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Abstract

Several rareearth pnictide suboxides were investigated for their structures,
chemistry, and physical properties. The goal of this researchtovdsvelop a highly
stable material that could combine the thermally insulating properties of -&andhe
oxide framework with the electrically conductive properties of a-earéh pnictide
framework. These materials were synthesized by solid stateioreactat high
temperatures, producing highly pure products for measurement. All phases were
subjected to several different forms of analysis, includirgypowder and single crystal
diffraction, energy dispersive -Kay spectroscopy (EDS), electron microlpe analysis
(EPMA), magnetization, and hall resistivity measurements. Sufficiently pure bulk
samples were then measured for thermoelectric properties in terms of electrical resistivity,
Seebeck coefficient, and thermal conductivity, where applicable.rdiee of structure
and chemistry for each phase were then discussed with respect to the obtained physical
properties and calculated electronic structures.

Seven distinct classes of ragarth pnictide suboxides were investigated in this
dissertation: theetragonal RERE');SbQ; phases(space groupC2/m), the C&RE;SbQ,
phases (space groug/m), the CaRESk0,0 phases (space groi2/m), the GdBiOs
phase and G#i3;0g phases (space groupg3/m), and the C&RESkOs phase and
CaREBIsOs phases (space group®i/n). All of these phases share many common
structural features, and can be related by diffeRBIO tetrahedral building block

stacking sequences and locations of the pnictide atoms.



Structurally speaking, the simplest possibleagement of th&®@EO andREPN
frameworks we investigated are found in theREzSbQ, phase. This phase contains the
smallest unit cell of all known ramarth pnictide suboxides with only a two URIEO
tetrahedral building block and ordered antimony a&tor&xtended heat treatments
gradually convert this phase into the correspondingRESI010 phase, with a
significantly more complicated arrangementRi;O building blocks. By controlling the
loading composition and reaction conditions, th&RE&SbQ, phase can be prepared as a
kinetic product, while the GRESkO;o phase forms as the thermodynamic product.
Likewise, the tetragonal RERE');SbQ; phasescan also be prepared through high
temperature reactions. This phase contains a unique RiEg2 unit REO3) building
block in its structure, which creates two raath sites with a large difference in site
volume. Thus, this phase can only be prepared when tweaaite atoms of sufficiently
different size are present.

Despite similar structures, théysical properties of the studied raarth pnictide
suboxide phases can displgyite differentbehavior. For the QRESbQ,, CaaRES0s,
CaREBIisOs, and tetragona(RERE')sSbQ; phases the electrical resistivity remains
fairly constant throughout theeries, which can be traced to their highly ordered
structures, as well as the physical and chemical similarities betweerearéns.
Conversely, the more structurally disorderedREaSk;010 and G@BizOs phases behave
as semiconductors despite the fiaety are not charge balanced. This anomalous behavior
arises from the disorder of Sb and Bi atoms, which are responsible for electrical

conduction in the phase. Interestingly, the level of disorder and thus, the magnitude of the
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electrical resistivity, carbe greatly influenced by the raearth atom that is present,
despite maintaining similar structures and charge carrier concentrations. Smaller rare
earth atoms introduce a larger chemical pressure on the disordered antimony/bismuth
atoms which lowers theange of Anderson localized states, pushing the system closer to

metallictype conduction.



Preface

Chapter 1 of this dissertation begins with the history of thermoelectricity,
including the scientists responsible for discovering am@racterizing each of its
individual phenomena. The applications and limitations of devices constructed with
thermoelectric materials are then presented, along with the design philosophies of
improving efficiency. The materials in focus, raarth pnictie suboxides, are then
presented, and their merits as potential thermoelectric material candidates are discussed.
Chapter 2 focuses on the experimental techniques used to study these materials,
illustrating the manner of operation and role of materialattarization for each method.

The significance of each technique for the phases studied in this dissertation will be
presented in the subsequent chapters.

Al t hough some of the phases included 1in
the result of explatory synthesis, all phases discussed herein were designed under the
premise of chemical fusion of raearth pnictides and raesarth oxides, with the aim of
preserving the ideal physical properties of each. As such, each phase retains the anionic
pnictide found in the rarearth pnictide precursor, albeit with some disorder in the case
of CaREsS0,0 and G@BizOg. For each of the following chapters, where possible, bulk
samples of the phases discussed therein where prepared and measured. ddugidata
from these experiments was used to establish the relation of crystal structure to physical
properties. Thermoelectric efficiency, where applicable, was then evaluated for each

material.
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The tetragonal RERE");SbQ; phasespresented and discussiedChapter 3 were
discovered while exploring the effects of secondary atom substitution IRE&H-O
system. Indeed, it was discovered that this phase necessitates the presence of two rare
earth atoms for formation due to large differences inearéhsite volume. Much like the
monoclinic RE;SbQ; phases, theetragonal RERE');SbQ; phasesadopt a similar
framework includingRE,O tetrahedra and empty channels occupied by Sioms,
although the connectivities of tHRE-O building blocks are differertetween the two.
Although the temperatures required to form teeagonal RERE');SbQ; phasesare the
highest of all the(RE-Sb-O phases studied by our group, there is no obvious pathway of
structural conversion from one phase into the other, elimindtiagpossibility of the
tetragonal phase simply being a high temperature form of the monoclinic phase. Due to
the relative ease oétragonal RERE")sSbQ; sample preparation, as well as its structural
simplicity, the work presented in Chapter 3 offerseaellent perspective of the steps
required to properly investigate and analiREeSh-O phases.

Our success with the preparation and discovery ofetragonal RERE');SbQ
phasesmotivated us to explore other atoms to substitute intaRB&SH-O framework.

The C&RESbQ, and CaREsSk;0,0 phases presented in Chapter 4 represent yet another
case of eRESb-O framework phase that cannot be made with-eargh alone. This is
due to a certain electron count being required, which can only be accomplishatdewi
presence of Ca4 The CRE;SbQ, and CaRE;ShO1 phases were found to be analogous
to theRE;SbG; andREsSh;Og phases in several ways, including structure, chemistry, and

to an extent, physical properties. In particular, the electrical resistivity of the
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CaRESkO;p phases proved to be highly dependent on the-aardh atom used; a
feature that is similar to thaeen in thdRE(Sb/Bi)O, phases. As such, the nature of the
semiconducting behavior observed in ,RBESk;O;0 could be traced to Anderson
localization, a common theme amond®ESb-O phases with pnictide site disorder.
While the CaREsSh01 phases do naghare the same degree of chemical flexibility as
REX(Sb/Bi)0O,, they do serve as an important example of the ability to manipulate physical
properties without changing the structure of the phase. The importance of this quality
cannot be overemphasized, @asmay serve as one of the foundations of future
improvement of existing thermoelectrics.

The discovery of several neRE-Sb-O phases by our group had also motivated us
to synthesize the correspondiiREBi-O phases. These two phases were initially
investigated as a means to improve the electrical properties of theardinepnictide
sublattice without compromising the overall structure. Unfortunately, theseatle oxide
frameworks contained in most of these phases render them unable to accammodat
bismuth, due to its large atomic radius. Nevertheless, thBiGgland G@BizOg phases
were successfully prepared, and are discussed in Chapter 5. Wgl#&Ogdould not be
made pure by our synthetic approach, we were able to obtain pure phasgBigDgialy
carefully controlling the heat treatment used. Similar to d&#tePn-O phases, G#Bi3Os
contains disorder bismuth atoms that can be traced as the origin of its semiconducting
behavior. However, our inability to form other members ofREgBi;Os saies prevented

us from further exploring the role of bismuth disorder with respect to physical properties.
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The synthetic challenges of preparing each of these phases are discussed in this chapter,
as well as our means of characterization.

Much like our wok discussed in Chapter 5, the.R&PnsOs phases were studied
as a means to improve upon the physical properties of a known phase. Upon successful
preparation and study of B&SbQ,, CaRESK0;0, and GgBizOg, we then turned our
attention to theRESk;Os phases. Unlike the other phases discussed abE&;0s
adopts a natural superlattice type structure; a feature which may yield good thermoelectric
properties by virtue of separating electrical transport and phonon mitigation properties
into different egions of the crystal lattice. The goal of the research presented in Chapter 6
was to partially substitute calcium for raarth, yielding an electron balanced
CaREPREOs phase. By this method, we had hoped to simultaneously improve the
stability and phgical properties of thRESh;Os parent phase. Our hypothesis proved to
be true, as we managed to obtain pure, bulkRE&IL0s and CaREBIsOs phases.
While the work contained in this chapter yet remains unpublished, the crystal structures,
electronic stuctures, and physical properties of each phase are presented.

Finally, Chapter 7 summarizes the important qualities of each of theaste
pnictide suboxide phases discussed in this dissertation in terms of structure, chemistry,
and physical propertie®otential areas for improvement, as well as the existence of new

and unstudied rarearth pnictide suboxide phases, are also presented.
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Chapter 1. Introduction

Thermoelectric materials display two unique properties that are attractive for
commercial and industrial purposeley are able to produce a current under application
of a temperature gradient and vice verfhese two propertge make thermoelectrics

viableas operating componentspower generarrsandheating/cooling device's?

1.1 Discovery of Thermoelectricity

Thermoelectricity is the combinati of three phenomena: the Seebedkeltier,
and Thomsoreffects, named after the scientists that discovered thedB822, Thomas
Joham Seebeck discovered that upon application of heat at a junction of two dissimilar
metals, a magnetic field would be produced, as evidenced by the deflection of a magnetic
compass needfeUpon further experimentation, he found that the degree of deflection of
the compass needle was proporal to the temperature gradient applied. Not realizing
the electrical nature of this phenomenon, Seebeck classified this effect as
thermomagnetism anid wasnot until 1834 that DanislscientistHans Christian @rsted

correctly attributed this property the flow of electric currerit.
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Metal A

Hot junction Cold junction

Metal B

O
Figure 1.1. The Seebecleffect produced from a junction of two dissimilar metals.
The Seebeck coefficient) (o rcom@only referenced as thermopower, is

defined as the change in voltage (V) agai

distance’

(1-1)

<<| K

The heat provided at one junction causes an increase in the energy of the charge carriers
allowing them to diffuse from the hot side to the cold skguilibrium is reached when

the thermal flow ofcharge carrierso the coldside is offset by thelectrostatic flowof

those charge carriet® the hot side® Howewer, since the two materials linked at the
junction are not the same and have different carrier mobilities, a chemical potential

(voltage) difference will be createthis naturally creates @ange in voltage throughout
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the entire apparatysand the contimous flow of currentThis property is most notably
utilized in bimetallic thermocouples, which caocurately determine the temperature of a
foreign body by measuring the voltage produced upon contact.

The Seebeck was extensively modeled after its disgouwaost notablyby the

FermiDirac distributiontheory, which calculated that only electrons within a certain
energy range— of the electronic band gap contribute to the physical properties of the

material’ 8 where k is the Boltzmann constant, T is the temperature, arid he Fermi
energy, defined as the energy at which the probability of finding an electron in a state is
50%. This prefactor not only accounted foevious inconsistencigs the magnitude of

the Seebeck coefficientt also explained why different materials can have different
Seebeck coefficient&urthermore, the Bloch theory of electron wavefuncflaves able

to explainthe origin of positive Seebeck coefficientscertain materials, which classical
models failed to describ®. ' If one assumes a fragectron model in an electronic
structure, then the mass of the charge carrigpsogortionalto the second derivative of

energy with respect to thevector?

a o — (1-2)

This allows for a negative mass of charge carriers, which introduces the concept of
el ectron Ahol esd, which can be viewed as

eledron that propagates in the opposite direction. Thus, these electron holes are
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responsible for positive Seebeck coefficients observed in experiments. This also leads to
the concept of type and gtype materials, those with electrical conduction dominaged
electrons and holes, respectively. This is quite important for the study and design for
thermoelectrics, and will be described further in the dissertation.

The second major property of thermoelectric materialsdsstovered in 1834 by
French scientisiean Charles Athanase Peltigérwas determined in his experiments that
the change in voltage between junctions of two dissimilar metals would result in a
temperature gradient being formed between the juncttbesreverse and complimtany
process of the Seebeck efféttPe| t i er 6s wor k was further
scientistHeinrich Friedrich Emil Lenzn 1839, who relatedthe heat transfer between
junctions to thespecificdirection of the current in the circdit.The Peltier effect can be
expressed mathematically in terms of the Peltier coeffid#mwhich represents how
much heatQ is transferred between junctionmder a certainmplied current [°
Furthermore, the Peltier coefficient is directly related to the Seebeck coefficient and to the

temperature.

- (1-3)

| Y (1-4)

The third phenomenon associated with thermoelectricity was discovered by

British physicist William Thomson (who came to be known later as Keidin) in 1851,
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who observed that a change in heat would occur across a single type of conductor with a
temperatre gradient when a current was passed throu§hrite Thomson effect relates
the amounof heat Q that is produced for a givelectriccurrent density] across a nen

isothermal segment of lengbh

— 00 Y 0o (1-5)

WhereV is the Thomson coefficient, which is itself related to the Seebeck and Peltier

effects by the following relationshsp

0 Y—=— (1-6)

Despite the discovery of the Seebeck, Peltier, and Thomson effects, no significant
advancement irthermoelectrics was made for decades uatdmund Altenkirchfirst

defined the general expression of thermoelectriccieficy after studying power
generator¥ and cooler®. This concept was later refined Bbram Fedorovich loff in

1957, who concludedhat a good thermoelectric material should have a large Seebeck
coefficient U and electrical conductivityl, and a low thermal conductivity. These
parameters were combined intofiaFi gur e of Merito equation,

efficiency ZT of a thermelectric material at a given temperatur&T.
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GY —"Y (1-7)

It was at this time that the choide thermoelectric materials shifted from metals to
semiconductors and semi met afisf°These materials i r s u

are now targed almost extusively for thermoelectrics research today.

1.2 Applications of Thermoelectric Materials

The first thermoelectric devices were produced in the 1950s and 1960s, and
mainly incorporated BiTe;, BiSb, and PbTe as tlmeratingcomponentThe interest in
these materials grew rapidly during this time as thermoelectrics were expected to replace
other forms of power generation and cooling in commercial and military applications
However, despite extensive researtiese devices yielddtjure of meritZT of about 1,
which corresponds ta ~11% total efficiency (Ty = 600 K, Tc = 300 K) Although
several advancements have been made since this time, thermoelectrics are stilbyimited
low efficiency compared to other energy sources. As such, thermoelectrics are generally
restrictedto niche applications where long operation hours and compactoessigh
efficiency. However, thermoelectric devices offer several advantages over other
competing technologies, including very long operation hours, quietness, precision,

versatility, and scalability.
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A basicclosed circuithermoelectric device is constted from botm-type andp-
type materials whiclare connected electrically in series and thermally in pai@®iglure
1.2). Whena current is applied to the device, one dmeers in temperaturevhile the
other rejects heatSimilarly, when one sidés heated or cooled, an electric current is
produced in the material. Both of these processes occur by the movement of electrons and

holes in the ftype and ptype materials, respectively.

