tube, 800˚C, 12Hr

Mustard/
Gold/ Orange

Sn2TiNbO6F,
w/I (SnO2?)

GG1-33A

1

Sealed, Boat, 700˚C, 12Hr

Dark Purple/
Orange

YSnCrNbO6F

GG1-29B

3

Sealed Tube, 800˚C, 12Hr

Light/ Lime
Green

Sn2Ti0.8Cr0.2WO6.8F0.2

GG1-34B

1

Sealed, Boat, 700˚C, 12Hr

Dark Purple/
Orange

Sn2TiNbO6F,
Almost Pure
Shifted
Sn2TiNbO6F
w/I
Sn2TiNbO6F,
Almost Pure
(SiO2?)

Sn2Ti0.2Cr0.8WO6.2F0.8

GG1-34C

1

Sealed, Boat, 700˚C, 12Hr

Dark Brown/
Purple/
Orange

Sn2TiNbO6F

YSnCrNbO6F

GG1-37A

2

Sealed Tube, 850˚C, 12Hr

Light Forest
Green

Sn2TiNbO6F,
Impure

Sn2Ti0.5Al0.5WO6.5F0.5

GG1-40A

1

Sealed Tube, 700˚C, 12Hr

Dark Purple

Sn2Ti0.5In0.5WO6.5F0.5

GG1-40B

1

Sealed Tube, 700˚C, 12Hr

Dark Purple

Sn2Ti0.5Sc0.5WO6.5F0.5

GG1-41A

1

Sealed Tube, 700˚C, 12Hr

Dark Brown

GG1-41B

1

Sealed Tube, 700˚C, 12Hr

Brown/ Red

GG1-42A

1

Sealed Tube, 700˚C, 12Hr

Dark Brown/
Orange/ Rust

Sn2Ti0.5Ga0.5WO6.5F0.5

Sn2Ti0.5Mn0.5WO6.5F0.5

Sn2Ti0.5Sc0.5WO6.5F0.5

Sn2TiNbO6F,
SnO, SiO2,
Al2TiO5,
Impure
Sn2TiNbO6F,
In2O3, SnO,
SnWO4,
SiO2, Impure
Sn2TiNbO6F,
SiO2, (TiO
?), Almost
Pure
Sn2TiNbO6F,
Impure
Sn2TiNbO6F,
TiO, SnWO4,
w/I

The pellet was dark purple,
and there was a white crust
inside the tube
Pellet was heated on a crucible
in a quartz tube, and cleaned;
pellet stuck to crucible; pellet
was light grey
Pellet expanded on baking,
intense crust along inside of
tube; outer layer of light
grey/orange pellet removed
Pellet was grey/purple, and
cleaned
Pellet was soft and same color
as powder and second heating
Slightly lighter Purple pellet
expanded on heating, stuck to
boat; outside was cleaned
Light green/ grey pellet with
crust, expanded on heating,
stuck to boat
Tube was completely green on
the inside, pellet came out with
no issue; tube looked slightly
melted;
Pellet was light forest green
Expanded on heating, pellet
was brown with a light yellow
brown top and bottom of pellet
Expanded on heating; Pellet
was a lighter purple

Expanded on heating; pellet
was lighter purple
Expanded on heating; Pellet
was light grey/ yellow
Pellet expanded on heating and
was light grey/ brown; Pellet
was cleaned
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Sn2Ti0.5Cr0.5NbO5.5F1.5

Sn2Ti0.5Ga0.5NbO5.5F1.5

Sn2Ti0.5Sc0.5NbO5.5F1.5

Sn2Ti0.5Sc0.5WO6.5F0.5

GG1-43A

1

Sealed Tube, 700˚C, 12Hr

Mustard/
Brown

GG1-43B

1

Sealed Tube, 700˚C, 12Hr

BRIGHT
Orange

GG1-44A

1

Sealed Tube, 700˚C, 12Hr

Mustard

GG1-46A

2

Sealed Tube, 750˚C, 12Hr

Brown/ Red

Sn2TiNbO6F,
Cr2O2.4, w/I

Sn2TiNbO6F,
GaF3
Sn2TiNbO6F,
Sn, SiO2
Sn2TiNbO6F,
TiO, SnWO4,
w/I (slightly
better)

GG1-45A

2

Sealed Tube, 750˚C, 12Hr

Mustard
Brown

Sn2TiNbO6F,
Cr2O2.4, w/I,
SiO2, better
than 1

GG1-45B

2

Sealed Tube, 750˚C, 12Hr

Bright
Orange

Sn2TiNbO6F,
GaF3, SiO2,
better than 1

GG1-45C

2

Sealed Tube, 750˚C, 12Hr

Mustard/
Orange

Sn2TiNbO6F,
Sn, SiO2,
nearly the
same

GG1-47A

1

Sealed Tube, 700˚C, 12Hr

Bright
Orange

Sn2TiNbO6F,
Ga2O3

GG1-47B

1

Sealed Tube, 700˚C, 12Hr

Bright
Orange

Sn2TiNbO6F,
SnF2

GG1-48A

1

Sealed Tube, 700˚C, 12Hr

Bright
Orange

Sn2TiNbO6F,
SnO2

GG1-48B

1

Sealed Tube, 700˚C, 12Hr

Orange/ Red

Sn2TiNbO6F,
SnO, SnF2

GG1-49A

1

Sealed Tube, 700˚C, 12Hr

Bright
Orange

Sn2TiNbO6F,
MnF2, w/I

GG1-49B

1

Sealed Tube, 700˚C, 12Hr

Brown

Sn2TiNbO6F,
SnO2, w/I

GG1-51A

1

Sealed Tube, 700˚C, 12Hr

Mustard
Green

Sn2TiNbO6F,
Nearly Pure

GG1-51B

1

Sealed Tube, 700˚C, 12Hr

Bright
Orange

Sn2TiNbO6F,
Almost Pure

GG1-52A

1

Sealed Tube, 700˚C, 12Hr

Mustard

Sn2TiNbO6F,
Impure

GG1-54A

1

Sealed Tube, 700˚C, 12Hr

Dark Purple/
Orange

Sn2TiNbO6F,
Almost Pure

GG1-54B

1

Sealed Tube, 700˚C, 12Hr

Dark Purple/
Orange

Sn2TiNbO6F,
SiO2

Sn2TiNbO6Cl0.5F0.5

GG1-55A

1

Sealed Tube, 700˚C, 12Hr

Dark Orange/
Red

Sn2TiNbO6F,
w/ small
impurities

Sn1.5Bi0.5Ti0.5In0.5Nb
O6.5F0.5

GG1-56A

1

Sealed Tube, 700˚C, 12Hr

Dark Green/
Grey

Impure

SnBiInNbO6F

GG1-56B

1

Sealed Tube, 700˚C, 12Hr

Dark Grey

Impure

Dark Orange/
Red

Sn2TiNbO6F,
SiO2, w/
small
Impurities

Sn2Ti0.5Cr0.5NbO5.5F1.5

Sn2Ti0.5Ga0.5NbO5.5F1.5

Sn2Ti0.5Sc0.5NbO5.5F1.5
Sn2Ti0.7Ga0.3NbO5.7F1.3

Sn2Ti0.3Ga0.7NbO5.3F1.7

Sn2Ti0.5Al0.5NbO5.5F1.5

Sn2Ti0.5In0.5NbO5.5F1.5

Sn2Ti0.5Mn0.5NbO5.5F1.5

Sn2Ti0.5Fe0.5NbO5.5F1.5

Sn2Ti0.5Cr0.5TaO5.5F1.5

Sn2Ti0.5Ga0.5TaO5.5F1.5

Sn2Ti0.5Sc0.5TaO5.5F1.5

Sn2TiNb0.5W0.5O6.5F0.
5

Sn2TiTa0.5W0.5O6.5F0.
5

Sn2TiNbO6Cl0.5F0.5

GG1-59A

1

Sealed Tube, 800˚C, 12Hr

Pellet was extremely hard after
heating and was light grey;
outer layer was cleaned off,
and pellet was marbled brown
and mustard inside
Pellet was covered in a white
“sheen”, and pellet was
cleaned
Pellet was light grey and
cleaned
Pellet was Brown, inside was
brown/ red; was very hard; and
it was lightly cleaned
Outside of pellet was light
grey, inside was brown; pellet
split down the long center
showing black looking
crystals; inside of tube covered
in white
The white/ orange pellet and
the quartz tube were covered in
white; pellet could not be
cleaned
Pellet was grey on bottom and
orange on top; pellet was
cleaned
Pellet was white/ orange;
inside of tube was white and
powdery on the bottom
Pellet was white/ orange;
inside of tube had a white
sheen on bottom
Pellet was white/ orange; some
residue seen on inside of tube;
Pellet cleaned
Pellet was grey and expanded
on heating; residue in tube;
pellet cleaned
Pellet was white/ orange and
cleaned
Pellet was grey and expanded
on heating; residue in tube;
Pellet cleaned
Pellet was grey and stuck to
the tube, with white lining the
bottom in a crust; outside of
pellet was cleaned
Pellet was white with white on
the inside of the tube; outside
of pellet was cleaned
Pellet was Dark Grey, and
cleaned
Dark purple pellet; cleaned;
marbled dark purple/orange
inside; stuck to tube slightly
and expanded on heating
Pellet was dark purple and
extremely hard; slightly
cleaned; slight white crust on
inside of tube
Orange/ red pellet; inside of
tube had white crust; end of
tube seemed to be crystallized;
inside of pellet was darker and
extremely soft
Pellet was hard and dark green/
grey; slightly cleaned
Pellet was extremely hard and
Grey; slightly cleaned
Darker pellet than 55A;
Orange/ red; quartz looked
slightly crystallized; still very
soft
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Sn2Ti2O5F2

GG1-60A

1

Sealed Tube, 700˚C, 12Hr

Dark Grey

Impure

Sn2NbZrO6F

GG1-61A

1

Sealed Tube, 700˚C, 12Hr

Mustard
Yellow

Sn2TiNbO6F,
SiO2, Sn, w/I

Sn2NbHfO6F

GG1-61B

1

Sealed Tube, 700˚C, 12Hr

Light
Mustard
Yellow

Sn2TiNbO6F,
Sn, HfSn,
SiO2, w/I

Sn2NbGeO6F

GG1-61C

1

Sealed Tube, 700˚C, 12Hr

Mustard
Yellow

Sn2TiNbO6F,
w/I

Sn2NbSnO6F

GG1-62A

1

Sealed Tube, 700˚C, 12Hr

Mustard
Yellow

Sn2TiNbO6F,
SnO, Sn,
SiO2, w/I

Sn2NbAlO5F2

GG1-63A

1

Sealed Tube, 700˚C, 12Hr

Mustard
Yellow

Sn2TiNbO6F,
Sn?, Almost
pure

Sn2NbCrO5F2

GG1-63B

1

Sealed Tube, 700˚C, 12Hr

Dark Green/
Mustard

Sn2TiNbO6F,
SnF2

Sn2NbGaO5F2

GG1-63C

1

Sealed Tube, 700˚C, 12Hr

Light Orange

Sn2NbScO5F2

GG1-64A

1

Sealed Tube, 700˚C, 12Hr

Mustard
Yellow

Sn2NbAlO5F2

GG1-67A

2

Sealed Tube, 750˚C, 12Hr

Mustard
Yellow

Sn2TaAlO5F2

GG1-68A

1

Sealed Tube, 700˚C, 12Hr

Light
Yellow/
Green

Cd2Ti2O5F2

GG1-69A

1

Pt boat & cover, 600˚C,
12Hr

Light Brown

-

Cd2Ti2O5F2

GG1-69B

1

Pt boat & cover, 600˚C,
12Hr

Light Brown

-

Cd2Ti2O5F2

GG1-72A

2

Pt boat &cover, 1000˚C,
12Hr

Pink/ White

Cd2Ti2O5F2

GG1-72B

2

Pt boat &cover, 1000˚C,
12Hr

Pink/ White

Cd2Ti2O5F2

GG1-72C

1

Sealed Tube, 800˚C, 12Hr

White

Cd2Ti2O5F2

GG1-72D

2

Sealed Tube, 700˚C, 12Hr

White

Sn2TiNbO6Cl0.2F0.8

GG1-70A

1

Sealed Tube, 700˚C, 12Hr

Dark Orange

Sn2TiNbO6F,
Almost Pure

Sn2TiNbO6Cl0.4F0.6

GG1-70B

1

Sealed Tube, 700˚C, 12Hr

Dark Orange

Sn2TiNbO6F,
Almost Pure

Sn2TiNbO6Cl0.5F0.5

GG1-70C

1

Sealed Tube, 700˚C, 12Hr

Dark Orange

Sn2TiNbO6F,
Almost Pure

Sn2TiNbO6Cl0.6F0.4

GG1-71A

1

Sealed Tube, 700˚C, 12Hr

Orange

Sn2TiNbO6F,
Almost Pure

Sn2TiNbO6F,
SnF2, Ga2O3,
Sn, w/I
Sn2TiNbO6F,
SiO2, Sn,
SnO2, w/I
Sn2TiNbO6F,
Sn, SiO2,
Almost Pure
Sn2TiNbO6F,
Al2O3, Sn,
Al, SnO,
Kind of Pure

No Major
Phase; CdO,
Ti2O3, etc.
No Major
Phase; CdO,
Ti2O3, etc.
Cd2Ti2O5F2,
with
impurities
Cd2Ti2O5F2,
TiO2,
CdTiO3,
With
Impurities

Pellet melted slightly on tube
sealing, and completely melted
on heating; white crust along
tube; pellet was white/ grey
and very hard
Pellet was white; white crust
on inside of tube; pellet was
cleaned; outer layer was like
shell; inner pellet was mustard
Pellet was stuck to tube
slightly and white; white crust
on tube; outside layer popped
off; light mustard inner pellet
Brown/ light purple pellet;
very hard; slightly cleaned;
inside was yellow
White pellet was slightly stuck
to tube; white crust; pellet was
cleaned; soft mustard yellow
inner pellet
White pellet expanded on
heating; cleaned; softer yellow
inner pellet
White, hard, pellet slightly
stuck to the tube; soft green
inner pellet
Hard, white pellet; cleaned;
light orange inner pellet
Dark Grey pellet; cleaned;
mustard yellow inner pellet
Dark grey pellet; cleaned;
powder was darker than first
heating
White/grey pellet peeled off
like shell when cleaned; soft
pellet
Pellet was hard and was an
intermediate step for a second
heating; 3 ingredients
Pellet was hard and was an
intermediate step for a second
heating; 2 ingredients; sample
69A and B were the same
color after the first heating
(different raw)
The pellet was the same color
as the powder and extremely
hard
The pellet was the same color
as the powder and extremely
hard
Sample 69A was remade with
new CdF2; Pellet was
extremely hard

Pellet was very hard and white

Dark orange pellet was
cleaned; very soft; did not stick
to tube
Dark orange pellet had a
slightly harder outer crust; still
soft
Lighter orange pellet showed
soft, dark orange inner pellet
and powder
Lighter orange pellet showed a
softer inner orange powder and
pellet
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Sn2TiNbO6Cl0.8F0.2

GG1-71B

1

Sealed Tube, 700˚C, 12Hr

Light Orange

Sn2Ti1.2Nb0.8O5.8F1.2

GG1-74A

1

Sealed Tube, 700˚C, 12Hr

Light Orange

Sn2Ti1.5Nb0.5O5.5F1.5

GG1-74B

1

Sealed Tube, 700˚C, 12Hr

Orange

SnWO4

GG1-76B

1

Sealed Tube, 600˚C, 12Hr

Purple/
Orange

Sn2TiNbO6F,
Almost Pure
Sn2TiNbO6F,
TiO, SiO2
Sn2TiNbO6F,
TiO, SiO2,
TiO2, With
Impurities

Lightest orange pellet was also
hardest, with a light orange
powder as well
Pellet was soft grey/ orange;
pellet was cleaned
Pellet was white/ orange; was
cleaned; soft powder

SnWO4

Pellet was dark purple
Pellet was brittle charcoal
grey; shiny outer layer on
quartz tube

Sn2Mn2F6S

GG1-79A

1

Sealed Tube, 700˚C, 12Hr

Charcoal
Grey

Impure

Sn2Cu2F6S

GG1-79B

1

Sealed Tube, 700˚C, 12Hr

Dark Grey

Impure

Pellet was brittle dark grey
Pellet was grey and stuck to
tube; melted pellet was soft
and brittle
Pellet was melted to tube;
pieces were very soft and
multicolored grey/ purple.