Heat flow
Substrate l
Metal contact
| —
Thermoelectric —_| | | Electric current
materials ~ (External connection)
— ‘Kﬁv
Heat rejection

Figure 1.2. A basic thermoelectric device constructed from pand n-type
components

The choice of materials is also importaas, the two materials in a device must reach an
optimal ZT at the same operating temperatttgthermore, the electric current required
to achieve peak efficiency may vary with temperatureetwben materialsChis leads to
the concept of compatibility factrfor power generatiéf > andis essential to the

proper desig of a thermoelectric devicezor a good thermoelectric device with a

temperature gradient @T alhtdecampaibilityfpetorsc o mp o n

should be within a factor of two or less.
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N (1-8)

The global demand for addihal forms of energy production, as well as the
concern for the environment has fueled the recent reemergence of thermoelectrics
researchThis has led to the discovery of many new materials and a significant increase in
thermoelectric device efficiencyver the past two decades. As suthermoelectric
devices have found their place in several commercially available products.
Thermoelectric coolers and refrigerators offer the advantage of portability and low cost
over traditional vapoubased refrigeratsr Smallscaleelectronic devicesuch as CCD
camerasand laser diodealso utilize thermoelectric devices fogfrigerationwhen the
cooling poweris not large sincedevice efficiency remains relatively unclggd in spite
of low current or siz&® Other specialized products containing thermoelectric materials
includewristwatche8’, wood stove¥, lamps®, andcooking pots™

One very useful aspect of thermoelectric devices that has spurned considerable
research efforts is their ability to opée with very long operation hours due to a lack of
moving parts. This is most beneficial for remote locations where maintenance is not an
option, such as underground, deep sea, and outer pEermoelectric generators on
spacecrafts and exploration rovers may operate for extended periods of time owing to
their radioisotope thernatectric generators (RTGs). These devices corttarhighly

radioactive nonfissile >**Pu which acts as a heat source. The heat entisteddioactive
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decayis then converted into a steady supply of electricity for the operation requirements
of the machine, with outer space acting as a heat Sinke the halfife of ?**Pu is 87.7
years, this corresponds to less than a 1% reduction in power output eadhnogear
radiative losses, allowing the device to operate for a very long period of time. The Mars
rover Curiosity, containan RTGto perform theautomotive and electronic requirements

of its intended missiof: The Cassini and Voyager 1 and 2 spacecrafts also contain RTGs
which have allowed operational lifetimes of several decades; Voyager 1 has been in
operation since 1971 and is currently the farthest spdtéwmm Earth at approximately

2 x 10°km as of 203.3%3*

END CAP END ENCLOSURE — — BERYLLIUM END DOME
SPACER LAMINATED END
END CAP CRUSH-UP
LOCK RING —{_[Nel c——=24 1=
| __—4+—LOCKRING
SPHERE LOCK—1 ~——— SPHERE BERYLLIUM
| SEATPLATE OUTER CASE
GHARWIE, - 4 N TiEBOLT
AEROSHELL GAS — RIB / FIN
o, —RI |
POST-IMPACT | FUEL SPHERE MANAGEMENT
SHELL— ] | ASSEMBLY ASSEMBLY
FUEL—| e’
IMPACT SHELL —] | — ABLATION L
“1 sieeve UNICOUPLE
<—— CONVERTER
COUPLE ——
ATTACHMENT
| ——+— COMPLIANCE BOLT
A PAD
RETAINING A\ -
TRAY P .
16
‘ ) PRESSURE RELIEF — L MO/ASTROQUARTZ
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—LAMINATED END CRUSH-UP SELF ALIGNING MOUNT RADIOISOTOPE HEAT SOURCE

Figure 1.3. Schematic diagram of a radioisotopettermoelectric generator (RTG)>®
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Perhaps the most attractive application of a thermoelectric device is the capacity
to recover waste heat from combustion and other power generation souraesisatae
energy.Nearly all forms of energy production are accompanied by the release of heat,
which represents energiat is lost to the surroundings and unable to be harvested.
However, since thermoelectrics are able to conveat into electricity, and thus a usable
form of energy, they will likely become increasingly significant as the denfand
environmentally friendly sources of energy intensifiesis has led to the incorporation
of thermoelectric devices imutomobilesthe latter ofwhich lose approximately60% of
the energy generated from fuel combustion as waste’h€hae recovery of this energy
can be used for air conditioning and electronic operations, wéeches to not only

reduce environmentally harmful emissions, but improve fuel effici&hcy

1.3 Thermoelectric Efficiency

1.3.1 Thermoelectric Generator Efficiency

As previously demonstrateth equation1-7, a good thermoelectric material
should possess a | arge Seebeck coefficient
t her mal conductivity 9. While the figure
efficiency of a thermoelectrigeneratoris also réated to the Carnot efficiency, and is
expressed in terms of the amount of energy provided with respect to the amount of heat

supplied, denoted as E.

10
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/ (1-9)

Thus, for a given temperature differenct)e efficieny of a thermoelectric
generatoris limited by the material efficiency andhe Carnot efficiencyterm For a
thermoelectric material to bas effectiveas other forms of energy production, the

materialefficiency ZT would need to be infinite, in order to make the device efficiency

equalto the prefactor aloneThis would require either a thermal conductivity of

zero, or apower factorof infinity. This is obviously nopossible in any material, thus,
themoelectrics suffer from the drawback of relatively low efficienciks.order for
thermoelectric materials to be competitive with other forms of energy production, such as

enginesa ZT of at least #vould be required’

11
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Figure 1.4. Thermoelectric device efficiency as a function of the temperature
gradient and the figure of merit (T¢ = 300 K).

In order to achieve the goal of a designing a material with the highest ZT possible,
the Seebeck coefficient and electrical conductivity nbesinaximized, while the thermal
conductivity is kept as low as possible. Such as material is quite challenging to produce,
as will be explained further, but there are several strategies available which can make this
possible.

1.3.2 Optimization of the Power Factor

To achieve high efficiency, the Seebeck coefficient and the electrical conductivity
must be as high as possible. A large Seebeck coefficient is necessary to produce and
maintain a potential difference between junctions, while a good electoicdulctivity is
required to excite and transport charge carriers mitiimal Joule heatinghe process by

which heat is produced in a conductor when a current is passed through it, with the

12
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amount of heat released directly proportional to the electmsativity. Joule heating is
independent of the direction of the current, and thosild eliminatethe temperature
gradient preserit.

The electrical conductivity of a solid is directly related to its electronic structure:
materials with a largeoncentration oftharge carrierg at the Fermi level arenore
conductive Furthermoreeglectrical conductivity is also proportional to the mobility of the
chargec arri ers €, whi c larriermelakation time dngl plectnodisbar@n t h

curvature

. EQ (1-10)

Metals aretypically the most conductive solids, duettwir large carrier concentrations

and carrier mobilitiesSince metals are defined by having no band gap at the Fermi level,
they are able to conduct electricity effectively even at low temperatures, and only
experience a moderate reduction in electrical tiggis with increasing temperature due

to atomic vibrations which perturb charge carrier propogatiorConversely
semiconductors and insulators contain finite band gaps, which severely restrict electrical
conduction at low temperatures. At elevated temperatures, an increasing number of
charge carriers are able to traverse the band gap to thiedegtates in the conduction
band, displaying an exponential increase in conductivity, referred to as an Arrhygraus

conductior?®

13
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.8 Qon— (1-11)

Semiconductors may be classified as either intrinsic or extrinsic, depending on the doping
level and electrical conductivity that is observ&bmiconductors of high puritwill
typically follow the aforementioned behavj@nd are known as intrinsic semiconductors.
Alternatively, extrinsicsemiconductors are heavily dopedh impurity atoms, andnay
instead display an electrical character more closely associated withsmettd a
relatively large electrical conductivity even at low temperatures, along with a steady
decline with increasing temperatufihis is important to thermoelectric material design,

as will be noted further.

The Seebeck coefficient of a material deggemn the change in potentiaith
respect to the thermal excitation of charge carriers to higher energy states. For a given
solid with conduction states close to the Fermi level, such as a anetakvily doped
semiconductqgr the resulting potential chga is small, resulting in a low Seebeck
coefficient with a linear dependence on temperafireFor nondegenerate
semiconductors and insulators, therease irSeebeck coefficierfor a given temperature
change is much larger, as the conduction band states are mbeh inignergy than the
valence band states. These systems typically dispémpeckcoefficients having a™*
relationship with increasing temperatuvehich is primarily due to thencrease in the

number of charge carriers and the decrease in voltaggyehaith temperatur® The

14
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Seebeck coefficient can bepresented mathematicdflyvith respecto the charge carrier

concentratiort , the temperature T, and the effective mass of charge carriers m

ary — (1-12)

Thus, the Seebeck coefficient is inversely proportidtmithe %5 power)to the charge
carrier concentration, and by extension, electrical conductivitsthermore, the effective
mass of the charge carriers s alsoinversely propdional to the carrier mobility.
Although no obvious mathematical relationship exists, it is known that charge carriers
with large effective masses are skwand thus have low mobilityThese natural
tradeofs of physical properties repent one of the greatest challenges in designing a
good thermoelectric material.

As simultaneous optimization of Seebeck coefficient and electrical conductivity is
generally not possibJeacompromise between both parametarsstbe reachedn order
to adieve the largest power factor possible, a material with a charge carrier concentration
of approximately 18 to 16* cm® is favoured’, which correspond# a heaviy doped
semiconductor or semimet&hood thermoelectric materials will generally have Seebeck
coefficients bet veaedrelectiGaDconductivitieS ieve@80\andK
2000 S crit. Fine adjustment of these parametersa solidis possible by dping and
atomic substitutionwhich may add or subtract charge carriers in the system and achieve

the desired physical properties. This is one of the most common methods of designing an

15
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efficient thermoelectric material, and holds other benefits aswigith will be explained
further.
1.3.3 Reduction in Thermal Conductivity

In order for a thermoelectric material to function efficiently, a temperature
gradient between junctions must be maintained so that charge carriers can propagate from
the hot side tothe cold side and create a potential difference. Thus, the thermal
conductivity of a thermoelectric material must be kept as low as possible, to minimize
heat transfer between junctions.

The total t her mal conductivity aaf a s
components: | atti ¢aend heelrentatl r ocnoincd ugchssthremat |y cac
names imply, these two quantities represent the capacity of the solid to transfer heat by
lattice vibrationgphononsyand charge carriers, respectively. Ofhéhe major drawbacks
to designing a thermoelectric material is theear relation of electronic thermal
conductivity to electrical conductivity, peesented mathematically by the Wiedemann

Franz laW? where L is the Lorenaumber (approximately.5-2.5 x 10° V2 K™).

o,y (1-13)

Thus, as the electrical conductivity of a solid increases, so does its ability to
transfer heat by its charge carriefsh e t her mal c o n duhowevey, ist y o f
not dependent on any of the other physical properties, and it is this parameter that is

targeted for thermal conductivity reduction in thermoelectrics reseditoh. thermal
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conductivity of a lattice cabe represented mathematicaflin terms of itsspecific heat

capacityC,, the speed of sound in the mateugland the phonon mean free phth

I -&0a (1-14)

The phonon mean free path generally decreases with increasing temperature, as atomic
vibrations scatter phonons more frequefitlyThe speed of sound in a lattice is
temperature independent, and depends on the density of theysalilld it s Young

modulusy (the rigidity of the lattice).

b - (1-15)

The specific heat capacity of a solid is more complicated, and is expiastths of
temperatur e, t he mol ar gas c ¢ (axhaecteristicR, an
temperature of a solid which corresponds to the maximum frequency of atomic

vibrations).

5 oY — . ——Qm (1-16)

At high temperatures (T dp), the integral portion of the above equation can be

simplified to the following:
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—0® - — (1-17)

Then by substituting this quantity in the original equation:

5 oY — - — aY (1-18)

This property is also referred to #s DulongPetit law*, which stateshat the heat
capacity of a solid reaches a constant value at sufficiently high tetmgei&hen this

limit is reached, lattice thermal conductivity will no longer increase with temperature past
a certain pait, which is quite beneficial for thermoelectricity.

Most solids willinitially experience an increase $pecific heat capacity &and
thermal conductivityye wi t h r i s i asgdditoralhpreal enérgy alleves more
phonons to propagatiiroughout the latticeAt low temperatures, these phonondl
interact with each other in a process that conserves momentum. However, there exists a
certain point in which thermal conductivity will decrease with temperature, in which
momentum is not coesved. This behavior is known as Umklapp scattering, and is
associated with anharmonicity of atomic vibratihBoth processes can be represented
by the combination of momentum wavevectors in reciprocal space. If the combination of
two wavevectors does not exceed the Brillouin zone, then momentum is conserved and

the atoms will vibrate normallyHowever, if the wavevector sum extends outside the
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Brillouin zone, then momentum is not conserved, since by definition, any point outside

the Brillouin zone is equal to some point contained inside it.

q,

%

/

4

Normal process

McMaster University Chemistry & Chemical Biology

Umklapp process

Figure 1.5. The combination of momentum wavevecta in the Brillouin zone
resulting in harmonic (normal) and anharmonic (Umklapp) vibrations.

Umklapp scattering becomes the dominant source of phonon scattering at high

temperaturesand results in a T behavior in the lattice thermal conductivity ofdlid.

This process is vital for thermoelectricity, as the total thermal conductivity will generally

decrease with increasing temperature, leading to better efficiency.

Several generalized strategies exist for

minimizing the lattice thermal

conductivity, whch are generally aimed at reducing the mean free pathphonon

propagationThe most common strategy involves designing structures which incorporate

heavy elements which educe t

h e

speed

os fdue goothem Highi n

densitieg (Equation 114 and 115). Complicatedstructures witHargeunit cellsare also

favourable, since the fraction of lattice vibrations that may effectively transport phonons
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is proportional to , whereN is the number of atoms in the unit c&llAtomic
disorder, either from site deficiencies or mixing, is also an effective means to reduce
lattice thermal conductivityPhonon mean frepath isinversely proportionato large
differences in masbetween neighboring atoms which are transporting a phdrbinis
relationshipcan be represented mathematically by the following equatibere V is the
volume per atonmss is the speed of sound in the solidsfthe fraction of atoms with mass

m;, My IS the averagenass of all atoms, and; s the mass of an atom.

oy B'Q (1-19)

Excluding contributions from optical phonons, most solids will achieve a
minimum in lattice thermal conductivity at higher temperatures due to Umklapp
scattering. If we assume the high temperature limit on specific heat caPa¢aR) has
been reachedhén we carsimplify equationl-14 to determinghe lowest possible lattice

thermal conductivity a solid can have.

I - oY -a="Y -& (1-20)

For solids with heavy elements, soft chemical bonds, and a very short path length of
phonon transport (approaching the size of the unit cell), a minimum in lattice thermal

conductivity can be reached. The quaaatoty
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a solid®, and has ampproximate value d3.1-0.2W m™ K™. One of theprimary goals of
thermoelectrics research is to design a matéhni displays crystalike charge carrier
transport propertiesbut scatters phonons like a gla3sis led to the concept of a
Aphonon gl ass, el ect raspostuatedyysStack] andsénRGas C)

one of the principal guidelines in designing new thermoelectric materials today.

1.4 Benchmark Thermoelectric M aterials

In order to better understand teeategy behind designing a good thermoelectric
or improving a current one, it is useful to examine the progress in thermoelectric
materials to date. A summary of relevant materials and design strategies is provided in the

following section.

1.4.1 Advancements inThermoelectric Efficiency

Despite the research efforts made in the 1950s, thermoelectric devices were
originally restricted to small scale niche applicatioAfter several decades of stagnancy,
theoretical studieperformed in the 1990sredicedthatthe figure of meribf a material
could be greatly improved by nanostructuffffy. This approachinvolves the use of
smaller grains sizes in the material, which generally serves to increase the Seebeck
coefficient, while reducing electrical conductivity and thermal conductivite main
advantage of this approach, howevarsesfrom increased grain boundar second

phasescatteringwhich canresult in better thermoelectric efficiency primarily due to the
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large reduction in lattice thermal conductivify*® Thermoelectric devices incorporating
these materials achieved efficiencies ZT of around tdresponding to a Carnot
efficiency of 1015%.

Current research is now focusing on new strategies yielding thermoelectrics with
efficiencies ZT of about 1.8 or great@ne of the primary design strategies used to attain
these values utilizes an 4dngth scaleohonon scattering istcture hierarchySimply put,
this approach is focused on the design of a material that is able to effectively scatter
phonons of short, medium, and long wavelengthsint defects and second phase
nanodomain interfaces are effective at scattering shdrireedium wavelength phonons,
respectively, while long wavelength phonons can be scattered by grain boundaries if the
sample is prepared by pulverization aitering®. Electronic band structure engineering
via matrix6econd phaser intramatrixband convergence is also used as a means to
preserve carrier mobility and the power faatdren a compositnal gradient is pres¢®
2 This approach takes advantage of a small difference in valence/conductia band
betweenthe matrix andsecond phaser between different bands of the same maitia
given temperature. This provides two advantatfescharge carriers may easily transport
betweeninterfaces without scattering, and transport properties may occur from both
bands simultaneously Finally, some efforts have been focused into methods of
decoupling the electrical conductivity and Seebeck coefficient in a single material.
Charge carrier filtration is one such possibility, which involves the stacking of alternating

layers of thermoelectric andabyier materials, such that only high energy carriers
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contribute to the physical propertieghis may result in a significant increase in Seebeck
coefficient with a relatively minor decrease in electrical resistiity.Similarly, it has
been showrusingthe Mott formuld® *’ that a partiabecoupling of Seebeck coefficient

from electrical conductivity is possible by virtue of the band shape at the Fermi level.

— (1-21)

While electrical conductivity is proportional to the density of states, it does not have a
dependence on the partial derivative— , for which the Seebeck coefficient does. As

such, an ideally designed thermoelectric material could potentiallymiapt both
electrical conductivity and Seebeck coefficient at once.

Clearly, there has been a significant advancement in thermoelectric device
efficiency in the past fifteen years, resulting in nearly a doubling of Hlrther
improvements will likely bebased on the strategies mentioned above, while achieving
even lower values of thermal conductivity. This may be quitssible, astihas even been
suggested that further reduction of lattice thermal conductivity beyond the classical limit
is perhaps podsie, as interfacial phonon scattering in nanostructures is anisotropic
compared to scattering in bulk materials, which is isotrdbiNanostructuringand
electronic band engineering will certainly continue to play a role in improving
thermoelectric efficiency even further, as the classical interdependence of physical

properties becomes inciagly broken.
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1.4.2Bi,Te;

Thermoelectric materials containirgj,Te; are arguably the most extensively
studied systems in literature. These materizdse currently shown the best room
temperature thermoelectric efficieaswith ZT values of~ 1, although this value can be
optimized further by dopants and second phaBks structureadopts the rhombohedral
Yoa symmetrywith a 2: 3 ratio of bismuth to tellurium stacked in alternating layers
along the cdirection. The structure is defined by B&f octahedra which form a
continuous network along the and bdirectionsand areheld together byan der Waals

forces along the-direction.
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Figure 1.6. Structure of Bi,Tes, viewed in the (111) directionBiTeg polyhedra are
shown in blue.

This phaseattains its high efficiecy due to its very heavy atoms, as well as its

high carrier mobilityand low lattice rigiditydue tothe small electronegativity difference
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between bismuth and telluriurAdditionally, the BjTe; matrix can easily accommodate
dopant atomsallowing the tuning of its electrical properties and the reduction of lattice
thermal conductivity by point defects. This versatihgs led to a large number of studies
investigating the effects of heteroatom substitutiBalk nanostructted BipTes-based
materials havelso been recently preparednd have been demonstrated for asehe
macrascopicscalé®®. The main drawback of Bles-based materials is their relatively
low opeating temperatures, since bismuthuiede itself reaches its maximum efficiency
around 400 K. Thysthere is a need for thermoelectriegth higher operating
temperatures for a greater rangeapplications
1.4.3 Solid solutions of PbTe

PbTebasedmaterialshave long been studied, but have recently emerged as some
of the most efficient thermoelectrics to date. This is due to several factors, most
importantly nanostructuringia precipitation of a secondary phase in the PbTe matsx
stated previosly, the secondary phases a bulk materialcan dramatically improve
thermoelectric efficiency by the tuning of charge carrier transport behavior and reduction
of lattice thermal conductivity. The addition of a second phase was notably studied in the
AgPh,SbTewm (LAST)®, Ag(Pb,Sn)mSbTe:m (TAGS)®, and NaPRSbTe:.m
(SALT)®® systems. Studies showed that these materiatsontained second phase
nanodomains embedded in the bulk material with only minor lattice mismatches with the
host matrices. These secondary nanophases are able to scatter phonons very effectively

while preserving the charge carrier transport propertieh@fmain phase. While the
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results can vary significantly depending on the amount of the additional phase present, it
was demonstrated in LASTL8 and SALT20 that the room temperature thermal
conductivityof PbTe could be reduced thr®d, achievingZT vauesof ~ 1.7 at 675
700 K8 % ®Quite recently, PbTe solid solutions containing SrTe secondary phases
have been shawto yieldZT values above 2, indicating that there is still more room for
thermoelectric efficiency improvement.
1.4.4 Half-Heusler phases

One of the relatively new classes of thermoelectrics being stislitee Half
Heusler phases. These phases adopt a cubic symmetry and have the general stoichiometry
MM°P, where M and M %re metals and T is a main group elemevith the general
condition that the three atoms maintain an 18 valence electron dhwestestructures are
derived from the metallic Heusler phasescept with vacancies of one of the atoms
distributed throughouthe lattice.Electronic structure calculations of these phases reveal
very sharp bands near the Fermi level, resulting in a relatiasdg Seebeck coefficient
and semiconducting to semimetallic behavior in electrical conductRit}/ The
advantage of these phases include a remarkable flexibility with regards to doping, and
excellent thermal stability at high temperatures.

A study on the thermoelectric propertielsa Zip sHfo sNig sPth 2Sry.geSky 01 alloy
reported an efficiency ZT ~ 0.7 at 800 K, whialas primarily attributed to phonon
scatteringby large mass fluctuations in the latfiteDespitethis success, Half Heusler

phases are limited by their relatively high thermal conductivities, typically a@iodwW
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m* K™, although a recerstudy on a Hf7sZro.29Nio.sPth 1S .07:Shy 025 alloy®® has shown

that this value can be decreased to about 6 WKil. Further decreaseis thermal
conductivity may allow these materials to be competitive with other thermoelectrics at
high temperatures due toeir ease of preparation and good thermal stability.

1.4.5 Zintl Compounds

Zintl compounds have recently been attracting interest for thermoelectric uses,
due to the fact that they may assume a wide variety of complex crystal structures with
both ionic and covalenbonding,as well as multiple structural units within the same
phase The structural complexity of these phases reduces phonon propagation efficiency
while the covalent bonding of the anions allows for high carrier mobility and good
electrical properties.

The YbMnSh; phase may be classified as a Zintl compound, aaxl been
shown to display excellent thermoelectric perform&hdeis phase adopts the tetragonal
l44/acd space group and has a highly complicated structure with a very large unit cell
containing MnSE® tetrahedra, S clusters ad isolated YB" and SB ions. Physical
property measurements have revealed this phase possesses a very low thermal
conductivity, which may be attributed to its structural complexity. A maximum efficiency
is obtained at 900°C with a ZT value of ~1, whisheven greater than that obtained for
the SiGebased materials used for high temperature thermoelectric applications in

spacecrafts 2
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Figure 1.7. Structure of Yb14,MnSh;,, viewed along the eand b-directions (left and
right, respectively). Hypervalent Sh;s” bonds (blue atoms linked together), MnSg®
tetrahedra (purple) and Yb*" atoms (black) are shown.

Another noteworhy Zintl compounds b-Zn,Shs;, possesses excellent medium
temperature thermoelectric efficiencgue in large part to its remarkallyw thermal
conductiviy.”*”® The phasecrystallizes with'Yowsymmetry anccontains S~ dimers,
but what makes this structure interesting is that it has three interstitial sites which are
partially occupied< 10%)by Zn atomsThis phase succeeds as a thegtactric material
by phonon scattering at the Zn interstitial sitedile allowing the remaining Z8b
framework to operate as an electrical conductor. The thermal conductivity of the structure
was found to be one of the lowest obtained for benchmarktedectrics, with a value
of ~0.7 W m' K™ at 650 K.” As a result of its electron crystal/phongtass properties,
this material shows one of the largest figures of merit in the medium temperature range

(500-650 K), which makes it attractive for the recovefyaste energy from combustion.
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1.4.6 Clathrates

Onre of the best known methods of reducing lattice thermal conductivity is
accomplished i n Sstructures C ostructaresrane n g
notoriously efficient at this purpose, as their cige frameworksdefine largevoidsthat
can be filed by guest atom3wo classes of clathrates are most commonly studied, type |
and type I, withthe generalized formulas of,BsE4s and AsB16E136 respectivelywhere

A and B are different guest atom sites and E is a framework ‘Atom.

Figure 1.8. Clathrate cage structuresdisplaying the different guest atom
arrangements for the type | (left) and type Il (right) clathrates.

The large thermal vibrations of the guest atoms significantly perturb phonon propagation
and reduce lattice thermal conductivity effectively. The main advantage of these phases is

that theguest atoms only serve to scatter phonons, and thus do not significantly alter the
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electronic band structure of the host lattice. Tigpertyallows for a separate tuning of
power factor and thermal conductivity.

Many significant advancements in clatterahermoelectricity have been made in
recent years, renewing interest in these materalgeport ona single crystal of
BasGasGesp grown by the Czochralski method determined a figure of merit of ~ 1 at
1000 K!” Another study on isostrustal SgGasGeso reported a substantial decrease
thermal conductivity compared to §se;¢Geso, Which was attributed to the increased
vibrations of the Sr guest atoms due to their smaller simether recent study on the
BagAu16P5 Clathrate revealedne of the lowest values of lattice thermal conductivity ever
reported for a thermoelectria value of 0.18 W i K™ at room temperaturé. Apart
from the guest atom rattling, the ultralow lattice thermal conductivithisf ghase was
attributed to the heavy Au framework atoms, large mass differences, and twinning
interfaces whiclscatter phonons but do not significantly affect charge carriers. Although
the efficiency of this phase suffers due to its relatively low Seelgseelficient, it
nevertheless serves as a standard for the minimum lattice thermal conductivity in a
thermoelectric material.

1.4.7 Natural Superlattices

As stated previously, the golden standard for a thermoelectric material is for it to
display charge arrier transport properties typical of a crystal, yet scatter phonons like a
gl ass. One possible method to attain such

structures containing a natural superlattice. The philosophy behinapirisach is that a
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structure containing two or more substructure components will be able to preserve the
physical properties of each. If this is true, then a natural superlstiticdure mayontain
separate components that eesponsible foelectrical conduction and phon scattering

with each component opeirag at least partially independent of the other. The advantage
of such a material would be the ability to tueach physical propertipy selectively

altering one of the components to the desired effect.

Charge carrier
transport 4&
component N

Thermally : ;
insulating H Natural superlattice
component “hybrid” crystal

Figure 1.9. Schematicdiagram of a natural superlattice structure combining two
distinct building blocks into one phase

The CaxYbyZn,Sh, Zintl phasesystem contains a natural superlattice type
structure, and has been shown to display very good thermoeleapertes’’ This
structure adopts the CasSli,-type 0oé symmetry and is defined by alternating,3h,*
and C&'7Yb* layers. The mixed C&'/Yb** layers fully donate their electrons to the
Zn,Sh,* framework, and do not significantly contribute to the electrical conduction of the
sample As such, theC&*/Yb?" layers only serve to disrupt the phonon mean free path by

virtue of the &rge mass contrast between calcium and ytterbivmite the ZnSh,* layers
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are responsible for the electrical conduction in the sarbple.to the similaatomic radii
of C&* and YB", thecharge carrier concentration and lattice thermal conductityis
structure carbe modified by altering the €4Yb?" ratio while preserving the phase
symmetry.A sample of CgysYbo75Zn,Sh, was measuretb have a figure of merit ZT ~
0.6 at 773 K and was determined to equal or outperform the pristine,&azand
YbzZn,Sh, phases in the entire measured temperature range.

Perhaps one of the most interesting cases of natural supeslatiog exploited
for thermoelectricityis observed in metal oxides. While these phases have been
historically ignored due to their poor carrier mobilities and high electrical resistivities, it
has been shown recently in certain metal cobaltates that this pede nhe case. In
particular,the NgCo,0O, series (0.5 O x O 1) shows sur
properties, owing to the separation of physical properties into different components of the

lattice®® This phase contains alternating layers of" N@omgdvacanciesand CoQ

octahedraanalogous to the @gY'b,Zn,Sh, system.
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Co0, octahedra layer

Na'/vacancy layer

Figure 1.10. Structure of NayC0,0,4, viewedalong the (111) direction CoOg
octahedra are shown in blue.

Separation of physical properties into different layers is also achieved in this phase, with
certainsamplesachieving ZT~0.8 1 at hi gh t e mpe®Saveralotkes ( O
metal oxide systems have been demonstrated to have good thermoelectric prepetties
asCaC0,04°> ¥, (Bi,PbySKCo,06™ %, SITiO"*, and TISsC0,0,.”"

The idea of physical property separation into different components of a
superlattice was applied to the pursuit and study of new thermoelectric materials that are
covered in this dissertatiokVhile the phases discovered in our work did not completely
match the idalized superlattice type structure, they do represent examples of chemical
fusion of two distinct components that may be responsible for different physical
properties? The specific synthetic approaches and design strategies used will be

discussed further in each respective section.
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1.5 Materials in focus: Rare-earth pnictide oxides RE-Pn-O) (Pn = Sb,
Bi)

Our strategies for designing new materiafgl optimizing preexisting materials
encompass many dhe wellestablished techniquder the improvement of efficiency
used in other successfalstems.This dissertation is focused on the preparation and
characterizationand modificatiorof phases constructed from ragarth oxides and rare
earth pnictide$or thermoelectric purposes.

Rareearth RE) pnictide suboxides may vyield interesting themoelectric
properties these materials combine the highly staBIEPn and REO; binaries into a
single structure, which may conserve the desirable properties of eackedRh
antimonides are semiconducting/semimetallic and display good electrical toitguc
but relatively low thermopower. They ar@so expected topossess high thermal
conductivitiesowing to their simplistic structuréa However, if athermally insulating
sublattice could be integratedinto this structure, then the added complexity may
significantly reduce phonon propagation wlpleeservingthe electrical properties of the
REPn framework. Rareearth oxides RE,O3) were chosen since they are excellent
thermal insulators anchay seamlessly integrate withREPn lattice on the basis of both
frameworks containing rarearth atomsThe strongRE-Pn and RE-O bondsalso offer
the advantage of producirgy structure withgood thermal stability and high melting
point, allowing perfomance at elevated temperatutéBurthermorethese systems offer

the flexibility of modifying atomic disorder and orbital overlap simply by substituting one
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rare-earth atom for anotherir£e most rare earth atoms exist in thiealent stateatomic
substitution does not alter the number of charge carriers in the systdranly serves to
alter bond distances and coordinatpmiyhedraof specific atoms. Finally, rarearth and
antimony/bismuth atoms are some of the heawtsnents in the periodic table, which
would serve to lower the thermal conductivity of any lattice containing them.

The research topics covered in this dissertation were focused solely on phases that
at least partially preserve tHE-Pn framework upon chemical fusion with oxygehn.
should be mentioned that several knoRB&PNnO phases were already known to exist
prior to the commencement olur work. Previous studies on these systems led to the
discovery ofseverarareearthpnictatessuch alRESh:0s”°, RE;Sh015°°, REsShO,*® and
RESbQ’" for antimony andRE;(BigO.7"° for bismuth These phases contain wide band
gaps and are highly insulating, primarily due to the presené&nfand Pn°*, which
instead coordinatto oxygen only ando not maintain the electrical properties of Rie

Pn framework.
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Figure 1.11. Rare-earth antimonate and bismuthatecrystal structures. (a)
RES;015, (b) REsSh015, (€) REsSbOy;, (d) RESbO,, (e) RE;10BigO2y7.