Sn2Zn2F6S

GG1-79C

1

Sealed Tube, 700˚C, 12Hr

Light Grey

Impure

Sn2Co2F6S

GG1-80A

1

Sealed Tube, 700˚C, 12Hr

Light Grey/
Purple

CoF2, SnS,
Impure

Sn2Ta2O6S

GG1-81A

1

Sealed Tube, 700˚C, 12Hr

Moss Green

Sn2TiNbO6F,
SnO2, Ta2O5,
With
Impurities

Pellet was soft and moss green

Sn2Nb2O6S

GG1-81B

1

Sealed Tube, 700˚C, 12Hr

Orange/
Mustard

Impure

Pellet was orange/ mustard, or
golden brown

Cd1.5Sn0.5Ti2O5F2

GG1-82A

1

Sealed Tube, 700˚C, 12Hr

Orange/
Mustard

CdSnTi2O5F2

GG1-82B

1

Sealed Tube, 700˚C, 12Hr

Orange

NaSnTiWO6F

GG1-83A

1

Sealed Tube, 700˚C, 12Hr

Purple/
Brown/ Red

Sn2TiNbO6Cl0.8F0.2

GG1-84A

1

Acid Wash

Light Orange

Sn2TiNbO6Cl0.8F0.2

GG1-86B

1

Acid Rinse, 50% HCl

Light Orange

Sn2TiNbO6Cl0.8F0.2

GG1-86C

1

Acid Rinse, 50% HNO3

Light Orange

Sn2TiNbO6Cl0.8F0.2

GG1-86D

1

Acid Rinse, 50% H2SO4

Light Orange

Sn2TiNbO6F,
Cd2Ti2NbO6F
, With
Impurities
Sn2TiNbO6F,
Cd2Ti2NbO6F
, With
Impurities
Sn2TiNbO6F,
With
Impurities
Sn2TiNbO6F,
With Greater
Impurities
Sn2TiNbO6F,
With
Impurities
Sn2TiNbO6F,
With
Impurities
Sn2TiNbO6F,
With
Impurities

Sn2Nb1.2Ti0.8O6.2Cl0.8

GG1-89A

1

Sealed Tube, 700˚C, 12Hr

Light Orange

Sn2TiNbO6F,
With
Impurities

Sn2Nb1.4Ti0.6O6.4Cl0.6

GG1-89B

1

Sealed Tube, 700˚C, 12Hr

Light Orange

Sn2TiNbO6F,
With
Impurities

Sn2Nb1.6Ti0.4O6.6Cl0.4

GG1-89C

1

Sealed Tube, 700˚C, 12Hr

Light Orange

Sn2TiNbO6F,
almost pure

Sn2Nb1.8Ti0.2O6.8Cl0.2

GG1-90A

1

Sealed Tube, 700˚C, 12Hr

Light Orange

Sn2TiNbO6F,
almost pure

Sn2TiNbO6Cl

GG1-91A

1

Sealed Tube, 700˚C, 12Hr

Light Orange

Sn2Nb1.2Ti0.8O6.2F0.8

GG1-92A

1

Sealed Tube, 700˚C, 12Hr

Dark orange

Sn2TiNbO6F,
With
Impurities
Sn2TiNbO6F,
almost pure

Pellet was extremely hard and
orange

Pellet was Orange and very
hard
Pellet was Light purple,
cleaned and slightly hard
Some 77B powder was in an
acid wash for ~2 hours; pattern
was worse
No notable difference in x-ray
pattern
No notable difference in x-ray
pattern
No notable difference in x-ray
pattern
Pellet was soft and cleaned;
peak just before major phase
decreased with decreasing
chlorine; increased in softness
with increasing oxygen
Pellet was soft and cleaned;
peak just before major phase
decreased with decreasing
chlorine; increased in softness
with increasing oxygen
Pellet was soft and cleaned;
peak just before major phase
decreased with decreasing
chlorine; increased in softness
with increasing oxygen
Pellet was soft and cleaned;
peak just before major phase
decreased with decreasing
chlorine; increased in softness
with increasing oxygen
Sample was made with 0.05
excess SnCl2; pellet was hard;
no changes in XRD
Samples were harder pellets;
color was darker with higher F
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content; Impurity peaks
resulted with less F content
Samples were harder pellets;
color was darker with higher F
content; Impurity peaks
resulted with less F content
Samples were harder pellets;
color was darker with less F
content
Samples were harder pellets;
color was darker with higher F
content; Impurity peaks
resulted with less F content
Sample 92A was reheated to
250˚C to see if the red color
returned upon heating to that
temp. (It did not)
From 99A, Similar color;
mimicking TGA analysis in
Air
From 100D, Darker color;
showed decomposition
From 65A, Darker color; no
visible decomposition from
65A
From 88C, Bright yellow
color; showed similar
decomposition
From 65A, Darker color;
Decomposition
From 88C, Bright yellow
color; showed decomposition,
similar to 400C
Sample did not react well to
mixing with acetone; Pellet
was cleaned
Sample did not react well to
mixing with acetone; SnI2 was
Impure and had decomposed to
SnI4 before use; pellet was
cleaned

Sn2Nb1.4Ti0.6O6.4F0.6

GG1-92B

1

Sealed Tube, 700˚C, 12Hr

Orange

Sn2TiNbO6F,
almost pure

Sn2Nb1.6Ti0.4O6.6F0.4

GG1-92C

1

Sealed Tube, 700˚C, 12Hr

Orange

Sn2TiNbO6F,
With
Impurities

Sn2Nb1.8Ti0.2O6.8F0.2

GG1-93A

1

Sealed Tube, 700˚C, 12Hr

Light Orange

Sn2TiNbO6F,
With
Impurities

Sn2Nb1.2Ti0.8O6.2F0.8

GG1-93B

2

Sealed Tube, 250˚C, 12Hr

Light Orange

Sn2TiNbO6F,
With
Impurities

Sn2TiNbO6F

GG1105A

2

Air, 300˚C, 2Hr

Orange

Sn2TiNbO6F,
Impure

Sn2TiNbO6Cl

GG1105B

2

Air, 300˚C, 2Hr

Orange

Sn2TiNbO6F,
Impure

Sn2TiNbO6F

GG1105C

2

Air, 400˚C, 2Hr

Dark Orange

Sn2TiNbO6F,
Impure

Sn2TiNbO6Cl

GG1105D

2

Air, 400˚C, 2Hr

Bright
Yellow

Sn2TiNbO6F,
Impure

Sn2TiNbO6F

GG1107A

2

Air, 500˚C, 2Hr

Dark Brown/
Green

Sn2TiNbO6F,
Impure

Sn2TiNbO6Cl

GG1107B

2

Air, 500˚C, 2Hr

Light Yellow

Sn2TiNbO6F,
Impure

Sn2TiNbO6Br

GG1109A

1

Sealed Tube, 700˚C, 12Hr

Orange

Sn2TiNbO6F,
TiO2

Sn2TiNbO6I

GG1110A

1

Sealed Tube, 700˚C, 12Hr

Orange

Sn2TiNbO6F,
Impure

1

Sealed Tube, 700˚C, 12Hr

Red/ Brown

Sn2TiNbO6F,
w/I

Pellet was cleaned

1

Sealed Tube, 700˚C, 12Hr

Grey

Impure

Pellet was cleaned

1

Sealed Tube, 700˚C, 12Hr

Green/ Grey

Impure

Pellet was cleaned

Sn2TiNbO6F,
w/I

Pellet was cleaned; XRD did
not improve; color was slightly
darker

Sn2(Ti1.5W0.5)O6.5
Sn2(Sn1.5W0.5)O6.5
Sn2(Zr1.5W0.5)O6.5

GG1111A
GG1111B
GG1111C

Sn2(Ti1.5W0.5)O6.5

GG1112A

2

Sealed Tube, 750˚C, 12Hr

Red/ Brown

Sn2TiNbO6.5

GG1113A

1

Sealed Tube, 700˚C, 12Hr

Yellow

Sn1.5TiNbO6

GG1114A

1

Sealed Tube, 700˚C, 12Hr

Burnt Light
Orange

1

Sealed Tube, 600˚C, 12Hr

Burnt Orange

1

Sealed Tube, 800˚C, 12Hr

1

Sealed Tube, 700˚C, 12Hr

1

Sealed Tube, 700˚C, 12Hr

Bright
Orange
Bright
Orange
Dark Purple/
Red

1

Sealed Tube, 700˚C, 12Hr

Brown

-

Internal Std

-

Sn2TiNbO6Br
Sn2TiNbO6Br
Sn2TiNbO6Cl0.6Br0.4
Sn1.4Sn0.19Ti1.06W0.75
O6.15
Sn2Sn0.25W1.22Sc0.53O
6.96

Sn2TiNbO6Cl0.6Br0.4

GG1116B
GG1116C
GG1117A
GG1118A
GG1118B
GG1120A

Sn2ZnWO5F2

GG1124A

1

Sealed Tube, 700˚C, 12Hr

Dark Green

Sn2MgWO5F2

GG1124B

1

Sealed Tube, 700˚C, 12Hr

Brown

Sn2TiNbO6F,
Sn, SnO2,
TiO2, w/I
Sn2Nb2O7,
Sn, TiO2,
SnO2, w/I
Sn2TiNbO6F,
TiO2
Sn2TiNbO6F,
TiO2
Sn2TiNbO6F,
TiO2
Sn2TiNbO6F,
w/I
Sn2TiNbO6F,
Sc, WO3, w/I
Sn2TiNbO6F,
TiO2
ZnWO4,
SnWO4,
WO3, SnO2,
ZnxWO3,
WO3-x
SnWO4,
SnO2

Pellet was extremely soft, and
could not be cleaned
Pellet was cleaned and soft
Pellet was cleaned, no
significant XRD change
Pellet was cleaned, no
significant XRD change
Pellet was cleaned, Internal std
performed
Repeating Hiroshi’s samples
Repeating Hiroshi’s samples
a=10.549236Å

Pellet melted (charred), black
and crumbly
Pellet melted; bottom stuck to
tube; dark green/black pellet
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Sn2TiNbO6F,
TiO2, Sn,
SnO2
Sn2TiNbO6F,
TiO2,
MgNb2O6

CaSnTiNbO6F

GG1125A

1

Sealed Tube, 700˚C, 12Hr

Pastel
Orange

MgSnTiNbO6F

GG1125B

1

Sealed Tube, 700˚C, 12Hr

Pastel
Orange

Sn2ZrNbO6Cl

GG1126A

1

Sealed Tube, 700˚C, 12Hr

Yellow

Cd2TiNbO6Cl

GG1127A

1

Sealed Tube, 700˚C, 12Hr

White

Sn2Ti1.5W0.5O6.5

GG1128A

1

CO2 Tube Furnace,
700˚C, 12Hr

Grey/ Purple

Sn2TiNbO6Cl

GG1135A

1

TGA-MS, 1000˚C

Orange

Sn2TiNbO6F,
TiO2

Sn2TiNbO6Cl

GG1135B

1

TGA-MS, 1198˚C

Brown/
Black

Sn2TiNbO6F,
TiO2

Sn2TiNbO6Cl

GG1135C

1

TGA-MS, 1198˚C

Brown/
Black

Sn2TiNbO6F,
TiO2,
Decomp

Sn2Nb2O7

GG1108A

1

FTIR

-

-

Sn2TiNbO6Cl

GG1-88C

1

FTIR

-

-

Sn2TiNbO6Cl

GG1129A

2

FTIR

-

-

Sn2TiNbO6F

GG1-65A

1

FTIR

-

-

Sn2TiNbO6F Flux

GG1142A

1

Sealed Tube, 500˚C, 12Hr

Dark orange

Sn2TiNbO6F,
SnF2, SiO2

Sn2TiNbO6Cl Flux

GG1142B

1

Sealed Tube, 500˚C, 12Hr

Dull Yellow

Impure

Sn2TiNbO6F

GG1-65A

1

3M NaOH Wash

Dark Orange

Sn2TiNbO6F,
SiO2

Sn0.5Nb2O5F

GG1144C

1

Sealed Tube, 700˚C, 12Hr

Pastel
Yellow/
Orange

Sn0.5Nb2O5F

GG1145A

1

Sealed Tube, 700˚C, 12Hr

Light
Mustard/
Yellow

KNb2O5F

GG1145B

2

RbNb2O5F

GG1145C

2

Sn2TiNbO6F Flux 3x

GG1146B

1

Sn2TiNbO6F Flux 3x

GG1146C

Sn2TiNbO6F Flux 4x
Sn2TiNbO6F Flux 5x
Sn2TiNbO6F Flux 6x

GG1146D
GG1147A
GG1147B

Air powder 600˚C 12Hr,
then Air pellet 875˚C,
10Hr
Air powder 600˚C 12Hr,
then Air pellet 875˚C,
10Hr

Sn2TiNbO6F,
ZrCl4
Cd2TiNbO6F,
CdTiO3,
CdCl2
Sn2TiNbO6F,
TiO2, WO3

Impure;
K6Nb10.8O30,
Nb2O5,
KNbO3,
K3NbO8,
SnF4
Impure; Sn,
SnNb2O6,
SnO2,
Sn2TiNbO6F

White

KNb2O5F,
Nearly Pure

White,
Yellow Tinge

RbNb2O5F,
Rb4(O2)2O2,
RbF, w/I

Sealed Tube, 400˚C, 12Hr

Dark Orange

Sn2TiNbO6F,
SnF2

1

Sealed Tube, 600˚C, 12Hr

Dark Orange

Sn2TiNbO6F,
SnF2, SiO2

1

Sealed Tube, 500˚C, 12Hr

Dark Orange

1

Sealed Tube, 500˚C, 12Hr

Orange

1

Sealed Tube, 500˚C, 12Hr

Orange

Sn2TiNbO6F,
SnF2, SiO2
Sn2TiNbO6F,
SnF2, SiO2
Sn2TiNbO6F,
SnF2, SiO2

Pellet was soft; 125A was
slightly brighter than 125B
Pellet was soft
Pellet was soft and yellow,
with a white crust along the
inside of the tube
Pellet was white; slightly soft;
does not form in pure phase
Pellet was flaky and grey with
a reddish center
Sample was run searching for
Cl2 mass; from 88C; did not
change color or XRD
Sample was run to a higher
temp in the same fashion as
135A; From 88C; slightly
more dirty XRD
Sample was run to a higher
temp, with a 30min lag time at
1198C; screen shots of bar
graph were taken; from 88C;
Sample had VERY low
intensity and looked to have
decomposed

An overlay of all plots show
that they all look relatively
similar

Pellet was bright RED, and
very hard; white ring around
the pellet in the tube; water
wash removed SnF2 impurity
Dull yellow pellet;
condensation on one end of
tube; water wash made pattern
slightly worse
The wash didn’t get rid of the
SiO2, but it did make the
pattern look slightly better; no
color change

Pellet was extremely hard; not
cleaned

Pellet was extremely hard; not
cleaned
Sample was prepared with a
nearly pure X-ray pattern;
pellet was hard
Sample might not have
formed; might need a higher
temp; pellet was hard
Pellet was Hard and bright red;
powder was slightly darker
than 65A
Pellet was hard and bright red;
powder was slightly darker
than 65A
Pellet was hard and red;
powder was lighter than 146B
Pellet was hard and red;
powder was lighter than 146D
Pellet was hard and red;
powder was lighter than 147A;
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Sn2TiNbO6F 6x Shell

GG1147C

1

Sealed Tube, 500˚C, 12Hr

Orange

Sn2TiNbO6F,
SnF2, SiO2

Sn2Ti2O5F2

GG1148A

1

Sealed Tube, 500˚C, 12Hr

Grey

Impure

1

Sealed Tube, 700˚C, 12Hr

Dull Yellow

Impure

1

Sealed Tube, 700˚C, 12Hr

Dull Yellow

Impure

Sn0.5Nb2O5F
Sn0.5Nb2O5F

GG1150A
GG1150B

As the flux gets higher, the
pellet gets more red and the
powder gets lighter – most
likely due to more SnF2
The outside of 147C pellet was
scraped off; there was much
less SnF2, and the relative
pyrochlore peak heights were
different
The pellet melted to the tube
and showed a yellow/ grey
melt
Pellet was very hard
Pellet was very hard
Pellet was melted to the tube;
had yellow/ green spots on top
of melt; the melted pellet was
red; will be redone to view
crystal
Cooling rate was 0.1ᵒ/min,
until 233C, where the oven
was turned off and the temp
equilibrated; Pellet was red
with streaks of yellow and
black; microscope photos
Cooling rate was 0.1ᵒ/min,
until 233C, where the oven
was turned off and the temp
equilibrated; Pellet had green
top and brown interior with
black crystals lining the pellet
melt on the tube
Small crystals can be seen in
the microscope (Photos)
Most of the SnF2 washed out;
Small crystals could be seen in
microscope
Sample was washed with water
for 24 hours, filtered with a
Buchner funnel, and dried in a
50C oven overnight
Sample was sonicated, and
some small crystals were seen;
majority of SnF2 gone
Cleaned; used to confirm
lattice refinement of series
Pellet was black and easily
cleaned; tube had inner crust;
CrO2 may have oxidized the
Sn2+

Sn2TiNbO6F Flux
20x

GG1151A

1

Sealed Tube, 400˚C, 12Hr

Pink/ Orange

Sn2TiNbO6F,
SnF2

Sn2TiNbO6F Flux
20x

GG1151B

1

Sealed Tube, 400˚C, 12Hr

Pink/ Orange

Sn2TiNbO6F,
SnF2

Sn2CrWO6F Flux
20x

GG1152A

1

Sealed Tube, 400˚C, 12Hr

Brown

SnF2,
Sn2TiNbO6F,
SiO2

Sn2CrWO6F Flux
20x

GG1152B

1

Sonicated H2O wash of
152A

Brown

Sn2TiNbO6F,
SnF2, SiO2

Sn2TiNbO6F Flux
20x

GG1153B

1

Sonicated H2O wash of
151B

Dark Orange

Sn2TiNbO6F,
SiO2, SnF2

Sn2TiNbO6F Flux
20x

GG1153A

1

H2O wash of 151A

Dark Orange

Sn2TiNbO6F,
SnO2

Sn2TiNbO6F Flux
20x

GG1153B

1

H2O Sonication of 151B

Dark Orange

Sn2TiNbO6F,
SiO2

Sn2Ti0.7Nb1.3O6.5F0.3

GG1161A

1

Sealed Tube, 700˚C, 12Hr

Light Orange

Sn2TiNbO6F,
SnO?