While this synthetic approaawould not predict the structures of the new phases our group
discovered, each phase was found to preserve the original oxidation states of all species
presentAs such, the following sections focus Bi=Pn-O phases in whichhe pnictide
present exists solely in tin® state. Thereaction conditions for each systevere tested

extensively and yieked consistent resulti® all cases discussed herein
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1.5.1 Tetragonal (RE'RE")3SbO; Phases

The reaction of two distinct types of ragarth antimonide and oxide binaries at
hi gh temper atwasrdiscoveréd td yiell thd GOVEERE");SbQ; phases
(RE = La, Ce;RE' = Dy, Ho). Unlike the otheRE-Sb-O phases, this structure is only
obtairable when two distinct rarearth atoms are used, and when the difference in atomic
radii of those atoms is sufficiently large. This condition exists due to the tweadte
sites in the crystal structure, which are significantly different in the sizéheif
coordination polyhedra. As such, large and small-ear¢h atoms are required to fill the
two sites separately, although some mixing is still present. This structure shares some
similarities to theRE;SbQ; and RE;Sh:Os phase¥’, namelyRE,O tetrahedrabuilding
blocks and empty channels along one crystallographic axis that are occupied by Sb atoms.
The (RERE")3SbQ; phase is distinct fronRE;SbQ; and RE;ShOg due to the fact that it
only contains one type of building block which is unique to it: aethetrahedraRE,O

(RE;O3) unit
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Figure 1.12. The (RE'RE")3SbO; phaseshown with the RE1 and RE2 sites (light
gray and dark gray, respectively).

Due to the presence of Shnions in the structure, it was hoped thatdleetrical
conduction properties of thRESb binaries would be preserved while the complexity
introduced by &E-O framework would yield low thermal conductivity. While this phase
does indeed behave as a semiconductor, its electrical resistivity is todohigse in
thermoelectric applications. Electronic structure calculations confirmed the presence of a
band gap, which would result in the observed semiconducting behavior. The preparation,
crystal structures, physical properties, and electronic strgctofethese phases are
discussed in Chapter 3
1.5.2 CaRE3;SbO, and Ca;REgSh:01 phases

The discovery of theetragonal RERE');SbQ; phasé® motivated us tcsearch

for new phases by incorporation of additional elements in the periodic table. It was from
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these experiments that the REARSbQ, and CaREsSk0,0 phases were discoveredE =

Cel Dy). Like otherRE-Sb-O phases before them, both of these phases adopt new crystal
structures which are defined IBEO tetrahedra building blocks and empty channels
occupied by Sb atom€alcium is necessary to form each phase since they bothirtont
Ca*/RE™ site mixing. The CRE;ShQ, and CaRE;ShsO;o phases are analogous to the
RE:SbQ; and RE;Sh:Os phase¥ in several respects. For instance th&RESbQ, phase

will convert into the CgRESKO,0 phase with sufficient heat treatment in a manner
similar to the conversion dRESbG; into REsSkOg. Additionally, the CaREsSk010

does not have a charge balanced stoichiometry, muclREk8;0s. The CaREsS010
andREsSh;Os phases also contain disordered Sb atoms alongdirections of their unit

cells.

Figure 1.13. Conversionof CaRE3SbO, into Ca,REgSh;O;. A portion of the
CaRE;SbO, framework is preserved in CaREgSh;O10 (gray background).
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Thesetwo phases were investigatédorderto establish the relationship between
crystal structure and physical properti&oth C&RESbQ, and CaRESkO; 0 were
deternined to have semiconducting properti®gh electrical resistivities too high for
thermoelectric applications. Interestingly, the R&Sks0,o phase does not display
metallictype conductivity as indicative of its namarge balanced stoichiometry and
calaulate electronic structure. Instead, this phaédshaves as a semiconductor, but
possessesa wide difference in electrical resistivity depending on the +@aeth that is
used, with smaller rarearth atom samples yielding lower electrical resistivity. The
details of this phenomenon, as well as the information regarding synthesis, crystal
structures, and electronic structures of these phases are discussed in Chapter 4.

1.5.3 RE3BiO; and REgBi30g

Although theRE-Sb-O phases contain many interesting strugtégatures, most
are limited by their relatively high electrical resistivities, rendering them unusable for
thermoelectric applications. Thus, we embarked on a set of experiments to determine
which of theRESb-O phases known can be prepared as the camdspy REBIi-O
phases or if any new phases could be prepared altogether. The advantages of using
bismuth over antimony were not inherently obvious from the start, but we considered that
the larger size of bismuth would restrict its thermal vibration. Wasld possibly yield
better electrical conductivity in the disordered structures, where the disorder of the
pnictide atom is the source of the semiconducting behaBoch a behavior was

observed in the HSb.BixO, set of phased’, where the electricapropeties of the

40



Ph. D. Thesi$ S. H. Forbes McMaster University Chemistry & Chemical Biology

sample change from semiconducting to metallic, depending on the concentration of

Sbh/Bi.

Gd-Bi + Gd-O GdsBisOs Gd2BiO2

Figure 1.14. Reaction pathway of GdBi and GdO3 to GdgBizOg and ultimately
Gd,BiOs.

After much experimentation, it was determined that not only could no new phases
be formed with bismuth, but out of all the new structures that our group discovered, only
the GdBiIO; and G@BizOs phase were found to exist. TheGdBiO3; and Gd@BizOs
phase crystallize with the sameespectivestructurs as RE;SbQ; and RE;Shs0g.”® The
G0sBizOg phase was also observed to contdisordered bismuth atoms along the b
direction. In spite of our best efforts, only samples vi#th = Gd could be prepared,
which is likely due to the overwhelming timeodynamic stability of the corresponding
REBIO, phase. As sucha pure sample of GBiO3; could not be made, amabtaining
GdsBi30s is quite difficult, and requires very precise control on the time and temperature
of the reactionThe full details of ourynthetic approach, as well as the experimentally
determined physical properties and electronic structure, are presented in Chapter 5.
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1.5.4 Ca;RE;PnsO5 Phases

Of all the knownREPR-O phases, on\REPnO,'% and RE,PnsOs'* adopta
natural superlattice type structure, as defined by thkernating RE-Pn and REO
building blocks. TheRE:PNO, series has been extensively studied to this point, but only
the structure and basic properties of R®PnsOs phase are knowrand only forPn =
Sh Previous studies determined thREShOs crystallizes in the?4/n space grould* as
an oxygenstuffed, rareearth deficient variant of the §&btype structurelnterestingly
this structure displaya complex twinning law, with each crystal containing at least two
domains This is beneficial for thermoelectricity, since phonon scattering may occur at
these interfaces, but charge carriers are relatively unaffé€tddnfortunately the
pristine RESI0Os phase is clearly unsuitable for thermoelectric applications, since it
displays metallictype conductiondue to its norcharge balanced stoichiometry.
Additionally, it is quite air sensitiverendering measurements and kaegn usage
difficult to accomplish A study on carbon incorporation in this phase was performed in
an attempt to stabilize it via charge balance, but a pure sample could not be obtained for

measirement.®®
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e 2 - RE-Pn layer

RE-O layer

a

Figure 1.15. Structure of Ca,RE;SbsOs, viewed along the eand b-directions,
respectively.

Based on our success with the REgSbQ, and CaRE;ShiOy series”’, we
explored the substitution of rasarth with calcium INRESkOs. Our experiments
determined thaa more stable, charge balanced form of this phase could be produced,
with a stoichiometry of G&RESIOs. Due to the site mixing of calcium and ragerth,
this substitution has only a minor impact on the lattice. However, it is expected that the
physical properties can be shifted to a level more suitable for thermoelectric applications
due to the reductionf@onduction electrons. The individuBRE-Pn andRE-O layersare
also expected to retain their properties such thatRiE€n layers are responsible for
electrical conduction while thREO layers effectively scatter phonor@ur studies on
the CaREPNsOs series including synthess, crystal structusg electronic structusg and

physical propertieare summarized in Chapter 6
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Chapter 2. Methodology and Experimentation

2.1 Syntheic Approach

The samples studied in the werkovered in this dissertatiowere obtained
primarily by solid state reaction techniqgu&smce many of the reagents used for synthesis
have relatively high melting points and are chemically inert at room temperature, high
temperature synthesis is requirethwever, it is imperative to carry out these reactions in
such a way that does not result in oxidation, contamination, or damage to laboratory
equipment.As such, all sample preparation discussed in this report was accomplished
through the use of an argdiled glove box.This sectionwill give a general outline as to
the preparation of the desired materials; a more detailed summary of each specific
synthetic route can be found in the respective chapters.

As a general rule, it is neither safe nor wiséoton RE-Pn-O phases directly from
the elements. This is primarily due to the fact that elemental antimony/bismuth have high
vapour pressures at elevated temperatures (T > 650°C), resulting in side reactions and
damage to equipment. In order to circumvéms problem, we must first prepare a
precursor in the form of a binary phase. Sev&®&ISb/Bi binary phases exist, but we
have determined the best choice to be RESbREBI binaries. These phases have the
NaCHtype structure and can be made in very goadty, but most importantly, they have

very high thermal stability, which suits our purpose.
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Figure 2.1.A sample of PrSb beforgtop) and after (bottom) reaction at high
temperature.

TheseRESDh binaries can be prepared simplyrbgasuring out thet@chiometric
amounts of each element required and combining them todethmeans of a hydraulic
press. The pellets obtained from this method are then sealed in silica ampoules of about
10 to 15 cm in length under @orr. The sample is heatéda boxfurnace, firsiat 600°C
for 24 hours to induce the chemical reaction, areh tat 850°C for 48 houts ensure a
complete reactiomand a pure products confirmed by Xay diffraction dataThe REBI
binaries can be made a similar waysing reactions temperatures of 235°C, then 350°C,
and finally 850°C However, these samples are not pressed into pellets, and are instead
added as powders to a carbon coated silica tube, which is then Sdseckasoning
behind tlesechangs is the fact that bismuth has a lower melting temperature and is
prone to react explosively with early rare eartRE € Lai Eu) if the sample is in pellet

form. TheREBI binaries obtained from these experiments are difficult to verify for purity
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due to the amorphodseatures in thie X-ray diffraction data, but can be at least viewed as
a method to obtain a thermally stable reactant containing bismuth.

Once theRESbREBI precursors have been obtained, they must be reacted with
calcumorraree ar t h oxi des at very high teRPBeratur
Pn-O phases. This is difficult to achieve with the aforementioned methods, as evacuated
silica tubes will ollapse under vacuum due to softening and compromise sample
integrity. A far more reliable technique for high temperature synthesis is the use of an
induction furnace. First, samples are sealed if @B g amounts in a tantaluampoule
using an arc medt. This is done as tantalum is both chemically inert to most reactions we
consider, and also has a very high melting point, making it an excellent choice for
containing our reactions. These ampoules are then placed in a molybdenum susceptor and
suspenden a custom made boronitride sample holder, which itself is suspended on a
silica sample holder to allow ease of removal. The boronitride acts as a thermally
insulating barrier to prevent the heat of the susceptor from melting the entire sample
stage. Thentire apparatus is evacuated t&@ 10 through the use of a diffusion pump to
avoid oxidation Heating is accomplished using a radio frequency current applied in a
waterchilled copper coil around the outside of the sample. The entire furnace is cooled
by a water jacket to prevent the silica from melting, and the monitoring of sample
temperature is accomplished through the use of an optical pyrometer. By this method, we
may obtain temperatures of up to 1650°C in a safe, controlled environment which can

operate undisturbed for several days.
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Figure 2.2.Radio Frequency Induction Furnaceused for high temperature
synthesis The molybdenum susceptor containing samples sealed in tantalum
ampoules (a) is heated in the apparatus shown in (b). A schematiagram of the
equipment is shown in (c).

2.2 X-ray Diffraction Analysis

2.21 Basic Theory

One of the most important methods of structure determination of solids is the
application of Xray diffraction.This methodnvolves a systematic scattering of incident
wavelengths of Xays, which are in turn collected by a detectdihis data can then be
used todetermine the three dimensional arrangement of atoms in a solid, edmajive

insight into the composition andhysical properties of a sample.
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X-rays are able to probe the atomic structure of solids due to the fact thatehey
diffracted by electrons, and have wavelengths that correspond to typical atomic
separations (~1 3 A). In order for %ray diffraction tosucceed, it is imperative for the
sample under study to be in crystalline form, with the atoms arranged in an ordered,
periodic lattice in three dimensional space for diffraction to occur, as opposed to a
disordered glass. As-Kays collide with the samplehey will be scattered by electrons
and will overlap, often causing destructive interference and the absence of a signal. Under
certain conditions, the overlapping wavelengths will interfere constructively, and can be
detected and measured experimentallgis phenomemn i s descri bed by

(Equation 21):

€ _ ¢Q i Q¢ — (2-1)
Where n is an integer, & 1S ntibte spacinmge | engt
bet ween | attice planes, and d is the angl e

lattice planes.
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Figure 2.3. Diffraction of X-rays in a periodic lattice. When the path difference
(bolded lines)between adjacent beams, 2gdsind, i s equal to
i ncident wavelength &, constructive
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dimensional space. As such, there exists a basic buildow, known as the unit cell,

mu |
nt er

All crystalline solids can be viewed as repeating arrangements of atoms in three

which serves as the repeating unit in the crystal. The unit cell is composed of three basic

vectors a, b, and c, as wel |l-raydiffractiomise e an

considered, it is convenient to describe thg sbacings between diffraction planes as

with respect to the unit cell. These spacings, also known as Miller indices, are labeled

with respect to the number of times the unit cell is divided by the diffraction plagseh

direction The resulting data isnodeled in reciprocal spacas points described by

reciprocal lattice vectors a*, b*, and &ach vector is related to its real space analogue

as the cross product of the other two real space vectors divided by the volume of the unit

cell V.
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§ —i — — (2-2)

The arrangements of these reflections can be related to real space conditions
through the concé%(Figure22).Ewalpddsncsphere Ewal
consists of a boundary of points in reciprocal space defined by a sphere of raditsel/
sphere is placed about the origin of diffraction A, with a wavevectott&hding from A
to the origin of reciprocal space O. If it is assumed that elastic scattering occurs, which is
the case for Xay diffraction, then there exists a wavevedtarhich extendgrom point
A to point P atthe surface of the spher& separate ector S can then be constructed from
connecting the two points O and P on the surface of the spiwreal to the diffraction
plane Upon inspection, itis al cul ated that vector S has a
radius of 't he bsephreerwer iitst eln/ aa,s i2tsicnadn &, whi
the di spacing. The result is that only reciprocal lattice points which exist on the surface
of Ewal ddés sphere can satisfy Braggds | aw,

pointsatagi ven d angl e.
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Figure24. Schematic diagram of Ewal dos spher
between the incident wavelength, reciprocal space, and real space.

The efficiency of an atom to scatterrXys is known as the atomic scattering
factor f, whichis proportional the size of the atorihe angle of diffractionand the
incident wavelengthlt is known that larger atoms will scatterrXys more strongly due
to the fact that they contain more electrons, but the intensity of the scattered beam also
deaeases as the diffraction angle increases. This is due to the fact that diffracted beams at
any angle besides zero wild!@ become increa
increasegFigure 24). When the angle of diffraction is zero, adjacent beantsesed by
electronsA and B will have a path difference of zero and will not interfere destructively.
However, when the angle of diffraction is not zero, a path difference is introduced which

is equal to CB AD, and becomes greamereasasds &ndeens
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relative path difference between adjacent beams becomes larger, leading to greater

destructive interference.

v

Figure 25. Scatteringof Xr ays by an atom wit kqualto@i f fr ac
(I ef t greatemhdn Od (right).