Sn2CrWO7

GG1167A

1

Sealed Tube, 700˚C, 12Hr

Dark Purple/
Black

Sn2TiNbO6F,
SnO2

1

Sealed Tube, 700˚C, 12Hr

Dark Brown

Sn2TiNbO6F

Pellet was grey and cleaned

1

Sealed Tube, 700˚C, 12Hr

Dark Brown

Sn2TiNbO6F

Pellet was grey and cleaned

Sealed Tube, 700˚C, 12Hr

Dark Brown/
Black

Sn2TiNbO6F

Sn2Ti0.8Cr0.2WO6.8F0.2
Sn2Ti0.5Cr0.5WO6.5F0.5
Sn2Ti0.2Cr0.8WO6.2F0.8

GG1168A
GG1168B
GG1168C

1

Sn2CrWO6F

GG1169A

1

Sealed Tube, 700˚C, 12Hr

Dark Purple/
Black

Sn2TiNbO6F,
SnO2, CrO,
CrOF2

Sn2CrWO7

GG1171A

1

Sealed Tube, 700˚C, 12Hr

Charcoal
Grey

Sn2TiNbO6F,
SnO2

Sn2SnWO7

GG1171B

1

Sealed Tube, 700˚C, 12Hr

Light Brown

Sn2TiNbO6F,
SnO, Sn

SnZnTINbO6F

GG1172A

Sealed Tube, 700˚C, 12Hr

Light
Orange/ Grey

Sn2TiNbO6F,
Sn, SnTi2,
ZnF2,
Anatase TiO2

1

Pellet was grey and cleaned
Pellet was grey and cleaned;
looked “charred”; may have
been due to tube sealing
process
The tube was cloudy and had
an expanded pellet; quartz
around the pellet was slightly
yellow; pellet was hard,
cleaned, and charcoal grey
Dark Grey pellet was melted to
tube; with yellow brown melt;
pellet was partially crumbled
and dark grey
Pellet was intact and orange;
pellet was cleaned
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Sn2Zn0.75W1.25O6F

GG1173A

1

Sealed Tube, 700˚C, 12Hr

Grey/ Brown

Impure,
ZnWO4,
SnWO4, SiO2

Pellet was melted mustard
brown, with shiny black melt;
outside of pellet was lighter
than porous inside

Sn2Ni0.75W1.25O6F

GG1173B

1

Sealed Tube, 700˚C, 12Hr

Dark Grey

Impure,
WO3, SnO,
NiWO4,

Pellet was expanded, dark
grey, and soft

Sn2Mn0.75W1.25O6F

GG1173C

1

Sealed Tube, 700˚C, 12Hr

Dark Grey

Impure, Sn,
SnO, Mn3O4

Sn2CrWO6Cl

GG1174A

1

Sealed Tube, 700˚C, 12Hr

Charcoal
Grey

Sn2TiNbO6F,
SnO, WO3,
SnO2, w/I

Sn2CrWO6.5

GG1174B

1

Sealed Tube, 700˚C, 12Hr

Dark Grey

Sn2TiNbO6F,
SnO, Sn,
SnO2, w/I

Sn2Ti1.5W0.5O6F

GG1175A

1

Sealed Tube, 700˚C, 12Hr

Dark Grey/
Purple

Sn2TiNbO6F,
Sn, TiO,
Rutile TiO2

Sn2GaWO6F

GG1182A

1

Sealed Tube, 600˚C, 12Hr

Dark Purple

SnWO4,
SiO2,
Sn2TiNbO6F

GG1183A

1

Sealed Tube, 700˚C, 12Hr

Mossy Green

Sn2TiNbO6F,
TiO2, CrF3

1

Air, 700˚C, 12Hr

Black

1

Air, 700˚C, 12Hr

Black

1

Air, 700˚C, 12Hr

Black

Sn2Ti0.5Cr0.5TaO5.5F1.
5

Bi1.9Cu0.1Ir2O6.95
Bi1.8Cu0.2Ir2O6.90
Bi1.7Cu0.3Ir2O6.85

GG1184A
GG1184B
GG1184C

Sn2TiNbO6F,
IrO2, Bi2O3
Sn2TiNbO6F,
IrO2, Bi2O3
Sn2TiNbO6F,
IrO2, Bi2O3

Bi1.9Cu0.1Ir2O6.95

GG1187A

2

Air, 900˚C, 12Hr

Black

Sn2TiNbO6F

Bi1.8Cu0.2Ir2O6.90

GG1187B

2

Air, 900˚C, 12Hr

Black

Sn2TiNbO6F

Bi1.7Cu0.3Ir2O6.85

GG1187C

2

Air, 900˚C, 12Hr

Black

Sn2TiNbO6F

Bi1.6Cu0.4Ir2O6.8

GG1187E

2

Air, 900˚C, 12Hr

Black

Sn2TiNbO6F,
IrO2 ?

Bi1.5Cu0.5Ir2O6.75

GG1188D

2

Air, 900˚C, 12Hr

Black

Sn2TiNbO6F,
IrO2

Bi2Ir2O7

GG1188C

2

Air, 900˚C, 12Hr

Black

Sn2TiNbO6F,
Nearly Pure

Bi2Ir2O7

GG2-4A

2

-

-

Bi1.9Cu0.1Ir2O6.95

GG2-4B

2

-

-

Bi1.8Cu0.2Ir2O6.90

GG2-4C

2

-

-

Bi1.7Cu0.3Ir2O6.85

GG2-4D

2

-

-

Bi1.6Cu0.4Ir2O6.8

GG2-4E

2

-

-

Sn2Ti0.3Cr0.7WO6.3F0.7

GG2-8A

1

Sealed Tube, 700˚C, 12Hr

Brown

Sn2TiNbO6F,
(Cr2O3,
SnWO4 )

Sn2Ti0.2Cr0.8WO6.2F0.8

GG2-8B

1

Sealed Tube, 700˚C, 12Hr

Brown

Sn2TiNbO6F,
Cr2O3,
SnWO4

Magnetism prep for Dr.
Ramirez, and Resistance
Magnetism prep for Dr.
Ramirez, and Resistance
Magnetism prep for Dr.
Ramirez, and Resistance
Magnetism prep for Dr.
Ramirez, and Resistance
Magnetism prep for Dr.
Ramirez, and Resistance

Pellet was yellow and melted
to tube; melt was all along the
bottom with a yellow/dark
grey mix and metallic sheen;
Pellet was expanded with a
brown/red metallic sheen near
it on the quartz tube; pellet was
charcoal grey with a charred
inside
Quartz tube was completely
white on inside; pellet and
powder were a dark charcoal
grey; pellet was cleaned
Yellow grey crust near the
pellet part of the tube; pellet
had a yellow grey crust and an
inner black pellet
Pellet was metallic and dark
purple, hard and brittle;
SnWO4 was major phase
Tube had white flakes; pellet
had light grey shell which was
removed
Samples all looked the same;
phase didn’t form at low temp
Samples all looked the same;
phase didn’t form at low temp
Samples all looked the same;
phase didn’t form at low temp
Samples showed nearly pure
pattern
a=10.3556Å
Samples showed nearly pure
pattern
a=10.3264Å
Samples showed nearly pure
pattern
a=10.2808Å
Almost Pure, maybe some
IrO2?
a=10.2800Å
Impurity peaks are definitely
there – IrO2? a=10.3096Å
Sample showed nearly pure
pattern
a=10.3840Å All samples
seem to follow trend except
x=0.5 (not run against internal
std)
From GG1-188C; Resistance =
0.2Ω; 0.1316g
From GG1-187A; Resistance =
0.3Ω; 0.1203g
From GG1-187B; Resistance =
0.2Ω; 0.1317g
From GG1-187C; Resistance =
0.2Ω; 0.1290g
From GG1-187E; Resistance =
0.2Ω; 0.1279g
Light green/grey pellet; did not
stick to tube; Very small
amount of impurity for x=0.7;
increased as x increased
Stuck to one end of the tube
where it reacted with the
quartz; metallic/ green/ yellow
crusting; Very small amount of
impurity for x=0.7; increased
as x increased
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Sn2Ti0.1Cr0.9WO6.1F0.9

GG2-8C

1

Sealed Tube, 700˚C, 12Hr

Brown

Sn2TiNbO6F,
Cr2O3,
SnWO4

Bi1.8Cu0.2Ir2O6.90

GG2-13B

2

Air, 900˚C, 12Hr

Black

Sn2TiNbO6F

Bi2Ir2O7

GG2-15A

2

Air, 900˚C, 12Hr

Black

Sn2TiNbO6F

Bi1.8Cu0.2Ir2O6.90

GG2-15B

2

Air, 900˚C, 12Hr

Black

Sn2TiNbO6F

Bi1.9Cu0.1Ir2O6.95

GG2-19A

2

Air, 900˚C, 12Hr

Black

Sn2TiNbO6F

Bi1.7Cu0.3Ir2O6.85

GG2-19B

2

Air, 900˚C, 12Hr

Black

Sn2TiNbO6F

Bi1.6Cu0.4Ir2O6.8

GG2-19C

2

Air, 900˚C, 12Hr

Black

Sn2TiNbO6F
Sn2TiNbO6F,
SM Impure
Sn2TiNbO6F,
SM Impure
Sn2TiNbO6F,
SM Impure
Sn2TiNbO6F,
SM Impure
Sn2TiNbO6F,
SM Impure

Nd1.8Cu0.2Ir2O6.90

GG2-20A

1

Air, 700˚C, 12Hr

Black

Sm1.8Cu0.2Ir2O6.90

GG2-20B

1

Air, 700˚C, 12Hr

Black

Nd1.8Cu0.2Ir2O6.90

GG2-20A

2

Air, 900˚C, 12Hr

Black

Sm1.8Cu0.2Ir2O6.90

GG2-20B

2

Air, 900˚C, 12Hr

Black

Bi1.8Co0.2Ir2O6.90

GG2-21A

1

Air, 700˚C, 12Hr

Black

Bi1.8Co0.2Ir2O6.90

GG2-21A

2

Air, 900˚C, 12Hr

Black

Sn2TiNbO6F

Bi1.8Co0.2Ir2O6.90

GG2-21A

3

Air, 1000˚C, 12Hr

Black

Sn2TiNbO6F

Nd1.8Cu0.2Ir2O6.90

GG2-20A

3

Air, 1000˚C, 12Hr

Black

Sm1.8Cu0.2Ir2O6.90

GG2-20B

3

Air, 1000˚C, 12Hr

Black

Slightly more pure than the
first heating
Slightly more pure than the
first heating
2nd heating run at 900C
Sample had small impurity
peak at 28 two-theta; may be
fixed after 3rd heating
Sample had small impurity
peak at 28 two-theta, fixed by
3rd heating, but there was a
new contamination peak
Slightly more pure than 2nd
heating
Nearly Pure

Sn2TiNbO6F

Initial a = 10.3620Å

Black

Sn2TiNbO6F,
slight Bi2O3

Initial a = 10.2804Å

Air, 1100˚C, 12Hr

Black

Bi1.8Co0.2Ir2O6.90

GG2-25A

1

Air, 1000˚C, 12Hr

Black

Bi1.5Co0.5Ir2O6.75

GG2-25B

1

Air, 1000˚C, 12Hr

Black

Bi1.8Co0.2Ir2O6.90

GG2-25A

2

Air, 1000˚C, 12Hr
Air, 1000˚C, 12Hr

2nd heating run at 900C

Black

4

2

2 heating run at 900C

Sn2TiNbO6F,
Bi2O3
Sn2TiNbO6F,
Bi2O3

GG2-20A

GG2-25B

Sn2TiNbO6F,
IrO2, Impure
Sn2TiNbO6F,
Nearly Pure

ZEM was run
nd

Sample lost pyrochlore phase;
temperature caused
deterioration of complex;
overall sample wasn’t pure
X=0.5 had larger impurity than
X=0.2
X=0.5 had larger impurity than
X=0.2

Nd1.8Cu0.2Ir2O6.90

Bi1.5Co0.5Ir2O6.75

Did not stick to the tube as
much as 8B; light white/
yellow crust on tube; Very
small amount of impurity for
x=0.7; increased as x increased
ZEM and Low T Resistivity
were run; low T had to be
rerun using sample 15B
ZEM and Low T Resistivity
were run
ZEM and Low T Resistivity
were run
ZEM and Low T Resistivity
were run
ZEM and Low T Resistivity
were run; no clear trend for
resistivity has been found for
the series

Impure

Sm1.5Cu0.5Ir2O6.75

GG2-23A

1

Air, 1000˚C, 24Hr

Black

Sn2TiNbO6F,
Bi2O3

Sample was black, but had a
relatively large impurity phase
most likely Bi2O3

Bi1.9Co0.1Ir2O6.95

GG2-25C

1

Air, 1000˚C, 24Hr

Black

Sn2TiNbO6F

Initial a = 10.3904Å

Bi1.7Co0.3Ir2O6.85

GG2-26A

1

Air, 1000˚C, 24Hr

Black

Sn2TiNbO6F

Initial a = 10.3036Å

Bi1.6Co0.4Ir2O6.80

GG2-26B

1

Air, 1000˚C, 24Hr

Black

Sn2TiNbO6F

Initial a = 10.3092Å
Initial a = 10.2636Å
Initial a = 10.3500Å

Bi1.4Co0.6Ir2O6.70

GG2-26C

1

Air, 1000˚C, 24Hr

Black

Sn2TiNbO6F,
slight Bi2O3

Bi1.8Ca0.2Ir2O6.90

GG2-27A

1

Air, 900˚C, 12Hr

Black

Sn2TiNbO6F

Bi1.6Ca0.4Ir2O6.80

GG2-27B

1

Air, 900˚C, 12Hr

Black

Bi1.4Ca0.6Ir2O6.70

GG2-27C

1

Air, 900˚C, 12Hr

Black

Sn2TiNbO6F,
slight Bi2O3
Sn2TiNbO6F,
Bi2O3

Bi1.8Co0.2Ir2O6.90

GG2-25A

3

Air, 1000˚C, 12Hr

Black

Bi1.5Co0.5Ir2O6.75

GG2-25B

3

Air, 1000˚C, 12Hr

Black

Sn2TiNbO6F

Black

Sn2TiNbO6F,
slight Bi2O3

Bi1.7Co0.3Ir2O6.85

GG2-26A

2

Air, 1000˚C, 12Hr

Sn2TiNbO6F

Initial a = 10.3324Å
Initial a = 10.3500Å
Sample had pure pyrochlore
phase
Sample had pure pyrochlore
phase
Sample had notable impurity,
and was heated a third time
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Bi1.6Co0.4Ir2O6.80

GG2-26B

2

Air, 1000˚C, 12Hr

Black

Sn2TiNbO6F,
slight Bi2O3

Bi1.4Co0.6Ir2O6.70

GG2-26C

2

Air, 1000˚C, 12Hr

Black

Sn2TiNbO6F

Bi1.8Ca0.2Ir2O6.90

GG2-27A

2

Air, 1000˚C, 12Hr

Black

Sn2TiNbO6F

Bi1.6Ca0.4Ir2O6.80

GG2-27B

2

Air, 1000˚C, 12Hr

Black

Sn2TiNbO6F

Bi1.4Ca0.6Ir2O6.70

GG2-27C

2

Air, 1000˚C, 12Hr

Black

Sn2TiNbO6F

Bi1.7Co0.3Ir2O6.85

GG2-26A

3

Air, 1000˚C, 12Hr

Black

Impurities

Bi1.6Co0.4Ir2O6.80

GG2-26B

3

Air, 1000˚C, 12Hr

Black

Sn2TiNbO6F,
w/Small I
Sn2TiNbO6F,
w/Small I

Bi1.7Co0.3Ir2O6.85

GG2-31A

2

Air, 1000˚C, 12Hr

Black

Bi1.6Co0.4Ir2O6.80

GG2-31B

2

Air, 1000˚C, 12Hr

Black

Bi1.9Ca0.1Ir2O6.95

GG2-29A

2

Air, 1000˚C, 12Hr

Black

Sn2TiNbO6F

Bi1.7Ca0.3Ir2O6.85

GG2-29B

2

Air, 1000˚C, 12Hr

Black

Sn2TiNbO6F

Bi1.5Ca0.5Ir2O6.75

GG2-34A

2

Air, 1000˚C, 12Hr

Black

Sn2TiNbO6F,
w/Small I

Bi1.3Ca0.7Ir2O6.65

GG2-34B

2

Air, 1000˚C, 12Hr

Black

Sn2TiNbO6F,
w/Small I

Bi1.2Ca0.8Ir2O6.60

GG2-34C

2

Air, 1000˚C, 12Hr

Black

Sn2TiNbO6F,
w/Small I

Bi1.1Ca0.9Ir2O6.55

GG2-34D

2

Air, 1000˚C, 12Hr

Black

Sn2TiNbO6F,
w/Small I

BiCaIr2O6.50

GG2-34E

2

Air, 1000˚C, 12Hr

Black

Sn2TiNbO6F,
w/Small I

Bi1.5Ca0.5Ir2O6.75

GG2-34A

3

Air, 1000˚C, 12Hr

Black

Sn2TiNbO6F

Bi1.3Ca0.7Ir2O6.65

GG2-34B

3

Air, 1000˚C, 12Hr

Black

Sn2TiNbO6F

Bi1.2Ca0.8Ir2O6.60

GG2-34C

3

Air, 1000˚C, 12Hr

Black

Sn2TiNbO6F

Bi1.1Ca0.9Ir2O6.55

GG2-34D

3

Air, 1000˚C, 12Hr

Black

Sn2TiNbO6F

BiCaIr2O6.50

GG2-34E

3

Air, 1000˚C, 12Hr

Black

Sn2TiNbO6F

Sm1.5Cu0.5Ir2O6.75

GG2-23A

2

Air, 1000˚C, 12Hr

Black

Sn2TiNbO6F,
w/Small I

Sm1.5Cu0.5Ir2O6.75

GG2-23A

3

Air, 1000˚C, 12Hr

Black

Sn2TiNbO6F,
w/Small I

Bi0.5Ca1.5Ir2O6.25

GG2-35A

3

Air, 1000˚C, 12Hr

Black

Impure,
pyrochlore
phase

Bi1.8Ca0.2Ir2O6.90

GG2-36A

3

Air, 1000˚C, 12Hr

Black

Sn2TiNbO6F

Bi1.5Ca0.5Ir2O6.75

GG2-36B

3

Air, 1000˚C, 12Hr

Black

Sn2TiNbO6F

BiCaIr2O6.50

GG2-36C

5

Air, 1000˚C, 12Hr

Black

Sn2TiNbO6F

Bi1.8Ca0.2Ir2O6.90

GG2-40A

2

Air, 1000˚C, 12Hr

Black

Sn2TiNbO6F

Sample had notable impurity,
and was heated a third time
Sample had pure pyrochlore
phase
pure pyrochlore phase
pure pyrochlore phase
Resistivity =0.2Ω ; pure
pyrochlore phase
This sample was remade to
gain a pure sample
This sample melted in the
oven.
The sample will be heated
again to get a pure phase
The sample will be heated
again to get a pure phase
Second heatings in the series
showed a pyrochlore phase, &
increasing impurity
Second heatings in the series
showed a pyrochlore phase, &
increasing impurity
Second heatings in the series
showed a pyrochlore phase, &
increasing impurity
Second heatings in the series
showed a pyrochlore phase, &
increasing impurity
Second heatings in the series
showed a pyrochlore phase, &
increasing impurity
Second heatings in the series
showed a pyrochlore phase, &
increasing impurity
Later x values show an
expected increasing intensity
in certain peaks
Samples were pure with
increasing intensities for peaks
around 28, 46, and 53 twotheta values
Samples were pure with
increasing intensities for peaks
around 28, 46, and 53 twotheta values
Samples were pure with
increasing intensities for peaks
around 28, 46, and 53 twotheta values
Samples were pure with
increasing intensities for peaks
around 28, 46, and 53 twotheta values
Samples were pure with
increasing intensities for peaks
around 28, 46, and 53 twotheta values
The second heating showed a
decrease in impurity
Mostly pure with the exception
of one peak around 35 twotheta
Heated a fourth time to get rid
of impurities
Neutron samples; All info in
notebook
Neutron samples; All info in
notebook
Neutron samples; All info in
notebook
Samples were heated a third
time to sinter into bar pellets
for ZEM

242

Bi1.5Ca0.5Ir2O6.75

GG2-40B

2

Air, 1000˚C, 12Hr

Black

Sn2TiNbO6F

Bi1.2Ca0.8Ir2O6.60

GG2-40C

2

Air, 1000˚C, 12Hr

Black

Sn2TiNbO6F

BiCaIr2O6.50

GG2-40D

2

Air, 1000˚C, 12Hr

Black

Sn2TiNbO6F

Bi1.8Ca0.2Ir2O6.90

GG2-40A

3

Air, 1000˚C, 12Hr

Black

Sn2TiNbO6F

Bi1.5Ca0.5Ir2O6.75

GG2-40B

3

Air, 1000˚C, 12Hr

Black

Sn2TiNbO6F

Bi1.2Ca0.8Ir2O6.60

GG2-40C

3

Air, 1000˚C, 12Hr

Black

Sn2TiNbO6F

BiCaIr2O6.50

GG2-40D

3

Air, 1000˚C, 12Hr

Black

Sn2TiNbO6F

Bi1.2Ca0.8Ir2O6.60

GG2-41A

2

Air, 1000˚C, 12Hr

Black

Sn2TiNbO6F

BiCaIr2O6.50

GG2-45A

2

Air, 1000˚C, 12Hr

Black

Sn2TiNbO6F

Bi1.8Zn0.2Ir2O6.9

GG2-47A

1

Air, 1000˚C, 12Hr

Black

Sn2TiNbO6F

Bi1.5Zn0.5Ir2O6.75

GG2-47B

1

Air, 1000˚C, 12Hr

Black

Sn2TiNbO6F,
small IrO2

Bi1.5Zn0.5Ir2O6.75

GG2-47B

2

Air, 1000˚C, 12Hr

Black

Sn2TiNbO6F

BiZnIr2O6.5

GG2-48A

1

Air, 1000˚C, 12Hr

Black

Sn2TiNbO6F,
IrO2, ZnO

Bi1.5Ca0.5Ir2O6.75 Flux

GG2-49A

1

Air, 1150˚C, 12Hr

Black

IrO2, (Ca?,
Bi2O3?)

Sn2TiNbO6F

GG2-55A

-

GG1-99A photocatalysis

Orange/Blue

Sn2TiNbO6F,
small I

Bi1.5Ca0.5Ir2O6.75 Flux

GG2-60A

1

Air, 1050˚C, 12Hr

Black

IrO2,
Sn2TiNbO6F

Bi1.5Ca0.5Ir2O6.75

GG2-61A

-

Acid Wash, 50% HCl, 1
Month

Black

-

Bi1.5Ca0.5Ir2O6.75

GG2-61B

-

Acid Wash, 10% HNO3, 1
Month

Black

-

Bi1.5Ca0.5Ir2O6.75

GG2-61C

-

Acid Wash, 10% H2SO4,
1 Month

Black

-

BiCaIr2O6.50

GG2-61D

-

Acid Wash, 50% HCl, 3
Days

Black

Sn2TiNbO6F

Bi1.5Ca0.5Ir2O6.75 Flux

GG2-61E

-

Black

Sn2TiNbO6F,
IrO2, Ca2IrO4

Bi1.5Ca0.5Ir2O6.75 Flux

GG2-61F

-

Black

IrO2

Bi1.5Ca0.5Ir2O6.75 Flux

GG2-60B

1

Black

Sn2TiNbO6F

Acid Wash, 50% HNO3, 1
Day
Acid Wash, 50% HNO3, 3
Hours

Air, 1050˚C, 6Hr

Samples were heated a third
time to sinter into bar pellets
for ZEM
Samples were heated a third
time to sinter into bar pellets
for ZEM
Samples were heated a third
time to sinter into bar pellets
for ZEM
Samples were pure and run for
ZEM and Low T Resistivity
Samples were pure and run for
ZEM and Low T Resistivity
Samples were pure and run for
ZEM and Low T Resistivity;
pellet cracked and data was
unreliable.
Samples were pure and run for
ZEM and Low T Resistivity;
pellet cracked and data was
unreliable.
Samples were pure and run for
ZEM and Low T Resistivity
Samples were pure and run for
ZEM and Low T Resistivity
Pattern was pure
Pyrochlore phase was mostly
pure, with a small possible
IrO2 impurity phase
The second heating seemed to
eliminate the small impurity
phase
There were large impurities.
The sample was cooled slowly
to 900C, then quickly to RT;
sample melted completely to
the crucible, but crystals
seemed to form on top of the
crucible; crystals were
probably IrO2; photos were
taken
20.23% loss compared to
(22%) loss for MB alone; it is
not photocatalytic.
The sample was cooled slowly
to 850C (60deg/hr), then
quickly to RT; sample melted
completely to the crucible, but
crystals seemed to form on top
of the crucible; photos were
taken
Unable to run x-ray due to not
enough powder; powder was
too fine
Unable to run x-ray due to not
enough powder; powder was
too fine
Unable to run x-ray due to not
enough powder; powder was
too fine
Only a small amount of
powder was collected; stable in
acid.
Some pyrochlore crystals
maybe? Photos were taken
No pyrochlore crystals; photos
were taken.
The sample was cooled slowly
to 800C (15deg/hr), then
quickly to RT; The crystals
had preferred orientation, but
the powder was pure
pyrochlore
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Bi1.5Ca0.5Ir2O6.75 Flux

GG2-62A

1

Air, 1050˚C, 6Hr

Black

Sn2TiNbO6F,
IrO2, Ca

BiCaIr2O6.5 Flux

GG2-62B

1

Air, 1050˚C, 6Hr

Black

Sn2TiNbO6F,
IrO2

Bi1.5Ca0.5Ir2O6.75

GG2-63A

1

Air, 1000˚C, 12Hr,
Quenched

Black

Sn2TiNbO6F

Ca2Ru2O7 from
KRuO4 & Ca(NO3)2

GG264A-1

1

Hydrothermal, 250°C, 3
days

Black

K, KO2,
K2RuO3,
RuO2,
Ca2Ru2O7

Ca2Ru2O7 from
KRuO4 & Ca(NO3)2

GG264A-2

1

Hydrothermal, 250°C, 3
days

Yellow/
Light Grey

Ca(OH)2

Ca2Ru2O7 from
KRuO4 & Ca(OH)2

GG264A-3

1

Hydrothermal, 250°C, 3
days

Black/ Dark
Grey

Ca2NH, K,
Ca2Ru2O7

Ca2Ru2O7 from
KRuO4 & Ca(OH)2

GG264A-4

1

Hydrothermal, 250°C, 3
days

Yellow/
White

Ca(OH)2

Ca2Ru2O7 from
KRuO4 & CaO

GG264A-5

1

Hydrothermal, 250°C, 3
days

Grey/ Black

Ca2NH, K,
Ca2Ru2O7

Ca2Ru2O7 from
KRuO4 & CaO

GG264A-6

1

Hydrothermal, 250°C, 3
days

Grey/ Yellow

Ca(OH)2,
RuO2

Ca2Ru2O7 from
KRuO4 & Ca(OH)2

GG266A-1

1

Hydrothermal, 250°C, 3
days

Black/ Dark
Grey

Ca2Ru2O7,
w/I

Ca2Ru2O7 from
KRuO4 & CaO

GG266B-3

1

Hydrothermal, 250°C, 3
days

Black

Ca2Ru2O7,
w/I

Ca2Ru2O7 from
KRuO4 & RuO2 &
Ca(OH)2

GG267A-5

1

Hydrothermal, 250°C, 3
days

Black/

Ca2Ru2O7,
w/I, and
amorphous
phase

Ca2Ru2O7 from
KRuO4 & CaO

GG266B-3

1

Acid Wash, 20% HNO3,
30 minutes

Black

Ca2Ru2O7

Ca2Ru2O7 from
KRuO4 & CaO

GG267B-1

1

Hydrothermal, 250°C, 3
days

Black
Crystals

Ca2Ru2O7,
w/I

Ca2Ru2O7 from
KRuO4 & CaO

GG267C-3

1

Hydrothermal, 250°C, 3
days

Black

Ca2Ru2O7,
w/I

Ca2Ru2O7 from
KRuO4 & CaO

GG267D-5

1

Hydrothermal, 250°C, 3
days

Black

Ca2Ru2O7,
w/I

Ca2Re2O7 from
KReO4 & CaO

GG270A-1

1

Hydrothermal, 250°C, 3
days

Black and
Clear crystals

Cd2Re2O7 from
KReO4 & CdO

GG271A-3

1

Hydrothermal, 250°C, 3
days

Light Coral

CaO major
phase,
Ca2Re2O7
impurity
Cd2Re2O7
minor,
Cd(OH)2
major, minor
CdO, Impure

The sample was cooled slowly
to 800C (15deg/hr), then
quickly to RT; The
temperature program was the
same, but there were some IrO2
crystals, and maybe some Ca.
Not as clean as 60B
The sample was cooled slowly
to 800C (15deg/hr), then
quickly to RT; The
temperature program was the
same, but there were IrO2
crystals. The initial lattice
parameters were: 10.378A
(crystals) and 10.402A
(powder)
Sample was pure, and the
initial lattice parameter was
10.338A
Mixed in DI water; clear liquid
phase; black powder with dark
grey uniform crystals
Mixed in 12M KOH;
red/orange liquid phase;
powder was yellow/light grey
with little hexagonal crystals
Mixed in DI water; clear liquid
phase; light grey powder with
Black crystals; not so uniform
Mixed in 12M KOH;
red/orange liquid phase;
spaghetti crystals and white
powder
Mixed in DI water; clear liquid
phase; grey powder with black
crystals
Mixed in 12M KOH;
red/orange liquid phase; light
grey/ dark grey powder with
yellow powder and shiny
crystals; hexagon crystals were
seen- transparent
Mixed in DI water; clear (light
orange) liquid phase; black
powder with dark gray powder
(both crystals)
Mixed in DI water; clear (light
orange) liquid phase; powder
was black with crystals; this
was the purest of the three
Mixed in DI water; clear liquid
phase; Black crystals; had a
prominent amorphous phase
This seemed to remove the
impurity phase.
DI water, large amounts made
(0.68g); same composition and
conditions
DI water, large amounts made
(0.68g); same composition and
conditions
DI water, large amounts made
(0.68g); same composition and
conditions; this was made from
different KRuO3
DI water, 0.1g; clear liquid
phase; black and clear crystals;
very very small pyrochlore
phase
DI water, 0.15g; Showed a
light coral powder with a clear
liquid phase
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Ca2Ir2O7 from IrO2,
KClO4 & CaO

GG271B-5

1

Hydrothermal, 250°C, 3
days

Black

Ca2Sb2O6.9F0.1

GG2-72A

2

Air, 950˚C, 12Hr

White

Ca2Sb2O6.8F0.2

GG2-72B

2

Air, 950˚C, 12Hr

White

Ca2Sb2O6.5F0.5

GG2-72C

2

Air, 950˚C, 12Hr

White

Sn2Nb2O6.8S0.2

GG2-75A

1

Sealed Tube, 700˚C, 12Hr

Orange

Sn2Nb2O7,
SnS

Sn2Nb2O6.6S0.4

GG2-75B

1

Sealed Tube, 700˚C, 12Hr

Orange

Sn2Nb2O7,
SnS

IrO2
Ca2Sb2O7
major,
Impure
Ca2Sb2O7
major,
Impure
Ca2Sb2O7
major,
Impure

Ca2Sb2O7(Im
ma) major
(or
pyrochlore),
Ca(Sb2O6),
Sb2O5, CaF2,
TiO2
Ca2Nb2O7
major
(Cmcm(63))
– no
weberite,
CaF2, TiO2

Ca2SbTiO6F

GG2-77A

3

Air, 950˚C, 24Hr

White

Ca2NbTiO6F

GG2-77B

3

Air, 950˚C, 24Hr

White

Sn2CrWO6F MAG.