With the concept of atomic scattering and lattice periodicity established, the
structure factor of a reflection can now be introduced. Simply put, the structure factor
contains all the information ofdiffraction plane including its intensity anghase angle,
which can be used to determine the positions of atoms in a crystal stri@inoe.a
crystal is periodic, the structure factor caneipressed for a given reflectionagourier
series includinghe atomic scattering factoasdthe individual atomic positions relative

to the unitcell*®® (Equation2-3).

"0 B 'QQ (2-3)
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The exponential part of the equation can be rewrittenas Buler expansioof

sin and cosine ter ms, and plotted in real

2" (hhkyn+ 1zp).

Q ATcdO@® @ & OEf @ @ & (2-4

The intensity of a given reflection can be determined experimentally, and is
proportional to |faf’, thus, we are able to gain information about the electron density
based on the atomic scattering factprHfowever the value off R or |Fu| contains no
information regarding the phase angle; this data is lost to diffraction experitffeDtee
to thisconstraint, it is impossible to directly determine atomic coordinates based solely on
diffraction data.

Two standard methods are commonly used to reach a solution: the direct method
and Patterson function method. In the case of the direct method soéutiontial phase
angleis assignedo a reflection and is expanded on by three additional reflections which
are not related by symmetry. Due to the nature of asmmasmgedn a lattice, there exist
statistical relationships between structure factothese reflections. This process can be
repeated until the correct phase angles are determined and an acceptable solution is
obtained"!° The Patterson method utilizes a Fourier transform of the observed intensities,
and generates a map with information regarding vectors between atoms. The atom
positions in real space can then be assigned based on the ohetmsdy (electron

density) in the map'°
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In order to determine the atomic positions of a structun fintensity data alone,
one must resort to a trial and error system. Farshodelof the target structure must be
created In the cases where there is no knowledge of similar structusgsce group is
chosen based on the systematic absences degglrfiom the experimental dat&he
absence of observed intensity in the diffraction data at set intervals corresponds to a
symmetry element in a crystal with translational symmetry; this can be proven
mathematically, but is noshown here. Afterwardsthe calculated intensity profiles

comparedo the experimental datibtained and an agreement factor is proddted.

y o2 : (2-5)

To obtain a solution, it is imperative to inspect bonding distances, angles, and
arrangements as a tool to determihthe correct structure has been assigned. With this
knowledge, lhe resulting model can then be further tuned in terms of atomic identities,
positions, occupancies, thermal vibration, and disorder until a satisfactory agreement is
reached.
2.22 X-ray Single Crystal Diffraction

Several new structures were prepared and discovered in the work covered in this
dissertation. As such, -Kay single crystal diffraction was necessary to determine the

crystal structures of these phases. Samples were prepared atatemgs suitable for
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formation and crystallizatiorwere crushed into powder, and mounted using epoxy resin
under a microscope.

Most of the Xray single data presented in this report was collected on a STOE
IPDSII diffractometer with MoKy radiation and an image plate detectdbhis device
comes equipped with a goniometer for rotation about the origin of diffraction and the
crystal it sel f A mumerinatabsbrption ceregiian avasibasedi oy the
crystal shape originally dermined by optical face indexing but later optimized against
equivalent reflections using the STOESkape softwaré?. The data for the GBi3Og
crystal was collected on a Bruker SMART Apex Il diffractometer with Kgoradiation
and aCCD detectar The SAINT progrart® was employed to apply corrections to
Lorentz and polarization effects. A mu#itan absorption correction was based on the
crystal shape obtained from optical face indexmgcrystals were collected with data in
the whole reciprocal sphere, to ensure sufficient data completeness and to avoid the bias

of centrosymmetry.
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Figure 2.6. Generalized Xray single crystaldiffraction instrument diagram .

2.23 X-ray Powder Diffraction

Although X-ray single crystal data is invaluable to theterminatiorof a crystal
structure, it is not ideal toesolvethe identity ofan entire sample from which it is
collected, as it may only represent a minor phase that is present. As such, itoorder
ensure that the physical properties measured for a sample are intrinsic to the phase under
study, it is absolutely necessary to anelgalk samples to determine purity. One of the
best methods to accomplish this is bya¥y powder diffractiorexperimets.

By this method, a sample is exposed to incidemaysin a manner similar to X
ray single crystal diffractignbut since the sample contains crystallites of random
orientations, concentric cones of diffraction are produced. Depending on the ingtramen

one or two-dimensional detector may be used to record the data. Since each crystallite
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obeys Br aggo6s ahdaproduces its dharbcterisacaiffractom pattern if one
only considers ondimension scattering, the identity of each knownsghm a sample
can be determined by refinement or by comparison to a database.

All rare-earth pnictide oxides discussed in this report were analyzed by a
PANal ytical XO0Pert Pr o di dimensiondl>Xo0m®etleerr ad pu
detector. An inadent Xray wavelength of CiKyiwas chosen for diffraction. Avafer
shapedsample holder manufactured from a single crystal of silicon was chosen for
measurementd.he sample holder was cut in a direction that excluded any diffraction in
t he me a srangeaobdureexp@richents. germanium single crystahonochromator
was used to eliminate unwanted &y cradiation, while a one degree slit was used to
reduce the background signal. Approximately 20 to 50 mg of sample was analyzed for
each trial. Most sanigs were collected n t he 2 d dfromf20° ®0d@Then r an
resulting data was analyzed and refined by the Rietveld refinement method (Rietica
programt™¥) with the respective crystal structures obtained from literature and our own

research

2.3 Energydispersive Xray Spectroscopy and Electron Microprobe

Analysis

While X-ray diffraction is an invaluable tool in determining crystal structure and phase

purity, it is not without its limitations. In the cases where elements of similar electron
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counts (and thus scattering factors) are considered, it may become difficult to correctly
assign the identity of each atom in a crystal structure. This may lead to large standard
deviations in the calculated stoichiometry and an erroneous model. Funtbermo
contamination from outside sources in the sample preparation step may go undetected by
X-ray powder diffraction if the impurity is amorphous or in small amounts. Such a
problem can be devastating for physical property measurements if the data astaisted
intrinsic to the sample, but the result of the impurity. In these cases, it becomes necessary
to analyze a sample both qualitatively and quantitatively for the presence of specific
elements.

One of the best ways to probe the identity of the atonassample is to perform
Energy dispersive Xay spectroscopy (EDS). A sample under study is exposed to an
electron beam which ejects a core electron from an atom, creating a hole. An electron
from a higher energy level in this atom emits ana)¥ photon ad relaxes to a state that
replaces the lost core electron. The photon produced is characteristic to both the atom and
the specific energy level differena# relaxation:™ Thus, elemental composition of a
sample can be determined by in this manner.

The EDS experimentdescribed in ttg dissertatiorwere conducted on a JEOL
7000F scanning electranicroscopeCopper and Nickainetal wereusedasstandards for
calibration A scanning electron microscope was also used to selectively choose regions

of a sample for EDS analysis, as welltasobtain high resolution surface images at the

micrometer scale. Unfortunately, analysfssingle crystals and unprocessed bulk samples
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by this method is purely qualitative, as the calculated stoichiometries may deviate based

on sample coarseness.

Figure 2.7. A sample holder (a) containing bulk samples and single crystals for
energy dispersive Xray spectroscopy (EDS) measurements. A scanning electron
microscope (SEM) image of a crystal is shown in (b), while an example EDS

spectrum is shown in (c).

To obtain a better understanding of sample composition, quantitative analyses
wereperfamedby electron microprobe microanalysis (EPMAhe samples described in
this dissertation were analyzeding wavelengtidispersive (WDS) Xay spectroscopy
(model JXA-8500F, JEOL)Samples under studyere mounted in discs of epoxy resin

one inch in diameter and approximately 10 mm in thickness. Polishing was accomplished
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using a Struers Rotop8ll unit with a Struers RotoForderevolving sample holder. The
final step of polishing used a solutionditmond dust in eaatase A series of standards

were used for calibration, and are outlined for each specific chapter.

2.4 Physical Property Measurements

In order to determine the thermoelectric efficiency o$ample, the electrical
resistivity, Seebeck coefficient, and thermal conductivity must be determined. To do so,
sufficiently pure samples werdrst cold pressed into pellets and annealed at low
temperatures. The annealed samples weredbeimto 0.2 mnx 0.2 mm x 0.8 mm bars
using a revolving alumina blade. Kerosene was used as a lubricant to avoid sample
oxidation Certain air sensitive samples wererntlemated with a thin layer of Epbek
epoxy and evacuated to remove air bubbhfgter cutting, all sanples were stored in
argonuntil use A small amount of Drierite waadded to packages containing moisture
sensitive samples to avoid decomposition.

All samples were measured oQaantum Design Physical Property Measurement
System (PPMS)The mixed tetragmal (RERE')s:SbQ;, GaiBisOs, CaREShOs, and
REPnsOs samples were measured in Tsukuba, Ibaraki, Japan, while Rigs&z0, and
CaRESh010 samples were measured in Oak Ridge, Tennessee, United Btatesim

leads were attached on the rectangular bars usingTEpdH20E silver epoxy. The
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contacts for all samples were cured under a stream ofhigfhrapurity Ar inside a tube
furnace.

In some cases, it is also useful to measure samples for the Hail, eds
information regarding thelectrical properties of a materigdn be obtaineth this way
The nature of this phenomenon originates from the movement of charge carriers in a
material when a magnetic field is applied in a perpendicular directidvoréntz force is
exerted on the charge carriers which cause them to propagate in a curved direction. This
causes an uneven distribution throughout the material, creating a voltage that is
perpendicular to both the direction of the current and the madiwsétic¢'® Depending on
the nature of the material, the resultantage may be either positive or negative, and its
magnitude corresponds to tibharge carrier mobilityand magnetic field strengtfhis
information can be useful for tuning and optimizing thermoelectric matesaise
electrical conductivity is directlproportional to both charge carrier concentratoand
carrier (Hall) mobility’ (Equation 110).

A selected set of samples weatso analyzed using an Accent Hall system
HL5580 to measure their room temperature electrical resistivities, carrier tiegbiind
carrier concentrations, as well as to determine if they ace ptype conductors. These
samples were pressed as flat pellets of approximately one centimeter in diameter and two
millimeters in thickness. A four point probe with Pt/Ir contacteaswused for
measurement, and an applied current of 0.1 mA was directed to each sample. A magnetic

field of 0.323 Tesla was applied perpendicular to the direction of the current flow.
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Figure 2.8. lllustration of the Hall effect. A current | is passed though a material
with a magnetic field B applied at a 90 degree angle. The result is a voltage V
perpendicular to both the current and the magnetic field.

2.5 Electronic Structure Calculations

In order to fully characterize a materaahd understand theature ofits physical
properties, its electronic structure must be determifks. data may be calculated based
on its crystal structure, and gives valuable information regarding the population and
distribution of bonding and antibonding electronic statéthe electronic structure of a
material is known, the structure can be tuned by elemental substitution to modify its
electron count and disorder to yield better thermoelectric properties. Thus, the electronic
structure of each new phase was calcul&tag@solve the nature of its physical properties

and as a potential tool for the improvement of thermoelectric efficiency.
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The electronicband structurgof the rare earth pnictide oxides included in this
dissertation were calculated using tight-binding, linearmuffin tin orbital method"'’
with the atomic sphere approximation (ZBMTO-ASA) as implemented ithe Stuttgé
progrant'® The experimentallattice and atomic parameteobtained fromthe X-Ray
single crystalrefinementsof each phasevere used for calculationtn the cases where
atomic mixing could not be treated during calculations, the atom with the highest
occupancy on eachts in the crystal data was assigned to 100% occupahity4f
electrons wereonsidered asore electronsExchange and correlation were treated by the
local density approximation (LDAY. A scalar relativistic approximatid?®! was
employed to account for all relativistic effects except st coupling. Overlapping
WignerSeitz cells were constructed with radii determined by requiring the overlapping
potential to be the best approximation to the full potential, according tadimécasphere
approximation (ASA). Automatic sphegeneratiof* wasperformed to construct empty
spheres to be included in the unit cell in order to satisfy the overlégriarof the TB
LMTO-ASA model.

In the certain cases, the electronic structures calculated by the method mentioned
above yielded results which seemingly contradicted the data albtrora experiments.
Most notably, the calculated electronic band gaps may ditierewhatfrom the values
obtained from electrical resistivity datlme to the approximations madkedditionally, in
the cases of GREsShOs and G@Bi3Og, the calculated striiere suggests a metallic type

distribution of states, despite the electrical resistivity data indicating they are
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semiconductors. This will be furthdiscussed in Chapters 4 and 5. Finallythie case of
CaRESk0s, four superstructures representeddifyerent arrangements of Sb atoms
were constructed in an effort to better describe the discrepancy between the original
calculated electronic structure atinek electrical restivity data. The details and results of

these calculations will be presenteddnapter 4.
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Chapter 3. Synthesis, Crystal Structure, and Electronic
Properties of the Tetragonal RE'RE");SbO; Phases RE' = La,

Ce; RE" = Dy, Ho)

This chapter contains the Synthess,rCrystdl cove
Structure,and Electronic Properties of the TetragorRERE');SbQ; PhasesRE = La,
Ce;RE'=Dy,Hop, which was publ i s hlealg Chem2018,0r gani
52 (2), 10251031). The experimental procedures, structure determinations, and data
interpretations were performed by the candidate. Dr. Peng Wang assisted with the
electronic structure calculations, Dr. Jinlei Yao carried out magnetic susceptibility
measureents, and Dr. Taras Kolodiazhnyi performed physical property measurements

on bulk samples.

Reproduced with permission fronScott Forbes, Peng Wang, Jinlei Yao, Taras
Kolodiazhyni, and YuriiMozharivskyj Inorg. Chem2013,52 (2), 10251031. Copyrigh

2013 American Chemical Society.
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In our efforts to tune the charge transport properties of the recently discovered
RE:;SbQ; phasesREis a rare earth), we have prepared miRERE');SbQ; phasesRE
= La, Ce;RE' = Dy, Ho) via high temperature reactions at 1550°C or greater. In contrast
to monoclinic REsSbG;, the new phases adopt ti&,/mnm symmetry but have a
structural framework similar to that dREsSbG;. The formation of the tetragonal
(RERE");SbQ; phasess driven by the ordering of the large and snifl atoms on
different atomic sites. The LaDy;1sSbG;, Lay sHo; sShO; and CesHoi sShOQ; samples
were subjected to elemental microprobe analysis to verify their compositions and to
electrical resistivity mesurements to evaluate their thermoelectric potential. The
electrical resistivity data indicate the presence of a band gap, which is supported by

electronic structure calculations.