GG1162A

1

Dr. Ramirez Magnetism

Dark Purple/
Brown

-

Sn2Nb2O6.8S0.2

GG2-75A

2

Sealed Tube, 850˚C, 12Hr

Orange

Sn1.59Nb1.84O
6.35, SnO2

Sn2Nb2O6.6S0.4

GG2-75B

2

Sealed Tube, 850˚C, 12Hr

Orange

Sn1.59Nb1.84O
6.35, SnO2

Sn2Nb2O6.8S0.2

GG2-80A

1

Sealed Tube, 850˚C, 12Hr

Deep Orange

Sn1.59Nb1.84O
6.35, SnO2

Sn2Nb2O6.6S0.4

GG2-80B

1

Sealed Tube, 850˚C, 12Hr

Deep Orange

Sn1.59Nb1.84O
6.35, SnO2

Sn2Nb2O6.6S0.4
(Flakes)

GG280B-f

1

Sealed Tube, 850˚C, 12Hr

Silver

SnS

Ca2SbTiO6F

GG2-77A

4

Air, 1000˚C, 24Hr

White

Ca2NbTiO6F

GG2-77B

4

Air, 1000˚C, 24Hr

White

Sn2CrWO6F MAG.

GG1162A

1

Dr. Ramirez Magnetism

Dark Purple/
Brown

Ca2Sb2O7(Im
ma) major
(or
pyrochlore),
Ca(Sb2O6),
Sb2O5, CaF2,
TiO2
Ca2Nb2O7
major
(Cmcm(63))
– no
weberite,
CaF2, TiO2
-

DI water, 0.15g; Showed a
black powder with a clear
liquid phase
There was a clear Ca2Sb2O7
major phase; impure; small
other impurities
There was a clear Ca2Sb2O7
major phase; impure; small
other impurities
There was a clear Ca2Sb2O7
major phase; impure; small
other impurities
SnS was minor impurity phase;
there were metal flecks in the
sealed tube (saved); pellet was
very soft
This was the same as 75A
(x=0.2) but the SnS phase was
larger

Hard pellet; Showed similar
impurities, more crystalline

Hard pellet; Showed similar
impurities, more crystalline
μ = 3.5 for up to 300K;
Running again to 400K (TN of
Cr2O3 is 308K)
Pellet was very dense, no
metal flakes; Sn1.59Nb1.84O6.35
phase (cubic 10.539Å and Fd3m) picks up peaks that
Sn2Nb2O7 doesn’t; no
significant change with 2nd
heating
Pellet was very dense with
metal flakes; same as 75A; but
from 1st to 2nd heating there
was a reduction in the impurity
intensity at ~32 (2θ); color
looked less bright in 75A & B
Pellet was very soft with a
small amount of metal flakes;
the pattern was shifted ~2º
right of 75A; same impurities;
deeper color than 75A
Pellet was soft with a lot of
metal flakes; better
background than 75B; deeper
color than 75B
The metal flakes were silver
and like paper; when ground
the powder was a charcoal
grey and a pure SnS phase
The background on this
heating was less flat; the same
phases were present; no
substantial change; pellet was
hard
The background on this
heating was less flat but better
than 77A; the same phases
were present; no substantial
change; hard pellet (less than
77A)
μ = 3.55 from 320-350K; Ran
again to 360K (TN of Cr2O3 is
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Bi1.6Cu0.4Ir2O6.8

GG2-19C

2

Air, 900˚C, 12Hr

Black

Bi1.6Cu0.4Ir2O6.8

GG2-58A

1

Air, 900˚C, 12Hr

Black

Ca2SbTiO6F

GG2-77A

5

Air, 1100˚C, 24Hr

White

Ca2NbTiO6F

GG2-77B

5

Air, 1100˚C, 24Hr

White

Sn2Nb2O6.4S0.6

GG2-83A

1

Sealed Tube, 850˚C, 12Hr

Bright Deep
Orange

Sn2Nb2O6.2S0.8

GG2-83B

1

Sealed Tube, 850˚C, 12Hr

Bright (more)
Deep Orange

Sn2Nb2O6S

GG2-83C

1

Sealed Tube, 850˚C, 12Hr

Mustard
Yellow

Sn2Nb1.75Ti0.25
O6.5S0.25F0.25

GG2-84A

1

Sealed Tube, 850˚C, 12Hr

Bright Deep
Orange

Bi1.5Ca0.5Sn1.5Sb0.5O7

GG2-86A

1

Air, 850˚C, 12Hr

Off White

BiCaSnSbO7

GG2-86B

1

Air, 850˚C, 12Hr

Off White

Bi0.5Ca1.5Sn0.5Sb1.5O7

GG2-86C

1

Air, 850˚C, 12Hr

Off White

Bi1.5Ca0.5Sn1.5Sb0.5O7

GG2-86A

2

Air, 900˚C, 12Hr

Off White

BiCaSnSbO7

GG2-86B

2

Air, 900˚C, 12Hr

Off White

Bi0.5Ca1.5Sn0.5Sb1.5O7

GG2-86C

2

Air, 900˚C, 12Hr

Off White

Bi1.5Ca0.5Ti1.5Sb0.5O7

GG2-87A

1

Air, 850˚C, 12Hr

Off White

BiCaTiSbO7

GG2-87B

1

Air, 850˚C, 12Hr

Off White

Bi0.5Ca1.5Ti0.5Sb1.5O7

GG2-87C

1

Air, 850˚C, 12Hr

Off White

Sn2TiNbO6F
Sn2TiNbO6F
Ca2Sb2O7(Im
ma) major
(or
pyrochlore),
Ca(Sb2O6),
Sb2O5, CaF2,
TiO2
Ca2Nb2O7
major
(Cmcm(63))
– no
weberite,
CaF2, TiO2
Sn2Nb2O7
major,
SnNb2O6
minor
Sn2Nb2O7
major,
SnNb2O6
minor
Sn2Nb2O7
minor,
SnNb2O6
major
(foordite)
Sn 2Nb2O7,
Nb2O5, SiO2
Bi2Sn2O7
major, SnO
minor,
mostly pure
Bi2Sn2O7
major, SnO
and Sb2O3
minor
Impure:
Bi2Sn2O7,
SnO and
Sb2O3
Bi2Sn2O7
major, SnO
minor, more
pure
Bi2Sn2O7
major, SnO
and Sb2O3
minor
Bi2Sn2O7,
SnO and
Sb2O3
Bi2Sn2O7,
Ca2Sb2O7,
Ca, Bi2O3,
TiO2, CaO2
and Sb2O3
Bi2Sn2O7,
Ca2Sb2O7,
Bi2O3, TiO2,
CaO2
Bi2Sn2O7,
Ca2Sb2O7,
Ca, Bi2O3,
TiO2, CaO2
and Sb2O3

308K); Dr. R estimated about
30% of sample was Cr2O3 to
get this moment
Pellet had crack and resistivity
was 6 orders of magnitude off
of expected range
This pellet was made in order
to run low T resistivity

The 5th heating did not change
the XRD pattern much

The 5th heating did not change
the XRD pattern much

Had silver flakes in tube; soft
powder; SnNb2O6 is a foordite
phase
Had silver flakes in tube; soft
powder; B had a larger foordite
phase than A
Had silver flakes in tube;
slightly harder pellet but still
soft; Sample had a major
foordite phase, and a minor
pyrochlore phase
Pellet was charcoal grey; silver
flakes in tube (small amount);
small orange flakes in tube;
center was bright deep orange
and softer than outside
Pellet was off white and hard,
had small impurities which
will hopefully be removed
through 2nd heating
Pellet was off white and hard,
had large impurities, but still a
major phase
Pellet was off white and hard,
had all minor phases and no
major phase
Pellet was off white and hard,
had smaller impurities which
will hopefully be removed
through 3rd heating
Pellet was off white and hard,
had large impurities, but better
than before
Pellet was off white and hard,
had a major phase, but still
large impurities
Pellet was off white and hard,
with many small impurities,
and a shifted major phase;
maybe P or W
Pellet was off white and hard,
same as 87A but with larger
impurities
Pellet was off white and hard,
same as 87B but with huge
impurities
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Bi2Sn2O7
major, SnO2,
Bi2O3,
Bi(NbO4),
CaSnO3
Bi2Sn2O7
major, SnO2,
Bi2O3,
Bi(NbO4),
CaSnO3
Bi2Sn2O7,
SnO2, Bi2O3,
Bi(NbO4),
CaSnO3
major
Bi2Sn2O7
major, nearly
pure
Bi2Sn2O7
major, SnO
and Sb2O3
minor
Bi2Sn2O7
major, SnO
and Sb2O3
minor
Bi2Sn2O7/Ca2
Sb2O7, Ca,
Bi2O3, TiO2,
CaO2 and
Sb2O3
Bi2Sn2O7/Ca2
Sb2O7, nearly
pure
Bi2Sn2O7,
Ca2Sb2O7,
Ca, Bi2O3,
TiO2, CaO2
and Sb2O3
Bi2Sn2O7,
Bi2O3,
Bi2O2.3
Bi2Sn2O7,
Bi2O3,
Bi2O2.3
Ca2Sb2O7,
Sb2O3, TiO2,
Ca(Sb2O6)
Ca2Sb2O7,
Sb2O3, TiO2,
Ca(Sb2O6)

Bi1.5Ca0.5Sn1.5Nb0.5O7

GG2-87D

1

Air, 950˚C, 12Hr

Off White

BiCaSnNbO7

GG2-88A

1

Air, 950˚C, 12Hr

Off White

Bi1.5Ca1.5Sn0.5Nb1.5O7

GG2-88B

1

Air, 950˚C, 12Hr

Off White

Bi1.5Ca0.5Sn1.5Sb0.5O7

GG2-86A

3

Air, 950˚C, 12Hr

Off White

BiCaSnSbO7

GG2-86B

3

Air, 950˚C, 12Hr

Off White

Bi0.5Ca1.5Sn0.5Sb1.5O7

GG2-86C

3

Air, 950˚C, 12Hr

Off White

Bi1.5Ca0.5Ti1.5Sb0.5O7

GG2-87A

2

Air, 950˚C, 12Hr

Off White/
Yellow

BiCaTiSbO7

GG2-87B

2

Air, 950˚C, 12Hr

Off White/
Yellow

Bi0.5Ca1.5Ti0.5Sb1.5O7

GG2-87C

2

Air, 950˚C, 12Hr

Off White

Bi2Sn2O7

GG2-88C

1

Air, 850˚C, 12Hr

Off White

Bi2Sn1.5Ti0.5O7

GG2-90A

1

Air, 850˚C, 12Hr

Off White

Ca2Sb1.5Ti0.5 O6.5F0.5

GG2-91A

1

Air, 850˚C, 12Hr

Off White

Ca2SbTi O6F

GG2-91B

1

Air, 850˚C, 12Hr

Off White

BiCaSnSbO7

GG2-86B

4

Air,1000˚C, 12Hr

Off White

Bi0.5Ca1.5Sn0.5Sb1.5O7

GG2-86C

4

Air,1000˚C, 12Hr

Off White

Bi1.5Ca0.5Ti1.5Sb0.5O7

GG2-87A

3

Air,1000˚C, 12Hr

Off White/
Yellow

BiCaTiSbO7

GG2-87B

3

Air,1000˚C, 12Hr

Off White/
Yellow

Bi2Sn2O7/Ca2
Sb2O7, nearly
pure

Bi0.5Ca1.5Ti0.5Sb1.5O7

GG287C*

3

Air,1000˚C, 12Hr

Off White

Bi2Sn2O7/Ca2
Sb2O7, nearly
pure

Bi1.5Ca0.5Sn1.5Nb0.5O7

GG2-87D

2

Air,1000˚C, 12Hr

Off White/
Yellow

Bi2Sn2O7/Ca2
Sb2O7,
CaSnO3,
mostly pure

Bi2Sn2O7,
nearly pure
Bi2Sn2O7
major, SnO
and Sb2O3
minor
Bi2Sn2O7/Ca2
Sb2O7, Ca,
Bi2O3, TiO2,
CaO2 and
Sb2O3

Many small impurities, but had
a clear Bi2Sn2O7 major phase

Had a Bi2Sn2O7 major phase,
but impurities were much
larger
No longer had a Bi2Sn2O7
major phase, but now had a
CaSnO3 major phase, with
very large impurities
Less impurities, but a new
curve in the 20-30 2-theta
background
Less impurities, but a new
curve in the 20-30 2-theta
background
Less impurities, but a new
(smaller) curve in the 20-30 2theta background
Much less intensity for
impurities, but still shows
major impurities; 3rd higher
heating?
All impurities are mostly gone,
one 31 and 49 (2-theta)
impurity left
Still has major impurities, but
the intensities are much
smaller
Pyrochlore major phase with a
Bi2O3/ Bi2O2.3 minor phase;
smaller impurities
This looked much like 88C,
but the impurities were
proportionally larger
Ca2Sb2O7 major phase, with a
large impurity of Ca(Sb2O6),
with other large impurities
Similar to 91A, the Sb2O3
impurity was larger
Sample was nearly pure, had
very tiny impurity peaks, with
flat background
Less impurities, flat
background

Less intense impurities, but all
still there
The peaks match up with the
2nd heating, but they are shifted
from the expected pyrochlore;
still some small impurities
This pattern shifted to the left
from the 2nd heating, to line up
better with the expected
pyrochlore phase; nearly pure
There were black flakes on this
pellet that blake ground into
the powder sample; shifted left
from the first heating, but
seems to be mostly pure;
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background was messier than
before
Bi2Sn2O7
major, SnO2,
CaSnO3
Bi2Sn2O7
major, SnO2,
Bi2O3,
Bi(NbO4),
CaSnO3
Bi2Sn2O7,
Bi2O3,
Bi2O2.3

BiCaSnNbO7

GG2-88A

2

Air,1000˚C, 12Hr

Off White/
Yellow

Bi1.5Ca1.5Sn0.5Nb1.5O7

GG2-88B

2

Air,1000˚C, 12Hr

Off White/
Yellow

Bi2Sn2O7

GG2-88C

2

Air, 950˚C, 12Hr

Off White

Bi2Sn1.5Ti0.5O7

GG2-90A

2

Air, 950˚C, 12Hr

Off White/
Yellow

Bi2Sn2O7,
Bi2O3,
Bi2O2.3

Ca2Sb1.5Ti0.5 O6.5F0.5

GG2-91A

2

Air, 950˚C, 12Hr

Off White

Ca2Sb2O7,
Sb2O3, TiO2,
Ca(Sb2O6)

Ca2SbTi O6F

GG2-91B

2

Air, 950˚C, 12Hr

Off White

Ca2Sb2O7,
Sb2O3, TiO2,
Ca(Sb2O6)

Bi1.5Ca0.5Ti1.5Sb0.5O7

GG2-87A

4

Air,1100˚C, 12Hr

Light Brown

Bi2Sn2O7/Ca2
Sb2O7, nearly
pure

Bi0.5Ca1.5Sn0.5Sb1.5O7

GG2-86C

5

Air,1100˚C, 12Hr

Off White

BiCaSnNbO7

GG2-88A

3

Air,1100˚C, 12Hr

Off White/
Yellow

Bi0.5Ca1.5Sn0.5Nb1.5O7

GG2-88B

3

Air,1100˚C, 12Hr

Yellow

Bi1.5Ca0.5Sn1.5Nb0.5O7

GG2-87D

4

Air,1100˚C, 12Hr

Off Yellow

Bi2Sn2O7

GG2-88C

3

Air,1100˚C, 12Hr

Off Yellow

Bi2Sn1.5Ti0.5O7

GG2-90A

3

Air,1100˚C, 12Hr

Off Yellow

Ca2Sb1.5Ti0.5 O6.5F0.5

GG2-91A

3

Air,1100˚C, 12Hr

Off White

Ca2Sb2O7,
Sb2O3, TiO2,
Ca(Sb2O6)

Ca2SbTi O6F

GG2-91B

3

Air,1100˚C, 12Hr

Off White

Ca2Sb2O7,
nearly pure

Bi1.8Ca0.2Sn1.8Sb0.2O7

GG2-95A

1

Air,1000˚C, 12Hr

Off White

Bi2Sn2O7,
nearly pure

Bi1.2Ca0.8Sn1.2Sb0.8O7

GG2-96A

1

Air,1000˚C, 12Hr

Off White

Bi0.8Ca1.2Sn0.8Sb1.2O7

GG2-96B

1

Air,1000˚C, 12Hr

Off White

Bi0.2Ca1.8Sn0.2Sb1.8O7

GG2-96C

1

Air,1000˚C, 12Hr

Off White

Bi0.2Ca1.8Ti0.2Sb1.8O7

GG2-98A

1

Air, 1050˚C, 12Hr

Off White

Bi0.8Ca1.2Ti0.8Sb1.2O7

GG2-98B

1

Air, 1050˚C, 12Hr

Light Yellow

Bi2Sn2O7
major, SnO
and Sb2O3
minor
Bi2Sn2O7
major, nearly
pure
Bi2Sn2O7
major, SnO2,
Bi2O3,
Bi(NbO4),
CaSnO3
Ca2Sb2O7
almost pure
Bi2Sn2O7,
Bi2O3,
Bi2O2.3
Bi2Sn2O7,
Bi2O3,
Bi2O2.3

Bi2Sn2O7,
starting to
split/ shift
Bi2Sn2O7
major,
Ca2Sb2O7
minor
Ca2Sb2O7
major,
Bi2Sn2O7
minor
Ca2Sb2O7
major,
Bi2Sn2O7
minor
Bi2Sn2O7
major,

Less impurities present, but a
messier background
All impurities are still there,
but the pyrochlore is now the
major phase, with smaller
impurities
This looked nearly identical to
the 1st heating
The pyrochlore phase was
proportionately larger than the
impurities, but it looked very
close to the first heating
The major pyrochlore phase
was much larger, and many of
the impurities were still there,
but smaller
The pyrochlore phase was
more pronounced, but the
impurities were still large
All impurities seem gone, and
there is a spike in peak
intensity; pellet was dark
brown but powder was lighter
Overall intensity is smaller,
and the 49 2-theta peak seems
split; less impurities
All impurities seem to be gone,
and the sample seems
crystalline; dense pellet
Less Impurities, but still there;
much stronger major peak;
dense pellet
4th heating was very similar to
3rd, with a nearly pure weberite
pattern
Nearly identical to the 2nd
heating, with the same
impurities
Nearly identical to the 2nd
heating, with the same
impurities
This looks like a mix of
weberite and pyrochlore with
some impurities; the major
phase is weberite
This is mostly weberite with
some very minor impurity
peaks.
This pellet showed a light
yellow spot on the crucible;
nearly pure pyrochlore phase
Pure pyrochlore phase, but
pattern has started to shift and
split
Major Pyrochlore phase with
minor W phase
Had trouble pressing the pellet
– it broke apart before heating;
major W
Pellet was hard and off white;
Major W phase, minor P phase
Pellet was yellow; very small
W phase
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Ca2Sb2O7
minor
Bi2Sn2O7
major,
Ca2Sb2O7
minor
Bi2Sn2O7
major,
Ca2Sb2O7
minor, w/I
Bi2Sn2O7
nearly pure

Bi1.2Ca0.8Ti1.2Sb0.8O7

GG2-98C

1

Air, 1050˚C, 12Hr

Off White/
Yellow

Bi1.8Ca0.2Ti1.8Sb0.2O7

GG2-98D

1

Air, 1050˚C, 12Hr

Off White/
Yellow

BiCaTiSbO7

GG2-87B

4

Air,1100˚C, 12Hr

Light yellow

Bi0.5Ca1.5Ti0.5Sb1.5O7

GG2-87C

4

Air,1100˚C, 12Hr

Beige

BiCaSnNbO7

GG2-88A

4

Air,1100˚C, 12Hr

Light yellow

Bi1.2Ca0.8Sn1.2Sb0.8O7

GG2-96A

2

Air,1100˚C, 12Hr

Off White

Bi0.8Ca1.2Sn0.8Sb1.2O7

GG2-96B

2

Air,1100˚C, 12Hr

Off White/
Yellow

Bi0.2Ca1.8Sn0.2Sb1.8O7

GG2-96C

2

Air,1100˚C, 12Hr

Light yellow

Bi0.5Ca1.5Sn0.5Nb1.5O7

GG2-88B

4

Air,1150˚C, 12Hr

Yellow

Ca2Sb2O7
Ca2Sb2O7,
Nearly Pure

Bi2Sn2O7
nearly pure
Bi2Sn2O7
nearly pure
Bi2Sn2O7
nearly pure
Bi2Sn2O7
nearly pure
Ca2Sb2O7
major,
Bi2Sn2O7
minor
Bi2Sn2O7 w/I

Bi1.5Ca0.5Sn1.5Nb0.5O7

GG2-87D

4

Air,1150˚C, 12Hr

Off White/
Beige

Bi0.5Ca1.5Sn0.5Sb1.5O7

GG2-86C

6

Air,1150˚C, 12Hr

Off White

Ca2Sb1.5Ti0.5 O6.5F0.5

GG2-91A

4

Air,1150˚C, 12Hr

Off White

Ca2SbTi O6F

GG2-91B

4

Air,1150˚C, 12Hr

Off White

Bi0.2Ca1.8Ti0.2Sb1.8O7

GG2-98A

2

Air,1150˚C, 12Hr

Light Yellow

Bi0.8Ca1.2Ti0.8Sb1.2O7

GG2-98B

2

Air,1150˚C, 12Hr

Light Yellow

Bi1.2Ca0.8Ti1.2Sb0.8O7

GG2-98C

2

Air,1150˚C, 12Hr

Off White

Bi1.8Ca0.2Ti1.8Sb0.2O7

GG2-98D

2

Air,1150˚C, 12Hr

Beige

Bi2Sn2O7
nearly pure

Bi1.5Ca0.5Sn1.5Sb0.5O7

GG2-86A

4

Air, 1050˚C, 12Hr

Off White

Bi2Sn2O7
nearly pure

BiCaSnSbO7

GG2-86B

5

Air, 1050˚C, 12Hr

Off White

Bi1.8Ca0.2Sn1.8Nb0.2O7

GG2-99A

1

Air, 1050˚C, 12Hr

Off White

Bi1.2Ca0.8Sn1.2Nb0.8O7

GG2-99B

1

Air, 1050˚C, 12Hr

Off White

Ca2Sb2O7,
w/I
Ca2Sb2O7,
w/I
Ca2Sb2O7,
Nearly Pure
Bi2Sn2O7
major,
Ca2Sb2O7
minor
Bi2Sn2O7
nearly pure

Major P phase with a very very
small W phase
Major P phase; minor W
phase, with another large
impurity phase
Nearly pure
Shifted left; light brown pellet
all the way through; light
yellow powder on outside;
crushed powder was beige
Pattern shifted left; hard pellet
Hard pellet; more crystalline
than 1st heating
Slight splitting of peaks; less
crystalline than 1st heat
More pure than 1st heat; no
change in crystallinity
Had many impurities
No better crystallinity than 3rd
heating
The intensity was increased for
all peaks; pattern was nearly
pure
3rd and 4th heats looked similar
The intensity decreased for all
peaks
Similar intensities to 1st heat,
but no impurity
Main peak was less intense,
and seems more crystalline
Lower intensity than first
heating
Pellet was brown; much lower
intensity of the major peak
from 1st heat
Pellet was light brown on top
and bottom and rimmed in
light yellow

Bi0.8Ca1.2Sn0.8Nb1.2O7

GG2-99C

1

Air, 1050˚C, 12Hr

Light Yellow

Bi0.2Ca1.8Sn0.2Nb1.8O7

GG2-99D

1

Air, 1050˚C, 12Hr

Light Yellow

1

Air, 1050˚C, 12Hr

Off White/
Beige

Bi2Sn2O7
mostly pure
Bi2Sn2O7
nearly pure
Bi2Sn2O7
nearly pure
Bi2Sn2O7,
Bi2O3
Impure; main
Bi2Sn2O7
Impure; main
Bi2Sn2O7

1

Air, 1050˚C, 12Hr

Light Yellow

Bi2Sn2O7 w/I

May have small W phase

Bi2Ti2O7
BiCaTiNbO7

GG2101A
GG2101B

Easily crushed pellet
Nearly pure X-ray
Nearly pure X-ray
Background was messy; small
impurity at 32˚ - maybe Bi2O3
Easily crushed pellet; impure
pattern; main P phase
Pellet was Brown; very very
hard and dense; impure X-ray

CaBiNbFeO6F

GG2102A

1

Air, 1050˚C, 12Hr

Brown

Bi2Sn2O7 w/I,
Bi2O3

Pellet was hard and dark
red/brown; large peak at 32˚,
maybe Bi2O3

CaBiNbAlO6F

GG2102B

1

Air, 1050˚C, 12Hr

Light
Orange/
Yellow

Bi2Sn2O7 w/I,
Bi2O3

Peaks at 28,32,55˚, maybe
Bi2O3

CaBiNbCrO6F

GG2102C

1

Air, 1050˚C, 12Hr

Dark
Brown/Green

Bi2Sn2O7 w/I,
Bi2O3

Pellet was black, and it stained
the crucible; Peaks at
28,32,55˚, maybe Bi2O3
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BiCaTi2O6F

GG2104A

1

Air, 1050˚C, 12Hr

Off White

Impure; main
Bi2Sn2O7

YCaTi2O6F

GG2104B

1

Air, 1050˚C, 12Hr

Nearly White

Bi2Sn2O7 w/
large I

Ca2IrRuO7

GG2109A

1

Hydrothermal, 250°C, 3
days

Black

Bi2Sn2O7 w/I,
Bi2O3, IrO2

BiCaIrRuO7

GG2107A

1

Hydrothermal, 250°C, 3
days

Black

Bi2Sn2O7 w/I,
Bi2O3, IrO2

1

Air, 950˚C, 12Hr

Black

Bi2Sn2O7
nearly pure

BiCaIrRuO7
Bi0.5Ca1.5Sn0.5Nb1.5O7
Ca2Sb1.5Ti0.5 O6.5F0.5
Ca2SbTi O6F
Bi1.8Ca0.2Sn1.8Sb0.2O7
Bi1.2Ca0.8Sn1.2Sb0.8O7
Bi0.8Ca1.2Sn0.8Sb1.2O7

GG2107B
GG288B*
GG291A*
GG291B*
GG295A*
GG296A*
GG296B*

5

Air,1200˚C, 12Hr

Light Yellow

Bi2Sn2O7, w/I

5

Air,1200˚C, 12Hr

Off White

Ca2Sb2O7,
w/I

5

Air,1200˚C, 12Hr

Off White

2

Air, 1100˚C, 12Hr

Off White

3

Air, 1150˚C, 12Hr

Off White

3

Air, 1150˚C, 12Hr

Off Yellow

Bi0.2Ca1.8Sn0.2Sb1.8O7

GG296C*

3

Air, 1150˚C, 12Hr

Off Yellow

Bi0.8Ca1.2Sn0.8Nb1.2O7

GG2-99C

2

Air, 1100˚C, 12Hr

Light Yellow

Bi0.2Ca1.8Sn0.2Nb1.8O7
Bi2Ti2O7
BiCaTiNbO7

GG2-99D
GG2101A
GG2101B

Ca2Sb2O7,
w/I
Bi2Sn2O7,
small/I
Bi2Sn2O7
nearly pure
Bi2Sn2O7
nearly pure
Ca2Sb2O7
major,
Bi2Sn2O7
minor (?), I
Bi2Sn2O7,
nearly pure
Impure
(P/W?)

2

Air, 1100˚C, 12Hr

Light Yellow

2

Air, 1100˚C, 12Hr

Beige

Impure (P?)

2

Air, 1100˚C, 12Hr

Light Yellow

Bi2Sn2O7,
nearly pure

CaBiNbFeO6F

GG2102A

2

Air, 1100˚C, 12Hr

Orange/
Brown

Bi2Sn2O7, w/I

CaBiNbAlO6F

GG2102B

2

Air, 1100˚C, 12Hr

Light
Orange/
Yellow

Bi2Sn2O7, w/I

CaBiNbCrO6F

GG2102C

2

Air, 1100˚C, 12Hr

Dark Brown/
Green

Bi2Sn2O7, w/I

BiCaTi2O6F

GG2104A

2

Air, 1150˚C, 12Hr

Off White

Bi2Sn2O7, w/I

YCaTi2O6F

GG2104B

2

Air, 1150˚C, 12Hr

Off Yellow

Bi2Sn2O7, w/I

1

Air, 950˚C, 12Hr

Yellow/
Beige

1

Air, 950˚C, 12Hr

Beige

Bi2Sn2O7,
nearly pure
Bi2Sn2O7,
nearly pure

Bi1.5Ca0.5Sn1.5Sb0.5O7
BiCaSnSbO7

GG2108A
GG2108B

Bi0.5Ca1.5Sn0.5Sb1.5O7

GG2108C

1

Air, 950˚C, 12Hr

Off White/
Yellow

Bi2Sn2O7, w/I

Bi1.5Ca0.5Sn1.5Sb0.5O7

GG2108A

2

Air,1000˚C, 12Hr

Yellow/
Brown

Bi2Sn2O7,
nearly pure

BiCaSnSbO7

GG2108B

2

Air,1000˚C, 12Hr

Pale Yellow

Bi2Sn2O7,
nearly pure

Bi0.5Ca1.5Sn0.5Sb1.5O7

GG2108C

2

Air,1000˚C, 12Hr

Pale Yellow

Ca2Sb2O7
major,

Outside of pellet was slightly
darker; P peak is not the most
intense
The impurity may have been
Y2O3 or YTIO3 etc.
Clear water and black powder
suspension; X-ray taken
without grinding sample
Clear water and black
crystal/powder suspension;
some shiny specs; major
impurities; X-ray taken
without grinding sample
Very small impurity peaks
5th heating was similar to the
4th
Pellet was brittle but hard;
almost same as 4th; 2 impurity
peaks at 33 and 47˚
Pellet was brittle but hard;
more impurities than 91A
Similar to 4th heat
3rd similar to 2nd but maybe
more crystalline
Peaks were broader than 96A
Similar to 2nd heating; very
small impurity; maybe P phase
Very small I at ~38˚
Could have either phase;
Impure
Pellet was light brown and
hard
Pellet was hard and light
yellow
Pattern was similar to 1st
heating, but with smaller
intensity
Pattern was similar to 1st
heating, but with smaller
intensity
Pattern was similar to 1st
heating, but with smaller
intensity
Light brown pellet color; very
dense; major impurity was
much smaller than 1st heating;
maybe Bi2O3
Very dense; major impurity
was much smaller than 1st
heating and 104A; maybe
Y2O3 or YTiO3
The pellet stained the crucible
yellow
Peaks were slightly wider than
108A
Pellet was off white;
background was messier due to
small impurity peaks (Bi2O3?);
there may be a small W phase
Powder was split into two
different pellets, and heated
separately for Dielectric and
rietveld analysis
Powder was split into two
different pellets, and heated
separately for Dielectric and
rietveld analysis
Powder was split into two
different pellets, and heated
separately for Dielectric and
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Bi2Sn2O7
minor, n.p.

BiCaIrRuO7
Bi1.5Ca0.5Ru1.5Ir0.5O7
Bi0.5Ca1.5Ru0.5Ir1.5O7
Bi0.5Ca1.5Ru0.5Ir1.5O7

GG2107B
GG2115A
GG2115B
GG2115B

2

Air,1000˚C, 12Hr

Black

1

Air, 950˚C, 12Hr

Black

Bi2Sn2O7,
nearly pure
Bi2Sn2O7,
nearly pure

1

Air, 950˚C, 12Hr

Black

Bi2Sn2O7, w/I

2

Air,1050˚C, 12Hr

Black

Bi2Sn2O7, w/I

rietveld analysis; main W
phase, not fully resolved;
maybe P phase too, but nearly
pure
Pattern was nearly pure
Pattern was nearly pure
Impurity could have been
Ca2IrO4; impurity was large
The impurities were large; this
may not be possible to make

Bi0.5Ca1.5Sn0.5Sb1.5O7

GG2108C

3

Air,1050˚C, 12Hr

Beige

Ca2Sb2O7
major,
Bi2Sn2O7
minor

Pellet was relatively hard;
weberite phase seemed to not
be fully resolved

BiCaIrSbO7

GG2117A

1

Air, 950˚C, 12Hr

Dark
Charcoal
Grey

Bi2Sn2O7,
nearly pure

Peaks were very broad, this
may be turning into W

Bi0.8Ca1.2Ru0.8Ir1.2O7

GG2116A

1

Air, 950˚C, 12Hr

Black

Bi2Sn2O7, w/I

Bi0.5Ca1.5Ru0.5Ir1.5O7

GG2116B

1

Hydrothermal, 250°C, 3
days

Black

IrO2, w/I

Bi0.5Ca1.5Sn0.5Sb1.5O7

GG2108C

4

Air,1150˚C, 12Hr

Beige

Ca2Sb2O7
major,
Bi2Sn2O7
minor, n.p.