3.1Introduction

The evefincreasing global demand for natural resources continues to fuel the
research on and development of new and efficient ways for energy use. One potential
approach is the use of thermoelectric materials for energy recovery from the waste heat,
relesed by internal combustion engines, e.g. in cars @madks'?® % For sich
applications, thermoelectrics yield many advantages over other forms of energy recovery
and production such as compactness, reliability, a lack of moving parts, and a long
operational life. These properties have already allowed thermoelectrics tedo® s®me

unique applications, such as power generatiospacecrafts or wristwatches?*
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The current drawback of thermoelectric materials is their low efficiency, which
reaches5-15% of the Carnot efficiency in the d$te materialsknown® As such,
thermoelectrics have only seen use in small, niche applications in which compactness and
reliability outweigh efficiency. A good thermoelectric material must have a high Seebeck
coefficient and electrical conductivity and a low thermal conductivity. Unfortunately, the
Seebeck coefficient and electrical conductivity of a material compromise each other, and
uswally cannot both be optimized simultaneously. Likewise, designing a material with
good electrical properties and a low thermal conductivity presents a great challenge due
to the thermal conductivity provided by charge carriers. Different strategies hane be
employed to optimize thermoelectric properties. One such method is to prepare phases
with electrical properties of a crystalline solid, but with thermal conductivities of a
glass?®® Such a material, known as a phorglass electromrystal (PGEC), has been
realized in few systems, e.g.Zm,Sh;">"> andPbTebasedhases® 12°

In pursuit of novel PGEC phases, our group has focused on the synthesis of
complex rareesarth RE) antimonide suboxides, such &¥5Sb0;, RESh;.:Os and
RESbG.%® 2" In the case oRE;SbQ;, we have combined the electrically conductive,
semimetallicRESb and thermally insulatinBE,O3 binaries into a single structure, with
the goal of conserving the desirable properties of each. Th&REg®bO; phases feature
high thermal stability and low thermal conductivity but possess high electrical
resistivities, which make them unsuitable for thermoelectric applications. Although the

desired properties could not be obtained, we have succeeded in theainémation of
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RESb andRE;O3; and the opening of a band gap within RE-Sb framework. As such,
there is a potential for tHRE;SbQ; phases if their electrical resistivities can be reduced to
a more suitable level, either by elemental substitutionrtiéu structural modifications.
Originally, we have explored substitution of Ce for the trivaREtin RESbG:;.
However, it was established that Ce is also trivalent in the prepar&RE{G8bO;
phases. These new, mixed phases were discovered to agernet symmetry while the
parentRE;SbQ; structures were monoclinic. The subsequent experiments revealed that
this structural change is possible only through the use oREa@oms with a sufficiently
large difference in atomic radii, which results ire threferential ordering of large and
small rareearths on different atomic sites. In this paper, we discuss the synthetic
conditions, characterization, and electronic structures of the new, tetragonal

(RERE")3SbQ; phasesRE = La, Ce;RE' = Dy, Ho).

3.2 Experimental

3.21 Synthesis.

Samples were made using higarity RE metals(99.99 wt.%, SmartElements)
(RE= La, Ce, Dy, Ho), antimony metal (99.999 wt.%, CERAC Inc.) RBsD; and CeQ
powder (99.999 wt.%, Rhoreoulenc). In order to avoid the vildgy of elemental
antimony and its reactivity with tantalum at elevated temperatures, the corresponding

RESD binaries were first prepared. TRESb binaries were prepared by mixiR& filings

68



Ph. D. Thesi$ S. H. Forbes McMaster University Chemistry & Chemical Biology

with ground antimony powder in equimolar amounts withgicve box filled with argon.
These mixtures were then pressed into pellets of 1 to 2 grams and sealed betow 10
in silica tubes. Samples were annealed in box furnaces at a temperature of 600°C for 12
hours and then at 850°C for 48 hours to comple¢ereaction. Upon quenching in air,
black pellets ofRESb were obtained. -Ray powder diffraction was performed on all
samples to confirm their purity.

Samples ofRE; sRE'; sSbQ; were prepared by mixing thRESb binaries and
REOs for each of the resptice RE present in a 1:1:1:1 molar ratidhe uneverRE:RE"
ratio RERE"');SbQ; samples were prepared by mixing the resped@#sb andREO;
binaries toproduce the desired stoichiometry. The RE®;SbQ; samples were prepared
by mixing filed RE metal the RESb binaries, and CeOn the desired molar ratio. The
respective mixtures were pressed into pellets of 1 gram and placed inside tantalum
ampoules which were then sealed by-medting under argon atmosphere. High
temperature reaction conditions were accomplished through #heofugn induction
furnace. The tantalum ampoules containing samples were placed inside a molybdenum
susceptor which was heated in the radio frequency furnace under dynamic vacuum below
10° torr. An optical pyrometer was used to monitor the temperatuneaftion. All
samples were heated at 1550°C for 10 hours to ensure a complete reaction. Samples were
allowed to cool down to room temperature inside the furnace under vacuum over a period
of 1 hour. The obtained products were black, molten, crystalling, stable in air.

According to Xray powder diffraction analysis, samples exposed to air for several weeks
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showed no signs of decomposition. A list of all samples prepared is presented in Table

3.1.

Table 3.1.(RE'RE")3Sb0; samples prepared by hightemperature synthesis at
1550°C.

System RE,:RE',sSbO, RE,RE'SbO, RE;RE';sSbO; RERE';SbO, RERE',sSb0,

CeGd-Sb i i Monoclinic )
O RESbG;
Monoclinic
Cefo-Sb . . o RESbOand  RESHO,
RESbO,
Tetragonal
CeEOr—Sb RESbO; and - -
RESbO,
La-Dy-Sb Monoclinic Monoclinic Tetragonal Tetragonal RESHO,
O RESbG RESbG RESbG; RESbG;
La-Ho-Sb Monoclinic Monoclinic Tetragonal
0 RE.SbO, RE.SbO, RE.SbO, RESHO, RESbO,

3.2.2X-ray Single Crystal Diffraction

Single crystals picked up from the samples were analyzed on a STOE IPDSII
diffractometer using MoKy radiation in the whole reciprocal sphere. A numerical
absorption correction was based on the crystal shape originally determined by optical face
indexing, but wagater optimized against equivalent reflections using the STcHEhape
software'? Crystal structures were determined and solved using the SHELX satffare
All structures studied adopt t&,/mnmspace group. The lattice parameters of structures
were observed to expand with largeE atoms During refinement, th&®E atoms were

permitted to mix on th&EL andRE2 sites, yielding mixedccupancy on both sites for all
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structures. While the occupancies of Dy and Ho orREe site in Lay 47¢7PY1.5375bCs

and Cey 349H01.6605bG are within three standard deviations from zeh® Hamilton
test?indicatedthat their presencen this sitecan beacceptedvith a higherthan 0995
confidencdevel. A summary of the refinement results is presentedaiblds3.2 and3.3.
Further information on the crystal structures of all compounds presented, including the
monoclinic DySbG; structure collected for this work, can be obtained from the
Fachinformationszentrum Karlsruhe, 76344 Eggendtewmpoldshafen, Germany (fax
(49) 7247808-666; email crysdata@fiz.karlsruhe.fieby quoting the CSD epository
numbers 425138 for GeHo;sSbGs, 425139 for LasDy;sSbG;, 425140 for

La; sHO1 5ShGs, 425141 for DYSbG;, and 425150 for LaDpbGs.
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Table 3.2. Crystallographic and refinement data for the RE'RE")3SbO; crystals.

Lay sDy; sShOs

LaDy,Sb0y

La, sHo, sShOy

Ce sHo, sShOy

Refined composition
Space group
a(A)

c(A)
Volume (A%

z
Index ranges

2d range
Total reflections

Goodnessof-fit on F?
R indices

Extinction coefficient

Lay 477PY1537900;  Lag osePY2.049900; Loy 324H0168aS00;  Céy 340101 6619500

P4,/mnm
11.947(1)
3.9263(8)
560.4(1)

4

-19hO® 15
-18k® 18
6 10 6

6.82°- 68.96°
6684

1.187

R, =0.0378
wR, = 0.0760
R; (all data) =

0.0532

0.0026(2)

P4,/mnm
11.864(2)
3.8920(8)
547.8(3)

6.68°-69.01°
4159

1.169

R, = 0.0557
wR, = 0.0759
R; (all data) =

0.0883

0.0012(1)

P4,/mnm
11.920(2)
3.9057(8)
555.0(2)

6.84°-68.70°
5522

1.091

R, = 0.0380
WR, = 0.0445
R; (all data) =

0.0625

0.00175(9)

P4,/mnm
11.880(2)
3.8906(8)
549.1(2)

6.86°- 68.96°
5304

1.029

R, = 0.0519
wR, = 0.0617
R; (all data) =

0.1019

0.00073(6)
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Table 3.3. Atomic parameters for the RE'RE")3SbO; crystals.

Atom Site Occupancy X y z Ueq
Las.477PY1.537,5b03
La/Dyl 4f 0.93/0.07(3) 0.11537(4) 0.11537(4) 0 0.0119(2)
La/Dy2 8i 0.27/0.73(3) 0.12314(4) 0.65651(5) 0 0.0135(2)
Sb1l Af 1 0.37828(5) 0.37828(5) 0 0.0124(3)
o1 49 1 0.3104(5) 0.6896(5) 0 0.013(2)
02 8i 1 0.0660(7) 0.3383(8) 0 0.028(2)
Lao.060PY2.0495003
La/Dyl Af 0.75/0.25(4) 0.11601(7) 0.11601(7) 0 0.0135(2)
La/Dy2 8i 0.11/0.89(4) 0.12298(7) 0.65631(6) 0 0.0116(2)
Sb1l Af 1 0.37824(8) 0.37824(8) 0 0.0123(4)
o1 49 1 0.3110(8) 0.6890(8) 0 0.016(3)
02 8i 1 0.0660(9) 0.339(1) 0 0.025(3)
Las 324H01 68(4SbOs
La/Hol Af 0.92/0.08(2) 0.11539(5) 0.11539(5) 0 0.0119(2)
La/Ho2 8i 0.20/0.80(2) 0.12319(4) 0.65604(4) 0 0.0139(1)
Sb1l 4f 1 0.37756(5) 0.37756(5) 0 0.0119(2)
o1 4qg 1 0.3100(5) 0.6900(5) 0 0.012(2)
02 8i 1 0.0660(6) 0.3394(8) 0 0.029(2)
Cey 349H01.66(9500;
La/Cel af 0.88/0.12(4) 0.11523(9) 0.11523(9) 0 0.0130(3)
La/Ce2 8i 0.23/0.77(4) 0.12372(8) 0.65599(6) 0 0.0130(2)
Sb1l 4f 1 0.37815(9) 0.37815(9) 0 0.0121(4)
o1 4qg 1 0.3122(8) 0.6878(8) 0 0.013(3)
02 8i 1 0.067(1) 0.339(2) 0 0.032(3)
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3.2.3X-ray Powder Diffraction

All samples studied were analyzed by-ra§ powder diffraction using a
PANal ytical X0Pert Kygwadi adfiractametan XOoCa|
This was done to determine reaction progression, sample purity, and lattice constants.
Samples were ground in 20 to 50 mg amounts in a mortar and pestle until a fine powder
was obtained. The obtained powder was ithsted evenly on disks manufactured from
single crystals of silicon which were coated with a thin film of Vaseline. Diffraction data
were collected in the 20P0° A range for all samples. The Rietvald refinement method
(Rietica prograrh® wasemployed to determineample purity and lattice constants. The
structural parameters obtained from the single crystal refinements were used as starting
models.
3.2.4Coordination Polyhedra Analysis

Coordination polyhedra of the new tetragonRERE')sSbQ; structures, the
previously studied monoclinic H8bQ; phasé€®, and the monoclisi Dy;SbQ; phase
prepared for this work were analyzed with the Dido95 prodramor thispurpose, we
have calculated the volumes of tRE& sites, which ee represented by the volumes of the
WignerSeitz polyhedra. Atomic positions determined from thea) single crystal
solutions were used for calculations
3.2.5 Microprobe Measurements

The quantitativeelemental analysis of the selected samples waserformed

employing theelectron probe microanalysis (EPMA)rougha wavelengthdispersive
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(WDS) X-Ray spectroscopy (Model JX8500F, JEOL, Tokyo, JapanlaBs, Cebs,
Al,O3, HosSh; and DySb were used as standards to determineotheentrations of La,
Ce,Ho, Sb, Dy and O in the title compoundhe EPMAwas performed on polished
surfaces samples tgveraging the data taken from 5 to 10 locations of selected grains.
Only the RE;sRE'; sSbQ; samples were analyzed for measurement as these samples
yielded te best purities.
3.2.6Electrical Resistivity Measurements

Samples of LasDy; sSbQ;, Lay sHo; sSbQ; and Ce sHo; sSbQ; were ground and
pressed into pellets with a tungsten carbide press die in a glove box under argon
atmosphere. Only thRE; sRE'1 sSbQ; set of samples were chosen for measurement as
the highest purities were obtained for this stoichiometry. Samples were then sealed in
evacuated silica tubes and annealed at 1000°C for 24 hours to ensure rigigy. X
powder diffraction revealed no damposition or generation of impurities.

Theelectricalresistivity was measured in the4P0 K range on rectangular shdpe
samples with a fouprobe technique usin@ press contact assembly produced by
Wimbush Science & Technologgnd on a PPMS instrumie(Quantum Design, USA).
During the measurements, the samplesre heated with a speed of 1 K/mio allow
thermal equilibration with a cryostat.
3.2.7Electronic Band Structure Calculations

The band structuse of the tetragonal fully orderedRERE',SbQ; phases

(LaDy,SbhG; LaH0,SbG; and CeHgSbh(G;) were calculated using thight-binding, linear
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muffin tin orbital method’ with the atomic sphere approximation (IBITO-ASA) as
implemented in the Stuttgart prograf The experimental lattice and atomic parameters
obtained from the »Ray single crystal refinements of the LaBpQ; La; sDy1.5SbG;,

La; sH01 5SbG;, and CesHo; sShG; samples were used for calculations. Since the atomic
mixing cannot be treated during calculations, Rl andRE2 sites in each structure
were assumed to be fully occupied by the larger and sniaEerespectively. All 4
electrons were considered asecelectrons. Exchange and correlation were treated by the
local density approximation (LDAY® A scalar relativistic approximatidf? was
employedto account for all relativistic effects except spibit coupling. Overlapping
Wigner-Seitz cells were constructed with radii determined by requiring the overlapping
potential to be the best approximation to the full potential, according to the atomic sphere
approximation (ASA). Automatisphere generatioff was performedo construct empty
spheres to be included in the unit cell in order to satisfy the overlap criteria of the TB

LMTO-ASA model.

3.3Results and Discussion

3.3.1Composition and Formation of (RE'RE")sShO;
The X-ray single crystal refinements of they sDy; sSbQ; and Ce; sHo; 5SbOs
sample yielded compositions (Tald&) that are within 1 and 2 standard deviations from

the loading compositions, respectively. Refinement ofLéagHo,; sSbQ; crystal yielded
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the Lay 32401 684 SbQ; composition that is statistically different from the loading one. In
some cases, -Xay sngle crystal results may not represent the actual composition,
particularly when a site mixing is present and difference between the atomic scattering
factors is not large. To establish true compositions (and verify refinement results),
electron probe mioanalygs (EPMA) were performed on three samplegalfle 3.4)

Upon inspecting Tabl8.4, it is readily apparent that the equimolar loading ratios of the
RE atoms are preserved across all samples within one standard deviation. An excess of
oxygen is observed, but this can be attributed to the surface oxidation during polishing.
Based on the EPMA results, we can conclude tR&RE');SbQ; phases maintain the

same rareearth compositions that are used in their formation.

Table 3.4. Compositions of the tetragonal RE'RE" )sSbO; phases based on the
EPMA and the X-ray single crystal analyses. The EPMA results were normalized to
one Sb atom.

Loading
Composition

Lay sDy1.5Sb0; Lay 457PY1.5575b1.008L6.42(5) Lay 477PY1.5375b0s
Lay sHO1.5Sh0; Lay 54(6HH01.52(6Sb1.00(805.95(5) Lay 32(4H01 68250
Ce  5H01 5SbGs Cers4eH01.4765bL00705.135)  Ce1.349H01.66(950Cs

EPMA X-Ray

Samples with loading compositions containing different ratidc®®to RE' were
also prepared using similar reaction conditions as the samples with the equimolar ratios.
The synthesis of LaR$bQ; (RE = La andRE' = Dy) was confirmed to produce the

tetragonal RE;SbG;  structure, but with asmaller unit cell when compared to
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Lay sDy1.5SbQs. Reactions of th&E,RE'SbQ; andRE,sRE';sSbQ; phases yielded only
the monoclinilRE;SbG; phases; these samples were natyaed further. In contrast, the
RERE',SbQ; and REsRE',sSbQ; samples, excluding LaR$bOs, were shown to
produce thRE;SbQ; phase. The rationalization for forming each phase at diff&Ernb
RE' ratios will be discussed later.

The tetragonal RERE');SbQ; phases can be obtained only at reaction
temperatures of 1550°C and greatat; temperatures less than 1500°ther the
correspondingRE;Shs.:0s or RE:SbQ, phaseis formed depending orthe RE and RE'
used and their ratiod¥hen only one tge of REis used, the resulting phase is always
either the monocliniRE;SbG; phase or the monoclinkREsShs.;Os phase at temperatures
of at least 1550°C. The formation conditions fRERE');SbQ; are summarized in
Scheme 1. It is worth mentioning that prolonged heat treatments below 1550°C will
irreversibly convert the tetragonalRERE');SbQ; phase into the corresponding
monoclinicRE;SbG; and REsShs iOs phases, with mixing on aRE sites. Theetragonal
phase can be prepared for samples containingRiz@f significantly different sizes,
which limits the possible combinations. Based on the crystal radii of thesaete
atoms® used the lowest largéo-small ratio of rareearth raii shown to produce the
phase is 1.23, accomplished with;@eo, sSbQs. Furthermore, an attempt to prepare the
tetragonal CesGd; sSbQG; analogue was unsuccessful. Considering the crystal radii ratio

of Ce to Gd is 1.19, iappears the minimum ratio reged may lie between these two
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values. The reasons for the formation of the tetragonal structure as opposed to the

monoclinic phase for the mixeRERE');SbQ; phases are discussed below.

1500 to 1400 to
One 1600°C e 1500°C R
RE —P :
RE3SbO3 > REsSbs.:0s
1 A
> 1550°C
RE! _
m = 1
RESDb
. =1550°C < 1550°C
RE203 RE] -
> 1550°C e = 0.5-1
RE!
REN
Tetragonal Tetragonal
A0 RE3SbOs

Scheme3.1 Procedures of formation of the phases studied in #RE-Sb-O system.

3.3.2Structures and Preferential Site Occupancy

The (RERE");SbQ; phases of interest adopt a novel crystal structure with the
P4,/ mnmspace group. The structure is defined IRED framework composed of edge
sharing RE,O tetrahedra. Thre®E,O tetrahedra are fused via eegjearing to form
REsO3 units referred to as building blocks. Within tak plane, these blocks connect to

each other via corners to build 2D sldbgure3.1). In turn, the slabs stack along tbe
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direction via edgesharing to form the 3IREO framework. Additionally, square and
rectangular channels along the direction are created by this arrangement. The
rectangular voids are occupied by two Sb atoms and the square voids are left unoccupied.
The Sb Sb separations are too large to support dimer formation, as the shortest distance
betweerthese atoms is ~4&? An interestingaspect of theRERE")sSbQ; phases is the
position and displacement parameters for the O2 atoms located in the tetrahedral voids on
each side of &EgO; building block. Tle O2 atoms are displaced from the centeRBf
tetrahedra towards the centre of a terminal triangular face. The large displacement
parameters of the O2 atoms are also directed towards the centers of these terminal
triangular faces. Such feature is likelyedto anioranion repulsion between O1 and O2
atoms in the same building block, which pushes the outside O2 atoms further away from
their ideal position at the centre of eaBtE,O unit, and as a result yields high

displacement parameters.
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® RE1
¢ RE2
¢ Shb
0

Figure 3.1. Thetetragonal (RE'RE")3SbO; structure and its building block type
composed oRE,O tetrahedra.

It is useful to view these phases in a simplified forrR&Sb(;, which has the
same composition as the previously studied monoclRESbQ; phases® Both
structures includeREO frameworks which define the overall structure agm@pty
channels occupied by Sb atoms. Aside from their differences in symmetry, the two
RESbO; phases can be easily distinguished by their building block types and
arrangementgFigure 3.2). The previously studied monoclinRE;SbO; phase contains
two disinct building blocks A and B, which are four and two tetraheREaD units long,
respectively In contrast, the newly discovered tetragorRiE RE')sSbQ; phase contains
only one type of building block, which is thr&E,O tetrahedra long in all directions,

accounting for its higher symmetry. Both structures also have large displacement
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parameters for the oxygen atoms located at the ends of the building blocks. This unusual
feature appears to be preserved amongst theceatle antimonide oxide series, as the
RESh; :Os phase (Figure3.2) also has terminal O atoms with large displacement

parameters.

Figure 3.2. Comparison of the tetragonal RE'RE" )sSbO; (left), monoclinic RE;SbO;
(middle), and monoclinicREgShs jOg (right) phases. Different building block types
are highlighted with different colours.

The RERE");SbQ; structure contains twdRE sites which both have mixed
occupancy. Th&REL site (4), located in the centre of each building block strongly, is
prefeentially (> 75%) occupied by larg&E atoms(Table3.3). Conversely, thRE2 site
(8i), located at the outside corners of REsO3; building blocks (> 73%) prefers the
smaller RE atoms. The site preference was analyzed based on the polyhedra volume
(Figure 3.3) and electronegativity of thRE and RE' atoms.In (RERE")3SbO;, REL
atoms occupy distorted square antiprisms with one face consisting of oxygen atoms and

another face consisting of Sb atoms, wiRIE2 atoms sit in distorted octahedra made of
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four oxygen atoms and two antimony atoms,. The site volumes, calculated with the
Dido95 progrant®®, are givenin Table35. TheREL site volume is almos25% larger

than theRE2 site volume, and thus it should be preferentially occupied by |&ger
atoms. Also, the electronegativity difference favors sRé&hdistribution; the largeRE
atoms are more electropositive and as such they can supporrighisnenvironments

(REL site) better than the smaller and more electronegaisoms.

Figure 3.3. Coordination polyhedra of theREL1 site (left) and theRE2 site (right) in
the tetragonal (RE'RE")3SbO; phases.

The presence of theEL andRE2 sites withlargely different volumes within the
tetragonal RERE")sSbQ; structures appears to be the reason for the existence of these
mixed phases. Tab®5 gives the site volumes for the monoclinicsBgO; and HaSbG;
phases in addition to those for the mixduhages. It is evident that in the monoclinic
RE;SbQG; phase, th&RE sites are quite similar in volume to one another, as the maximum
relative volume difference of thRE sites in the monocliniRESbG; structures is only
about 15%, yet this difference is about 10% higher in each of the tetragonal

(RERE")sSbQ; structuresThus, it is easy for anRE atom to occupy th&E sites evenly
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in the monoclinicRE;SbQ; phase However, in the tetragonaRERE")sSbQ; phase, the
two RE sites are significantly different in size and, if only dRE atom is used, it is not
possible for simultaneous occupation of both sites due to their large volume difference,
and as a result, the structure cannot be formed. Thriwgyhsage of two differerRE
with significantly different sizes, a preference of ¢&teto occupy one site over another
is introduced and this supports the novel tetrag&t&D framework. However, a full
separation of th&E andRE" atoms on the two sites is not achieved.
The tetragonal structure can be preserved withRERE',SbQ; stoichiometry,
for at least LaDySbG;, as the largeREL site can easily accommodate more of the small
RE with some additional occupation on tR&2 gte. The net result is no change in the
coordination polyhedra volume between the 4y, sSbQ; and LaDySbG; structures
(24.6(3)% vs. 24.7(3)%)lt is not known why LaDySb(G; formed the tetragonal
(RERE")3SbQ; phasewhile the LaH@SbQ; and CeHeSbQ; samples did not. However,
based on the occupations of tRE& sites in the LaDy5b0; crystal solution, it is likely
that theRERE',SbQ; stoichiometry is near the limit of compositions that can form the
tetragonal RERE")sSbQ; phase, and perhaps a small change in site occupations for the
LaH0,SbG; and CeHgSbQ; samples would result in the destruction of the desired phase.
The RE,RE'SbQ; and RE,sRE'osSbQ; phasesstudied were shown tmot
preserve the tetragonaRERE');SbQ; structure. This is because the lar@REL site is
already nearly fully occupied by the larB& (~90% in each structure) and as a result, the

smaller RE2 site must be occupied instead. This in turn destroys the size difference
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between the two sites @reads to destabilization of the phaBmally, theRERE',SbhO;
andREosRE',5SbQ; samples (excluding LaR$bQs) were shown to form thRESbG,
phase. This may occur since the hiBfE' content cannot maintain the large size
difference in theRE sites for the tetragonal structure, and as pointed out in previous
literaturé®, the monoclinic RE;SbQ; phases require higher temperatures to form for the
late rare earths. Since the @d0,sSbG; and La sHo, sSbQy samples mostly consist of
holmium, they can be viewed as 4%%0G;, which requires at least 1600°C to form
monoclinicRESbG;. Since neither the monoclinic nor the tetragdRBISbO; phase can
form, the RE;SbQ phase becomes the preferred outcome for R sRE'»5SbQ

samples.

Table 3.5. Coordination polyhedra volumes of the largest and smallest sites in the
tetragonal (RE'RE")3SbO; and monoclinic REsSbO; phases.

Phase SmallestREsite  LargestREsite Re_lative size
volume* volume* difference
Tetragonal phases
Lay 477)DY1.537ShOs 17.02(3) & 21.20(4) B 24.6(3)%
Lay 32(4H01.684SHOs 16.76(3) & 21.15(4) R 26.2(3)%
Cer.349)H01.669SbCs 16.73(3) & 20.67(4) R 23.5(3)%
Lag 960DY2.040Sb Qs 16.62(3) & 20.72(4) B 24.7(3)%
Monoclinic phases
DysSbO; 15.98(3) & 18.44(4) R 15.4(3)%
HosShQ; 15.79(3) B 18.28(4) R 15.8(3)%

* |n tetragonal RERE" 3SbQ;, thelargestRE site iSREL and the smallest RE2.
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3.3.3Electrical Resistivity and Electronic Structure

Assuming that La, Dy and Ho atoms are in +3 oxidation states and that Sb and O
atoms act as isolated anions, the electronic formulaBBRE")sSbQ; can be written as
(RECIRE'GY)4(SB* )(O%)s. It is readily apparent that the {gDy:sSbQ; and
La; sHOo1 sSbO; structures are chardmlancedand may be semiconductinigowever, the
Ce sHOo; sSbQy structure is somewhat ambiguous; Gefas used as a reactant which
contains cerium atoms in the +4 oxidation state. While it is true that Ho metal is oxidized
in the reaction with Ce9to make CesHo,5SbG;, cerium in the mixed valence state
could still be present in the structugiying the sample metallic behavior. This ambiguity
was later resolved through electrical conductivity measurements.

The CegsH015Sb0;, La 5Dy sSbQ, and LasHo;sSbQ; samples show an
Arrheniustype exponential decrease in electrical resistivity with incrgamperature,
which is indicative of semiconducting behaviour and in support of the cbatgeced
formulas. This also suggests that; g0, sSbQ; contains only C¥ and no C#¥, as this
would lead to extra carrier electrons and metdjige behaviourin the sample. The
activation energies were calculated based on Arrhdgpes behaviour for a nen
degenerate semiconductor with both electrons and holes as charge carriers. The room
temperature electrical conductivities and activation energies are @egentable 3.6.

The electrical resistivities for all samples measured in this work are shdvigure3.4.
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Table 3.6. Room temperature electrical resistivities and activation energies of the
Lay sDy155b0;, La; sHo1 5Sb0O; and Ce sHo1 5SbO; samples.

Sample El ectrical r Activation energy (eV)
La; 5Dy sSbOy 1.05 011
La1,5H01_5SbQ 1.05 0.093
Ce sHO1 5ShGy 0.223 0.04

w000f
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e '1;11 T
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Figure 3.4. Electrical resistivities of the CesHo01.5Sb03, La; sDy; sSbOs, and
Laj; sHo; 5SbO; samples.

TheLa-containing samples displayed fairly similar electrical resistivities above 50
K, which is expected considering the similar chemistry between Dy and Ho. However
below 50 K, the resistivity of LaDy: sSbQ; was found to increase. Such behavior may

be dueto (1) an highlyconductive impurity, which dominates the electrical transport
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properties at low temperature, (2) minor deficiencies, which would change conductivity
from semiconductelike to metallike, or (3) a semiconductdo-metal transition, which

may occur as the result of the ;5bdimer formation, accompanied by the release of
conduction electrons. To date, we have not resolved the origin of this unexpected
behaviour; we leave this work for future investigation.

Upon inspection, it is also obsex that all samples measured have electrical
resistivites of ~041 g c¢cm or greater at al | temper at
two orders of magnitude greater than the resistivities of benchmark thermoelectric
materials’’ Additionally, these samples generally have electrical redissviroughly
equal to the monocliniRESbOG; and RESh:.:Os phases. Taking these facts into
consideration, these new phases do not pose any foreseeable use for thermoelectric
applications in their current states.

Semiconducting properties of thiRERE");SbQ; phases were verified through the
electronic structurealculations on fullyorderedRERE',SbQ; structures. The calculated
densities of states, DOS, of Laf$p0;, LaHo,SbG; and CeHgSbG; are very similar.

The electronic structure of LaB§bQ; is preented in Figurd.5. An important feature of
the DOS is the presence of a small band gap of ab@ueV, which separates the
conduction band from the valence band. In agreement with the
(RECVRE®IM)4(SB )(0% )5 formula, the conduction band is pririigrcomposed of the
RE d states and the valence band is dominated by the sSates, as the @ states are

much lower in energy.
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Figure 3.5. Contribution of orbitals to bands near the Fermi levels in the electronic
band structure of LaDy,SbQs.

3.4Conclusions

The mixed tetragonal RERE"sSbO; compounds are smdlland gap
semiconductors similar to the previously studied monocliRisSbO; and REsSh; 1Os
phases. Based on the electronic structure calculations, combining semirfR&Eabievith
correspondindRE;O3 opens a band gap between the valence band dominated by the Sb
states and the conduction band composed drRthstates. The semiconducting properties
of the CegsHo,5SbQy phase support the +3 oxidation state for Ce, as a mixed valence
state would yield a metallic behavior. THRE;sRE'; sSbQ; samples display room
temperature electrical resistivities inthe-.1 g c¢cm r angeRESbG;amd | ar

REsShs {Os phases, Wich is too large for thermoelectric applications.
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The tetragonalRERE")s;SbQ; phases are obtained at temperatures above @550
and only when twdRE atoms with highly different atomic radii are used. While R
and RE' atoms are distributed on boRE sites, there is a pronounced site preference;
larger atoms tend to occupy the larger sit¢ &d smaller atoms occupy the smaller site
(8i). Compared to the analogous monocliREsSbG; structures, theRE site volumes
differ significantly in the tetragonaRERE')sSbQ; structures. Such difference supports

incorporation of two differenREatoms into the structure and, ultimately, its stability.
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Chapter 4. Synthesis, Crystal Structure, and Eleaonic
Properties of the C&RE;SbO, and CaREzSh;0,¢ Phases RE is

a rare-earth metal)

Thi s chapter contains t he m3aynteesis, &Liystalc ov e r
Structure, and Electronic Properties of théR€:5bQ, and CaREsSh0;0 PhasesREis a

rareearth metab) which was published i€hemistry of Material§Chem. Mater2014,

26, 22892298. The experimental procedures, structure determinations, and data
interpretations were performed by the candidMs. Fang Yuarcarried out magnetic
susceptibility measurement®r. Bayrammurad Saparov, Dr. Athena S. Sefat, Bnd

Taras Kolodiazhnyi performed physical property measurements on bulk saarmesr.

Kosuke Kosuda performed electron microprobe analyses on selected samples.