Looked nearly identical to the
3rd heating

BiCaIrSbO7

GG2117A

2

Air,1050˚C, 12Hr

Black

Bi2Sn2O7,
nearly pure;
Bi2O3, SiO2

Two small impurity peaks at
~32&23˚; much more
crystalline that the first
heating; 10.2524Å (040)

Bi0.8Ca1.2Ru0.8Ir1.2O7

GG2116A

2

Air,1050˚C, 12Hr

Black

Ca2Sb2O7
minor,
Bi2Sn2O7
major

Both P and W phases, not fully
resolved; 10.3436Å (040)

Sn2Nb2O6.4S0.6

GG2118A

1

Sealed Tube, 850˚C, 12Hr

Red/ Orange

Bi2Sn2O7,
nearly pure;
SnS/ SnS2

Sn2Nb2O6.4S0.6

GG2118A

2

Sealed Tube, 850˚C, 12Hr

Red/ Orange

Bi2Sn2O7,
nearly pure;
SnS/ SnS2

Sn2Nb2O6.8S0.2

GG2118B

1

Sealed Tube, 850˚C, 12Hr

Dark Orange

Bi2Sn2O7,
nearly pure;
SnS/ SnS2

Sn2Nb2O6.7S0.3

GG2118C

1

Sealed Tube, 850˚C, 12Hr

Dark Orange

Bi2Sn2O7,
nearly pure;
SnS/ SnS2

Sn2Nb2O6.6S0.4

GG2120A

1

Sealed Tube, 850˚C, 12Hr

Dark Orange

Bi2Sn2O7,
nearly pure;
SnS/ SnS2

Bi1.5Sr0.5Sn1.5Sb0.5O7

GG2123A

1

Air, 950˚C, 12Hr

Off White

P phase; n.p.

Sn2Nb2O6.8S0.2

GG2118B

2

Sealed Tube, 850˚C, 12Hr

Dark Orange

Bi2Sn2O7,
nearly pure;
SnS/ SnS2

Sn2Nb2O6.7S0.3

GG2118C

2

Sealed Tube, 850˚C, 12Hr

Dark Orange

Bi2Sn2O7,
nearly pure;
SnS/ SnS2

Ca2Ru2O7

GG2126A

1

From GG2-67B-1; TGA,
850˚C, Air

Black
Crystals

Pyrochlore,
CaRuO3

Impurity was the same as
x=1.5 but smaller
The major phase was IrO2,
with a clear liquid phase, and
other impurities

Sample was red; pellets
expanded to fill large tube size;
flakes of SnS were in the tubes
surrounding the pellets; pellets
were extremely soft; long scan
was also done; 10.648Å (040)
Pellet was harder upon 2nd
heating; one impurity
decreased; similar to first heat;
pattern shifted slightly;
10.5936Å (040)
Pellet was very soft; there were
silver SnS flakes in the tubes;
10.6292Å (040) less
crystalline; smaller impurity
Pellet was very soft; there were
silver SnS flakes in the tubes;
10.6236Å (040) similar to 0.2,
with larger impurities
Pellet was very soft; there were
silver SnS flakes in the tubes;
10.6296Å (040) similar to 0.3,
with similar impurities
Pellet was slightly hard;
10.6912Å (040)
Pellet was much harder; there
were still SnS flakes, but much
less; less xtalline than 2nd heat
of 118A; less impurities;
10.5444Å (040)
Pellet was much harder; there
were still SnS flakes, but much
less; very similar to 118B;
10.6048Å (040)
Sample decomposed around
600C, where there was a ~7%
weight loss from 600-850C
that did not taper off; TGA
was run a second time
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P phase; n.p.
SbO2/Sb2O5
or Sr(Sb2O6)
P/W phase;
messy
Bi2Sn2O7,
nearly pure;
SnS/ SnS2

BiSrSnSbO7

GG2123B

1

Air, 950˚C, 12Hr

Black

Bi0.5Sr1.5Sn0.5Sb1.5O7

GG2124A

1

Air, 950˚C, 12Hr

Black

Sn2Nb2O6.6S0.4

GG2120A

2

Sealed Tube, 850˚C, 12Hr

Dark Orange

Ca2Ru2O7

GG2128A

1

From GG2-67B-1; TGA,
580˚C, Air; isothermal
120m

Black
Crystals

Pyrochlore,
CaRuO3

Ca2Ru2O7

GG2128B

1

From GG2-67B-1; TGA,
500˚C, Air; isothermal
180m

Black
Crystals

Pyrochlore,
CaRuO3

Ca2Ru2O7

GG2128C

1

From GG2-67B-1; TGA,
300˚C, Air; isothermal
210m

Black
Crystals

Pyrochlore

BiSrSnSbO7

GG2123B

2

Air, 1000˚C, 12Hr

Black

P phase; n.p.
SbO2/Sb2O5
or Sr(Sb2O6)

Similar to 1st heat

Bi0.5Sr1.5Sn0.5Sb1.5O7

GG2124A

2

Air, 1000˚C, 12Hr

Black

P/W phase;
messy

Similar to 1st heat; main peak
seems to be splitting indicating
more of W phase

BiSrSnSbO7

GG2123B

3

Air, 1100˚C, 12Hr

Black

3

Air, 1100˚C, 12Hr

Black

1

Air, 1100˚C, 12Hr

Off White

P phase, np

1

Air, 1100˚C, 12Hr

Off White

P phase, np

1

Air, 1100˚C, 12Hr

Light Yellow

P phase,
small I

1

Sealed Tube, 700˚C, 24Hr

Orange

P phase, SiO2

1

Sealed Tube, 700˚C, 24Hr

Orange

P phase, SiO2

2

Air, 1150˚C, 12Hr

Off White

P phase,
SnO2

2

Air, 1150˚C, 12Hr

Off White

P phase, np

2

Air, 1150˚C, 12Hr

Light Yellow

P phase,
small I

1

Air, 1000˚C, 12Hr

Off White

P phase, np

1

Air, 1000˚C, 12Hr

Off White

P phase,
small I

1

Air, 1100˚C, 12Hr

Off White

P phase, np

3

Air, 1150˚C, 12Hr

Off White

P phase, np

3

Air, 1150˚C, 12Hr

Light Yellow

P phase, np

2

Air, 1150˚C, 12Hr

Off White

P phase,
Small I

2

Air, 1150˚C, 12Hr

Off White

P phase, np

2

Air, 1150˚C, 12Hr

Off White

P phase,
small I (W?)

The sample was prepped for
2nd heating
The sample was prepped for
2nd heating
The sample was prepped for
2nd heating
A new pellet was pressed from
the same ball milled powder
A new pellet was pressed from
the same ball milled powder
Large impurity was found; will
have to be remade
Density was checked for
dielectrics
Density was checked for
dielectrics
Remake of 108B; reheated for
dielectric
Remake of 108C; reheated for
dielectric
Remake of 135A; reheat for
dielectric
Density was checked for
dielectrics 62%
Density was checked for
dielectrics 56%
Density was checked for
dielectrics 63%
Density was checked for
dielectrics 52%
Density was checked for
dielectrics 57%

1

Air, 1000˚C, 12Hr

Off White

P phase, np

This was nearly pure
This could have the Hf or Bi
impurity, and may have an
emerging W phase
Mostly pure; small I

Bi0.5Sr1.5Sn0.5Sb1.5O7
Bi1.8Ca0.2Sn1.8Nb0.2O7
Bi1.2Ca0.8Sn1.2Nb0.8O7
Bi0.8Ca1.2Sn0.8Nb1.2O7
Sn2TiNbO6F
Sn2TiNbO6F0.5Cl0.5
Bi1.8Ca0.2Sn1.8Nb0.2O7
Bi1.2Ca0.8Sn1.2Nb0.8O7
Bi0.8Ca1.2Sn0.8Nb1.2O7
BiCaSnSbO7
Bi0.5Ca1.5Sn0.5Sb1.5O7
Bi1.8Ca0.2Sn1.8Nb0.2O7
Bi1.2Ca0.8Sn1.2Nb0.8O7
Bi0.8Ca1.2Sn0.8Nb1.2O7
Bi1.8Ca0.2Sn1.8Nb0.2O7
BiCaSnSbO7
Bi0.5Ca1.5Sn0.5Sb1.5O7
BiCaHfSbO7

GG2124A
GG2135A
GG2135B
GG2135C
GG278A-3
GG278B-3
GG2135A
GG2135B
GG2135C
GG2137A
GG2137B
GG2139A
GG2135B
GG2135C
GG2139A
GG2137A
GG2137B
GG2141A

P phase; n.p.
SbO2/Sb2O5
or Sr(Sb2O6)
P/W phase;
messy

Bi0.5Ca1.5Hf0.5Sb1.5O7

GG2141B

1

Air, 1000˚C, 12Hr

Off White

P phase,
small I, HfO2
or Bi2O3
(W?)

BiSrSnSbO7

GG2123B

4

Air, 1200˚C, 12Hr

Off White

P, small I

Sr(Sb2O6) fits a lot of the small
peaks; 10.6112Å (040)
Could be W; 10.6668Å (040)
Pellets were harder; still had
flakes; X-ray looked nearly
identical to 1st Heat
Sample was held at 580C for
120 mins to try and show
weight loss without
decomposition; sample
decomposed; 3% loss
Sample was held at 500C for
180 mins to try and show
weight loss without
decomposition; sample
decomposed slightly; 1.8%
loss
Sample was held at 300C for
210 mins to try and show
weight loss without
decomposition; sample did not
decompose; 0.4% loss

Almost identical to 2nd heating
Almost identical to 2nd heating
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Bi0.5Sr1.5Sn0.5Sb1.5O7
BiCaHfSbO7
Bi0.5Ca1.5Hf0.5Sb1.5O7
Sn2Ti0.8Nb0.2O6F0.8S0.
2

Sn2Ti0.6Nb0.4O6F0.6S0.
4

Bi1.5Ca0.5Sn1.5Nb0.5O7
BiCaSnNbO7
Bi0.8Ca1.2Sn0.8Nb1.2O7

GG2124A
GG2141A
GG2141B
GG2136A
GG2136B
GG2144A
GG2144B
GG2144C

4

Air, 1200˚C, 12Hr

Off White

P, w/I

Air, 1000˚C, 12Hr

Off White

P phase, np

2

Air, 1000˚C, 12Hr

Off
White/Tan

1

Sealed Tube, 850˚C, 12Hr

Dark Orange

1

Sealed Tube, 850˚C, 12Hr

Dark Orange

P, small I
(W?)
P phase,
large SiO2
P phase,
large SiO2
P phase,
large SnO2

2

1
1
1

Air, 700˚C, 3Hr, 1300˚C,
12Hr
Air, 700˚C, 3Hr, 1300˚C,
12Hr
Air, 700˚C, 3Hr, 1300˚C,
12Hr

Grey

51% dense

Yellow

P phase, n.p.

51% dense

CaO major,
CaWO4 large
I, w/I
CaWO4
major, Bi2O3,
w/I
CaWO4,
minor P
SrWO4
major, minor
P, w/I
SrWO4
major, minor
P, w/I
CaWO4
major, w/I
CaWO4
major, w/I
CaWO4
major, w/I
SrWO4
major, w/I
SrWO4
major, w/I

1

Air, 900˚C, 12Hr

Dark Brown/
Purple

BiCaCrWO7

GG2154B

1

Air, 900˚C, 12Hr

Dark Green

Ca2TiWO7

GG2154C

1

Air, 900˚C, 12Hr

Off White

BiSrFeWO7

GG2155A

1

Air, 900˚C, 12Hr

Dark Brown

BiSrCrWO7

GG2155B

1

Air, 900˚C, 12Hr

Dark Green

2

Air, 1100˚C, 12Hr

Dark Brown

2

Air, 1100˚C, 12Hr

Dark Green

2

Air, 1100˚C, 12Hr

Off White

2

Air, 1100˚C, 12Hr

Dark Brown

2

Air, 1100˚C, 12Hr

Dark Green

1

Air, 900˚C, 12Hr

Black

P phase, n.p.

1

Air, 900˚C, 12Hr

Black

P phase, n.p.

2

Air, 900˚C, 12Hr

Black

P phase, n.p.

BiCaCrWO7
Ca2TiWO7
BiSrFeWO7
BiSrCrWO7
Bi1.8Cu0.2Ir2O6.9
Bi1.6Cu0.4Ir2O6.8
Bi1.6Cu0.4Ir2O6.8
SmCaFeWO7
GdCaFeWO7
HoCaFeWO7
SmCaFeWO7
GdCaFeWO7
HoCaFeWO7
BiCaSnSbO7
BiCaSnSbO7
Bi0.8Ca1.2Sn0.8Nb1.2O7
Bi0.8Ca1.2Sn0.8Nb1.2O7
Sn2TiWO6.7S0.3
SnBiTiNbO7
SmCaFeWO7

GG2158B
GG2158B
GG2161A
GG2161B
GG2161C
GG2161A
GG2161B
GG2161C
GG2156A
GG2156A
GG2153A
GG2153A
GG2149A
GG2160A
GG2161A

63% dense, large I

P phase, n.p.

GG2154A

GG2154A
GG2154B
GG2154C
GG2155A
GG2155B
GG2158A

More SnS2 and Sn metal flakes

Off White

BiCaFeWO7

BiCaFeWO7

Less pure, some large I
Nearly pure phase; yellowish
tan
Pale Tan, probable minor W
phase
“frosty” coating; some SnS2
flakes; some Sn metal

Powder color was lighter than
pellet color
Powder color was lighter than
pellet color
Powder color was white
Powder color was lighter than
pellet color
Powder color was lighter than
pellet color
Pellet was stuck to crucible;
not pure; stained crucible
Stained crucible; not pure
Mostly CaWO4
Stained crucible; not pure
Stained crucible; not pure
Sample is ready for Neutron
data collection
Sample will be reheated for
neutron purity; had minor I
peak at ~46 2-theta
Minor I peak was gone

CaWO4
major, w/I
CaWO4
major, w/I
CaWO4
major, w/I
CaWO4
major, w/I
CaWO4
major, w/I
CaWO4
major, w/I

Slightly more pure, but still
w/I
Slightly more pure, but still
w/I
Slightly more pure, but still
w/I

1

Air, 900˚C, 12Hr

Red/ Brown

1

Air, 900˚C, 12Hr

Red/ Brown

1

Air, 900˚C, 12Hr

Red/ Brown

2

Air, 1000˚C, 12Hr

Red/ Brown

2

Air, 1000˚C, 12Hr

Red/ Brown

2

Air, 1000˚C, 12Hr

Red/ Brown

1

Air, 1300˚C, 12Hr

Off White

P phase, n.p.

Pressed for 2 hours

2

Air, 1300˚C, 12Hr

Off White

P phase, n.p.

Pressed for 2 hours

1

Air, 1000˚C, 12Hr

Off White

P phase w/I

Heated as a powder for 1st heat

2

Air, 1300˚C, 24Hr

Off White

P phase w/I

Small CaNb2O6 I, maybe Sn;

1

Sealed Tube, 700˚C, 12Hr

Dark Brown

P phase,
small I
(SnS2)

Impurity most likely due to
flakes in tube

1

Sealed Tube, 700˚C, 12Hr

Grey

Impure

Pellet was grey; impurities
were Ti2O3, Bi2O3

3

Air, 1200˚C, 12Hr

Orange/
Brown

P phase w/I

Similar to 2nd, w/I

Sm2O3, WO3 (?)
Gd2O3 (?)
Fe2O3, Ho2O3 (?)
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GdCaFeWO7
HoCaFeWO7
BiCaTiSbO7
BiCaHfNbO7
BiCaHfSbO7
BiCaHfTaO7
BiCaHfNbO7
BiCaHfSbO7
BiCaHfTaO7
BiCaSnTaO7
BiCaTiTaO7
Bi0.5Ca1.5Ti0.5Ta1.5O7
BiCaHfTaO7
BiCaSnTaO7
Sn2TiWO6.7S0.3
SnBiTiNbO7
BiCaSnTaO7 (small)
BiCaTiNbO7
BiCaTiTaO7
Bi1.5Ca0.5Sn1.5Sb0.5O7
BiCaSnSbO7
Bi0.5Ca1.5Sn0.5Sb1.5O7

GG2161B
GG2161C
GG2151B
GG2147A
GG2147B
GG2147C
GG2147A
GG2147B
GG2147C
GG2142A
GG2143A
GG2143B
GG2147C
GG2168A
GG2149B
GG2160A
GG2168A
GG2143C
GG2169A
GG2170A
GG2170B
GG2170C

Orange/
Brown
Orange/
Brown

3

Air, 1200˚C, 12Hr

3

Air, 1200˚C, 12Hr

1

Air, 1000˚C, 12Hr

Light Yellow

P phase, n.p.;
small I

1

Air, 1000˚C, 12Hr

Off White

P phase,
small I

1

Air, 1000˚C, 12Hr

Off White

P phase, n.p.

1

Air, 1000˚C, 12Hr

Off White

P phase w/I

2

Air, 1100˚C, 12Hr

Off White

P phase, n.p.

2

Air, 1100˚C, 12Hr

Off White

P phase, n.p.

2 heating was much more
pure than the 1st, with minor I

P phase w/I

Similar to 2nd, w/I

P phase w/I

Similar to 2nd, w/I
Powder was heated to remove
carbonate; possible SnO2
impurity
Small 0.1g pellet to test for
purity
Small 0.1g pellet to test for
purity
Small 0.1g pellet to test for
purity
Sample is pure
Sample is pure

2

Air, 1100˚C, 12Hr

Off White

P phase,
more pure;
minor I

1

Air, 1000˚C, 12Hr

Light Grey

P phase w/I

Heated as powder

1

Air, 1000˚C, 12Hr

Off White

P phase w/I

Heated as powder

1

Air, 1000˚C, 12Hr

Light Yellow

P phase
w/larger I

3

Air, 1200˚C, ~21Hr

Off White

P phase, LiF,
HfO2

1

Air, 1200˚C, ~21Hr

Off White

P phase, LiF,
I

1

Sealed Tube, 750˚C, 12Hr

Black

P phase, n.p.

2

Sealed Tube, 750˚C, 12Hr

Grey

Impure

1

Air, 1200˚C, 24Hr

Light Blue/
Grey

P phase,
small I

1

Air, 1250˚C, 24Hr

Off White

Bi2Ti2O7, n.p.

1

Air, 1250˚C, 24Hr

Off White

Bi2Ti2O7, n.p.

1

Air, 1000˚C, 12Hr

Off White

P phase, n.p.

1

Air, 1000˚C, 12Hr

Off White

P phase, n.p.

1

Air, 1000˚C, 12Hr

Off White

P phase w/I
Sn2TiWO7,
w/small I
(SiO2?)
Sn2TiWO7,
w/small I
SnS (SiO2?)
Sn2TiWO7,
w/small I
SnS (SiO2?)

nd

Heated as powder
Smaller pellet; nearly identical
to dielectric sample xray; I
larger than second heating
Possible Bi2Sn2O7
superstructure
Pellet was soft
Relatively dense; larger
impurity on 2nd heating
0.1g heated to test stability;
possible Bi2Sn2O7
superlattice?
Pellet stuck to crucible; pellet
looked glassy and broke
w/ LiF; stuck to crucible and
had to be remade
Mostly pure; second heating in
future
Mostly pure; second heating in
future
Mostly pure; second heating in
future

Sn2TiWO6.3S0.7

GG2173A

1

Sealed Tube, 750˚C, 12Hr

Dark Brown

Sn2TiWO6.1S0.9

GG2173B

1

Sealed Tube, 750˚C, 12Hr

Dark Brown

Sn2TiWO6S

GG2173C

1

Sealed Tube, 750˚C, 12Hr

Dark Brown

2

Air, 1050˚C, 12Hr

Off White

P phase, n.p.

Very minor W phase

2

Air, 1050˚C, 12Hr

Off White

P phase, n.p.

Very minor W phase

2

Air, 1050˚C, 12Hr

Off White

P phase, n.p.

Minor W phase (larger)

3

Air, 1200˚C, 12Hr

Off White

P phase, n.p.

No W phase

3

Air, 1200˚C, 12Hr

Off White

P phase, n.p.

No W phase

Bi1.5Ca0.5Sn1.5Sb0.5O7
BiCaSnSbO7
Bi0.5Ca1.5Sn0.5Sb1.5O7
Bi1.5Ca0.5Sn1.5Sb0.5O7
BiCaSnSbO7
Bi0.5Ca1.5Sn0.5Sb1.5O7
BiCaTiNbO7
Sn2Nb2O6.95S0.05

GG2170A
GG2170B
GG2170C
GG2170A
GG2170B
GG2170C
GG2175A
GG2179A

Impurity is large near 111 peak

Impurity is large near 111 peak
Impurity is larger near 111
peak; impurity is smaller than
previous x values

3

Air, 1200˚C, 12Hr

Off White

W phase, n.p.

Could have minor P phase; no
I

1

Air, 1225˚C, 24Hr

Off White

P phase, n.p.

w/LiF; Stuck to crucible

Sealed Tube, 850˚C, 12Hr

Light
Orange/
Yellow

P phase, n.p.

Soft pellet

1

254

Sn2Nb2O6.9S0.1

Sn2Nb2O6.3sS0.7

BiCaHfTaO7
Sn2Nb2O6.4S0.6
Sn2Nb2O6.4S0.6

GG2179B
GG2179C
GG2185B
GG2118A
GG2118A

1

Sealed Tube, 850˚C, 12Hr

Light Orange

P phase, n.p.
P phase,
minor
foordite
phase
P phase, w/ I;
HfO2

Soft pellet
Fair amount of SnS flakes in
tube

1

Sealed Tube, 850˚C, 12Hr

Dark Orange

1

Air, 1250˚C, 24Hr

Off White

1

TGA, 800˚C, N2

Dark Orange

P phase, n.p.

No weight loss
8% weight gain; decomposed

1

TGA, 800˚C, Air

Light Grey

SnO2, SnO,
SnSO4?

Minor I

Sn2Nb2O6.4S0.6

GG2118A

1

TGA, 800˚C, N2

Dark Orange

P phase, n.p.

2nd try due to messy
background first time 2%
weight gain

Sn2Nb2O7

Neutron

1

TGA, 800˚C, Air

Grey/ White

SnO2, SnO

2% weight gain; decomposed

P phase,
minor
Foordite and
SnS
P phase,
minor
Foordite and
SnS
SnO2, SnO,
SnSO4?

Sn1.5Nb1.8Sn0.2O6.2S0.2

GG2190B

1

Air, 850˚C, 12Hr

Orange

Sn1.5Nb1.8Sn0.2O6.1S0.3

GG2190A

1

Air, 850˚C, 12Hr

Darker
Orange

Sn2Nb2O6.4S0.6

GG2118A

1

TGA, 800˚C, O2

Light Grey

Sn2Nb2O7

Neutron

1

TGA, 800˚C, O2

Light Grey

SnO2, SnO

4% weight gain; Similar to Air

Sn2Nb2O7

Neutron

1

TGA, 800˚C, N2

Grey Yellow

P phase, w/I

1% weight gain; color change

Major SnO2
phase + other
impurities
Major
Sn2Nb2O7
phase plus
minor
Foordite
phase.
Majore P
phase w/
SnSe phase
present
P phase,
minor
Foordite and
SnS
P phase,
minor
Foordite and
SnS

Minor impurities; no SnS
present in tube

Minor impurities; no SnS
present in tube
8% weight gain; Similar to Air

Sn2Nb2O6.6Te0.4

GG3-2A

1

Sealed Tube, 850˚C, 12Hr

Grey-white

Sn2Nb2O6.6Se0.4

GG3-2B

1

Sealed Tube, 850˚C, 12Hr

Orange

Sn2Nb2O6.6Se0.4

GG3-2C

1

Sealed Tube, 500˚C, ramp
1˚C/min ,12hours

Green

Sn1.5Nb1.8Sn0.2O6.2S0.2

GG2190B

2

Air, 850˚C, 12Hr

Orange

Sn1.5Nb1.8Sn0.2O6.1S0.3

GG2190A

2

Air, 850˚C, 12Hr

Darker
Orange

CdBiNbFeO6F

GG3-4A

1

900°C, 12Hr, Air

Brown

Bi1.5Ca0.5Sn1.5Nbo.5O7

GG3-3B

1

1100°C/24hr

Off White

Bi0.5Ca1.5Sn0.5Nb1.5O7

GG3-3C

1

1100°C/24hr

Off yellow

Bi1.5Ca0.5Sn1.5Tao.5O7

GG3-7A

1

1250°C/24hr

Off White

Bi1.5Ca0.5Sn1.5Tao.5O7

GG3-7A

2

1300˚C/24hr

Off Gray

Bi1.5Ca0.5Sn1.5Tao.5O7

GG3-7A

1

1000˚C/12hr

Off White

Bi0.5Ca1.5Sn0.5Ta1.5O7

GG3-7B

1

1250°C/24hr

Off White

Bi0.5Ca1.5Sn0.5Ta1.5O7

GG3-7B

2

1300˚C/24hr

Off Yellow

W w/ imp

0.1g

Bi0.5Ca1.5Sn0.5Ta1.5O7

GG3-7B

1

1000˚C/12hr

Off White

W w/ imp

New 0.1g from raw

P phase w/I
P phase w/
imp (SnO2)
W phase w/
imp
P phase w/
large SnO2
impurity
W w/ SnO2
imp
P phase, but
peaks still
broad
Mix of W &
P phases w/
imp

Impure; Nb2O5 impurity

Sample will be remade and
heated slowly at a lower temp
in order to try to prevent Se
sublimation

Will be heated a second time

Nearly the same as 1st heat

Nearly the same as 1st heat
Will be heated a 2nd time at
1000˚C
0.1g portion of 0.85g prep was
heated
0.1g
New 0.1g from raw
0.1g portion of 0.85g prep was
heated
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Bi1.5Ca0.5Ti1.5Nbo.5O7

GG3-8A

1

1100˚C/12hr

OrangeYellow

Bi0.5Ca1.5Ti0.5Nb1.5O7

GG3-8B

1

1100˚C/12hr

Off Yellow

Bi0.5Ca1.5Ti0.5Nb1.5O7

GG3-8B

2

1150˚C/12hr

Yellow

Very pure P
phase
P phase w/
large imp
W phase w/
imp
W phase w/
imp
P w/ slight
imp

0.1g portion of 0.85g prep was
heated
0.1g portion of 0.85g prep
0.1g

Bi0.5Ca1.5Ti0.5Nb1.5O7

GG3-8B

3

1200˚C/12hr

Yellow
orange

Bi1.5Ca0.5Ti1.5Sbo.5O7

GG3-9B

1

1150˚C/24hr

Off Yellow

Bi1.5Ca0.5Ti1.5Sbo.5O7

GG3-9B

1

1000˚C/12hr

Off Yellow

n.p. P phase

New 0.1g from raw
0.1g portion of 0.85g prep was
heated

0.1g
0.1g portion of 0.85g prep was
heated

Bi0.5Ca1.5Ti0.5Sb1.5O7

GG3-9C

1

1150˚C/24hr

Off Yellow

W w/ slight P
phase (?)

Bi0.5Ca1.5Ti0.5Sb1.5O7

GG3-9C

1

1000˚C/12hr

Off Yellow

n.p. W phase

New 0.1g from raw

Mix of W &
P phases w/
imp

0.1g portion of 0.85g prep was
heated

W w/ imp

0.1g

Bi0.5Ca1.5Hf0.5Ta1.5O7

GG3-10A

1

1250°C/24hr

Off white

Bi0.5Ca1.5Hf0.5Ta1.5O7

GG3-10A

2

1300°C/24hr

Off white

Bi0.5Ca1.5Hf0.5Ta1.5O7

GG3-10A

1

1000˚C/12hr

Off white

Bi0.5Ca1.5Hf0.5Ta1.5O7

GG3-10A

2

1050˚C/12hr

Off white

Bi0.5Ca1.5Hf0.5Ta1.5O7

GG3-10A

3

1100˚C/12hr

Off white

Bi1.5Ca0.5Hf1.5Sbo.5O7

GG3-10B

1

1250°C/24hr

Off white

Bi1.5Ca0.5Hf1.5Sbo.5O7

GG3-10B

2

1300°C/24hr

Off white

Bi1.5Ca0.5Hf1.5Sbo.5O7

GG3-10B

1

1000˚C/12hr

Off white

Bi1.5Ca0.5Hf1.5Sbo.5O7

GG3-10B

2

1050˚C/12hr

Off White

Bi1.5Ca0.5Hf1.5Sbo.5O7

GG3-10B

3

1100˚C/12hr

Off Yellow

Bi0.5Ca1.5Hf0.5Sb1.5O7

GG3-10C

1

1250°C/24hr

Off white

Bi0.5Ca1.5Hf0.5Sb1.5O7

GG3-10C

2

1300°C/24hr

Off white

Very impure
showed W or
P phase
W phase w/
less imp
W phase w/
imp
W phase w/
imp
W phase w/
large HfO2
imp
Very pure P
phase
n.p. P phase

New 0.1g from raw
0.1g
0.1g
0.1g portion of 0.85g prep was
heated
0.1g
New 0.1g from raw
0.1g

P phase w/
imp; not as
pure as 2nd
heat
W phase w/
imp (HfO2?)

0.1g portion of 0.85g prep was
heated

n.p. W phase

0.1g

Very impure
but W phase
formation
present
W phase but
messy
background
Large HfO2
impurity,
unable to tell
if P or W
phase
W phase w/
large HfO2
impurity,
P phase w/
imp and
broad peaks

0.04g portion of 2nd heat 0.1g

Bi0.5Ca1.5Hf0.5Sb1.5O7

GG3-10C

1

1000˚C/12hr

Off white

Bi0.5Ca1.5Hf0.5Sb1.5O7

GG3-10C

2

1050˚C/12hr

Off White

Bi1.5Ca0.5Hf1.5Tao.5O7

GG3-11A

1

1250°C/24hr

Off white

Bi1.5Ca0.5Hf1.5Tao.5O7

GG3-11A

2

1300°C/24hr

Off white

Bi1.5Ca0.5Hf1.5Tao.5O7

GG3-11A

1

1000˚C/12hr

Off white

Bi1.5Ca0.5Hf1.5Tao.5O7

GG3-11A

2

1050˚C/12hr

Off White

n.p. P phase

0.1g

0.233g of 0.1g of 2nd heat 0.1g
0.1g portion of 0.85g prep was
heated

Bi1.5Ca0.5Hf1.5Tao.5O7

GG3-11A

3

1100˚C/12hr

Off white

Large imp;
sample may
have
“broken”

Bi1.5Ca0.5Hf1.5Nbo.5O7

GG3-11B

1

1100˚C/12hr

Off
white/yellow

n.p. P phase

New 0.1g from raw

0.1g

0.1g portion of 0.85g prep was
heated

0.1g

New 0.1g from raw
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Bi1.5Ca0.5Hf1.5Nbo.5O7

GG3-11B

2

1150˚C/12hr

Off white

Bi0.5Ca1.5Hf0.5Nb1.5O7

GG3-11C

1

1100˚C/12hr

Bi0.5Ca1.5Hf0.5Nb1.5O7

GG3-11C

2

1150˚C/12hr

Bi0.5Ca1.5Hf0.5Nb1.5O7

GG3-11C

3

1200˚C/12hr

Off
white/yellow
Off
white/yellow
Yellow
orange

Sn2Ta2O7

GG3-15A

1

800˚C/12hr sealed tube

Off Yellow

Sn2Ta2O6.8S0.2

GG3-15B

1

800˚C/12hr sealed tube

Sn2Ta2O6.6S0.4

GG3-15C

1

800˚C/12hr sealed tube

Off Yellow
Dark YellowBrown
Bright
Yellow
Bright Light
Orange

Off Yellow

Sn2Ta2O6.4S0.6

GG3-15D

1

800˚C/12hr sealed tube

Sn2NbTaO7

GG3-20A

1

800˚C/12hr sealed tube

Sn2NbTaO6.8S0.2

GG3-20B

1

800˚C/12hr sealed tube

Sn2Nb2O6.6S0.4

GG3-20C

1

800˚C/12hr sealed tube

Dark green

Sn2Nb2O6.6S0.4

GG3-20C

2

850˚C/12hr sealed tube

Green

Sn1.5Nb2O6.5

GG3-20D

1

800˚C/12hr sealed tube

Yellow

Sn2NbTaO6.6S0.4

GG3-21A

1

800˚C/12hr sealed tube

Orange

Sn2NbTaO6.4S0.6

GG3-21B

1

800˚C/12hr sealed tube

Orange

Very impure
sample
appears to
have
“broken”
P or W phase
w/ imp
P or W phase
w/ less imp

0.1g

0.1g portion of 0.85g prep was
heated
0.1g

W w/ imp

0.1g

n.p. P phase

Pellet expanded in tube.

P phase w/
small imp
P phase w/
imp
P phase w/
imp
n.p. P phase
n.p. P phase
Major
Foordite
phase w/ imp
Foordite
phase with a
prominent P
phase
P phase w/
imp (possibly
Foordite)
P phase w/
imp
P phase w/
imp

SnS or Sn in tube
SnS or Sn in tube
SnS or Sn in tube
Sn or SnS shavings present in
tube. Pellet expanded
Sn or SnS shavings present in
tube. Pellet expanded
Dark yellow w/ specks of Sn
or SnS in pellet. Dark green
powder
Dark yellow pellet is crusted
with Sn or SnS.

Yellow pellet and powder
Orange Pellet and powder w/
some SnS or Sn shavings
Spot on quartz tube from Sn or
SnS shavings; Orange pellet w/
SnS or Sn shavings

Note: The key for some shorthand includes n.p. = nearly pure, w/I = with impurities, P
phase = pyrochlore phase, W phase = Weberite phase.
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