Reproduced with permission frorBcott Forbes, Fang Yuan, Bayrammurad Saparov,
Athena S. Sefat, Taras Kolodiazhnyi, and Yurij Mozharivsid)em. Mater2014, 26,

22892298 Copyright 204 American Chemical Society.
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Through high temperature synthesis at 18)08nd above, our group has
discovered and characterized the novdRE&SbQ, and CaREsSkh;0,0 phasesRE= Cei
Nd, Sm- Dy for CaRE;SbQ,, RE= Lai Nd, Sm- Dy for CaREShO;). This result was
motivated by the idea of opening a band gap and introdstiogtural complexity in the
rareearth antimonide framework by incorporation of raegth oxide and calcium oxide.
The C&RE;SbQ, phases adopt the tetragohéim symmetry while the GRESk0,0 Ones
adopt the monoclini€€2/m symmetry. These structuresosh many similarities to the
other RESb-O phases discovered recently, particularly to RE®SbOQ; and REsSk;Os
phases, in which a prolonged heat treatment results in one structure converting to another
by elongation of the rarearth oxide slabs. Electriceesistivity measurements yielded
semiconducting properties for both series, despite the unbalanced electron count for
CaREsSk01p and electronic structure calculations that support metgitie conduction.
This unusual behaviour is attributed to Andersype localization of Sip states near the
Fermi level, which arises from the highly disordered Sb layers in the structure. This Sb
disorder was shown to be tunable with respect to the size of theamdhe used,
improving the electrical resistivity bgpproximately one order of magnitude feach

rareearth in the series.

92



Ph. D. Thesi$ S. H. Forbes McMaster University Chemistry & Chemical Biology

4.1 Introduction

Thermoelectric materials display two interesting phenomena which makes them
industrially attractive. Upon application of a current, the junctions of two thermoelectric
materials experience a temperature change (Peltier effect), while heating or cooling a
junction induces the flow of current (Seebedfect)! The latterproperty allows power
generation when other methods cannot be used, e.g. in deeprspsions’, and isalso
seen as a way to recover waste heat and convert it into electricityy augomobiles?
BWEfficient thermoelectric materials shoul
el ectrical conducticwintdy c {f Usvdaunadely dt .is wuitet h e r ma
challenging to realize all of these properties in a single material, as optimization of one
parameter generally comes at the expensehef othet'; e.g. improvementn the
electrical conductivity reduces the Seebeck coefficient and increases the electronic
contribution to the thermal conductivity. For this reason, heavily doped semiconductors
and semimetals are often targeted as potential thermoelectric materials, as the carrier
concentrations for this class of materials typically yield an optimized power fabidr?
Materialscontaining heavy atomand being structurally complex are also often favored
due to their reduced lattice thermal conducti¥ity.

Recently, many promising classes of materials have been explored and studied
with the hope of producing highly efficient thermoelectric material, including Zintl

phases (YMnSh: andZn,Shs)™ "*"°, metattelluride solidsolution§™ ®3 clathrate§™
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130 andskutterudite¥’” **® amongothers. Since the best thermoelectric materials display
charge transport properties of an electron crystal and have thermal conductivities similar
to glasss, they are often referred to as a phogtass electromrystal PGEC)? A
chemically appealing technique of making PGEC phases is to design hybrid structures, in
which electrically conductive and thermally insulating layers are interwoven into a single
lattice. Such an approach is realized in the N&@gz@ystem and explains its unusually
high thermopowe??

Utilizing this superstructure approach, our group has focused on synthesis of rare
earth RE) antimonide and bismuthidaiboxides? By usinghigh temperatures, we were
able to fuse metallic or semimetalRESb andREBi with the correspondinBREO; and
prepare novel semiconductimphases®!®! 1% 2’Someof the obtained materialare
particularly interesting due to their potential for band structure engineering and tunable
electrical properties, as was demonstrated inRRB&SbO, set of phases. By substitution
of one rareearth for another while maintaining the same structure &adge carrier
concentration, the dominant electrical transport properties could be modified, resulting in
a decoupling of Seebeck coefficient from electrical conductivity and a simultaneous
increase irboth value¥’. A similar casewas studied in which antimony was gradually
substituted with bismuth, resulting in a modification of the site disorder and controlled
manipulation of physical properties RE(Sb/Bi)0..'%" In our efforts to design new
PGEC rareeath suboxides with structural features similar to Ri&(Sb/Bi)O, and other

RESBO phases, we have discovered and characterized the two iRx3SD&), and
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CaRESkO series. The preparation, characterization, physical properties, and

calculated electronic structures of the relevant structures are presented in this work.

4.2 Experimental

4.2.1Synthesis.

Samples were made using higlrity RE metals RE= Lai Nd, Sn - Ho, 99.9
wt.% or better, SmartElements), calcium metal (99.98 wt.% Alfa Aesar), antimony metal
(99.999 wt.%, CERAC Inc.REOs;, and Ce@ powders (99.99 wt.%, Rhésoulenc for
RE = La, Ce, Nd, Smi Ho; Alfa Aesar forRE = Pr), and calcium oxide (99.98t. %,
CERAC). TheRESb binary phases were also prepared as precursors in order to eliminate
the use of elemental antimony, when applicable. These samples were prepared in an
argonfilled glove box by pressing pellets of filed ra@arth and ground antimg in
stoichiometric amounts and were sealed beloW tbér in evacuated quartz ampoules of
10 to 15 cm in length. The respective samples were then heated in a box furnace at 600°C
for 12 hours, then at 850°C for 48 hours. Black, solid chunks ofeate antimonides
were obtained in this manner, and the purity of each sample was confirmeddayy X
powder diffraction experiments.

Samples of CRE;SbQ, (RE= Pri Dy) were prepared by mixing stoichiometric
amounts of calcium oxide, raearth sesquioxideRE,O3), and RESb precursors in an

argonfilled glove box. The CARE;Sh:O10 and mixed rar@arth CaRE,RE',Sh;010 (RE
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= Pri Dy) samples were prepared in a similar manner, using calcium oxidegandhe
sesquioxides, and raearth antimonides, but alsequired additional calcium metal and
antimony powder in order to achieve the correct composition. In the cases where-the rare
earth used was cerium, the Gefloxide was combined with extra filed cerium metal,
resulting in the desired formula. In orderdoquire more data and measure additional
CaRESk0O;p samples to determine the effectRE on physical properties, two mixed
CaNdsSmiSh;010 and CaSmiGd,Sh:O10 (CaRE4RE',Sh010) samples were also
prepared as a substitute for the promethium and europhalogues (GBusSIk;O;0 will
not form by our synthetic approach). The Nd/Sm and Sm/Gd mixtures yield average
atomic radii and (ideally) physical properties close to theearéhs which they are being
used as replacements for. The powders were coasadidvith the use of a hydraulic
press to form small pellets, which were then sealed in tantalum ampoules via arc melting.
High-temperature reaction conditions were accomplished through the use of an
induction furnace. The tantalum ampoules containing psssnwere placed in a
molybdenum susceptor, which was heated under dynamic vacuum befoworty
radio frequency induction from a watehnilled copper coil. The G@ESbQ, samples
were annealed at 1300°C for five hours in order to form crystals suitabl&-ray
diffraction experiments. However, in order to obtain pure phases, a heat treatment of
1600°C for two hours was necessary. This was accomplishedHaer CeT Nd, Sm
(samples with laterRE could not be made pure). The B&SkO,0 and

CaRE4RE',Sh0; set of samples were heated at 1300°C for 48 hours, yielding both
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good quality crystals and pure phases Ri = Nd and Sm. Upon completion of heat
treatments, samples were allowed to cool for one hour before removal. The obtained
products were bldcfor all samples. Both the G&SbQ, and CaREsSks010 phases were
observed to have melting points close to 1400°C, and as a result, heat treatments at
1300°C yielded solid products, while heating at 1600°C resulted in molten products. All
samples were obsved to be moisture sensitive, and significant decomposition of the
samples exposed to the air for 48 hours was confirmed by powday Hiffraction,
particularly for samples containing eafRE As a result, the samples were kept in a
vacuumsealed descator filled with drierite. This manner of preservation was proven to
maintain sample integrity for at least several months. A list of all samples prepared is

presented in Tablé.1.

Table 4.1 Ca-RE-Sb-O samples prepared by hightemperature synthesis inan
induction furnace.

Pure phase:

System Loading composition Heat treatment by RE used

1300°C for 5 h.
for crystals

CaRESDb CaO +RESb +RE05? Ce-S
EaSbQy a E0s 1600°C for2h. —o =M
for pure phases
CaREShO10 Ca+Sb+Ca0 +RESb + 435500 10ragh.  Nd, Sm
3REO;
Ca + Sb + CaO RESDb + Nd/Sm and
CaRE/RE',Sh010 RE'Sb + 1.RE,O5 + 1300°C for 48 h. "o~

1.5RE',03
®For the Ce samples, a Ce©Ce mixture was used.
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4.2.2X-ray Single Crystal Diffraction

Single crystals picked up from the samples wanalyzed on a STOE IPDSII
diffractometer using Mo K radiation in the whole reciprocal sphere. A numerical
absorption correction was based on the crystal shape originally determined by optical face
indexing but later optimized against equivalent reflectiarsing the STOE Shape
software'? Crystalstructures were determined and solved using the SHigiftvare?®
A summary of the refinement results is presented in Tabh®s 44. The CRESbO
phases adopt the tetragoh&m space group, with calcium and rare earth being mixed on
the same B site. Likewise, the GRES;O,o phases adopt the monoclin2/m space
group, with calcium and rare earth being mixed on all five cationic sites. The derived
CaRE occupancies yielded compositions similar to the loaded amounts. The initial
structure model in GREgSk;0, restrained the mixed Ca aRE atoms to have the sam
atomic coordinates, however, large residual electron densities remained in close
proximity to each C&E site after refinement. Thus, the Ca &Hdatoms were allowed
to refine with different atomic coordinates, which dramatically reduced the residual
electron densities and greatly improved Rdactors. The resulting structural change
yielded a separation of ~ 0i10.3 A between the Ca afRE atoms, previously occupying
the same site. Furthermore, the Sb2 atoms in alRE&K0;¢ phases were noticed t
have a large anisotropic vibration elongated alonghttdirection. As a result, thg
coordinate of Sb2 was refined by moving Sb2 off of the mirror plane and placing it onto

the § site. In order to compensate for the change in the Wyckoff positiormantain
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stoichiometry, the site occupancy of the Sb2 atom in each phase was allowed to refine,
achieving values of approximately 50%. As summarized in TéHlesuch an approach
reduced the final &} parameters for Sb2 and improved Bifactors. The reciprocal space

for each Xray single crystal was carefully inspected and no additional diffraction peaks
indicative of a superstructure could be detected. Further information on the crystal
structures can be found in the Supporting inforamaand may be obtained from the
Fachinformationszentrum Karlsruhe, 76344 Eggendtewmpoldshafen, Germany (fax

(49) 7247808-666; email crysdata@fiz.karlsruhe.fleby quoting the CSD depository
numbers 426817 426814 for CRESbQ, and 4268151 426818, and 427079 for

CaREsS010.
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Table 4.2. Crystallographic and refinement data for the C&RE3SbO, crystals.

McMaster University Chemistry & Chemical Biology

CaCeShQ, CaPgSbQ, CaNgSbhQ, CaSmShQ, CaGdShQ,
Refined composition Cap.95(4C.0545b0y Cay 01(2P .99 SbOy Cay 01402 994500, Cay 15025 852500 Cay 1700t 832500
Space group 14/m 14/m [4/m 14/m 14/m

Radiation
Scan mode

Temperature

Crystal dimensions
(mm)

a(A)
c(®)
Volume (A%
al/cratio

Pealc (g/CI’T'I3)
Z

Index ranges

2d max
Measured reflections

Unique reflections

0.0698 x0.0582 x
0.0388

9.608(1)
4.0148(7)
370.7(1)
2.3931(5)
5.79

2

15h® 15
A5k@® 12
6 10 6

69.19°
3109
435

0.0797 x 0.0565 x
0.0496

9.563(1)
3.9754(8)
363.6(1)
2.4055(5)
5.94

2

15h® 15
15k® 14
5 10 6

69.51°
2236
431

100

Mo Ky (0.71073 nm)
Omega

293 K

0.0690 x 0.0658 x
0.0351

9.554(1)
3.9507(8)
360.6(1)
2.4183(6)
6.10

2

14h® 15
1A5k® 13
5 10 6

69.48°
2113
416

0.0658 x 0.0642 X
0.0444

9.441(1)
3.8960(8)
347.3(1)
2.4233(6)
6.48

2

14h® 14
15k® 12
5 10 6

69.81°
2039
411

0.0594 x 0.0542 x
0.0475

9.421(1)
3.8388(8)
340.7(1)
2.4542(6)
6.80

2

14h® 14
14k® 14
3 10 6

69.29°
1830
722



Ph

Reflections used
Max/min transmission

Number of parameters

Max/min electron
density

Goodnessof-fit on |F?|

R indices

.D. Thesi$ S. H. Forbes

356
0.2907/0.4252
17
2.42k2.75

1.157

Ri(>40) =
wR, = 0.0713

376
0.3066/0.4131
17
1.56/1.34

1.102

Ri(>40)
wWR, = 0.0298

R; (all data) = 0.0660 R, (all data) = 0.0321

357
0.2835/0.4414
17
2.87£2.96

1.222

Ri(>40) =
wR, = 0.0588

370
0.1867/0.3919
17
2.49k1.76

1.115

Ri(>40)
wR, = 0.0378

McMaster University Chemistry & Chemical Biology

625
0.2378/0.3060
17
2.11/1.94

1.156

Ri(>410)
wR, = 0.0298

R; (all data) = 0.0658 R, (all data) = 0.0332 R, (all data) = 0.0297
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Table 4.3. Crystallographic and refinement data for the CaREgSh;O1 crystals.

Ca&PrzSh0q CaNdsSh;0q9 C&SmSh;040 CaGdsShy0q0 Ca&ThsSh0q0
coﬁe[::)nseit(ij on Ca.034fP7.9705%.963L10  Ca23aNU7.77350.972 Q10 C11(aSMr 894509310 Cob.osafStr 0249 07310 Cauo1(5)TPs.005515.01(2L10
Space group C2/m C2/m C2/m C2/m C2/m

Radiation Mo Ky (0.71073 nm)
Scan mode Omega
Temperature 293 K
Crystal dimensions 0.0709 x 0.0590 x 0.0970 x 0.0888 x 0.0813 x 0.0656 x 0.0632 x 0.0586 x 0.0453 x 0.0441 x
(mm) 0.0546 0.0836 0.0267 0.0475 0.0386
a(d) 13.651(3) 13.605(3) 13.462(3) 13.386(3) 13.307(3)
b (A) 3.9229(8) 3.8884(8) 3.8429(8) 3.7985(8) 3.7791(8)
c(A) 17.628(4) 17.594(4) 17.458(4) 17.369(4) 17.271(3)
b 93.54(3) 93.47(3)° 93.62(3)° 93.59(3)° 93.67(3)°
Volume (A% 942.2(3) 929.1(3) 901.4(3) 881.4(3) 866.8(3)
Peac (9/cnT) 6.08 6.19 6.61 6.97 7.24
Z 2 2 2 2 2
21h0 19 21h0 21 21h0 21 21h0 21 20h0® 20
Index ranges 6 k@ 6 6 k@ 6 6 k@ 6 6 k@ 6 6 k@ 6
281 27 281 25 2710 27 2710 27 2710 27
2d max 69.67° 69.45° 69.88° 69.50° 69.30°
Measured 5330 18831 18957 14080 15270
reflections
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Unique reflections

Reflections used

Max/min
transmission
Number of
parameters
Peak/hole
[e/ A%
Goodnessof-fit on
IF|

R indices

Ph. D. Thesi$ S. H.

2146
1265

0.3046/0.3845
91
2.29/2.05

0.802

Rl( >4 0 ) =
WR, = 0.0395

R, (all data) = 0.0881

Forbes McMaster University Chemistry & Chemical Biology
2217 2154 2091 2059
1808 1539 1480 1478

0.1180/0.2547 0.1696/0.3587 0.2161/0.3465 0.1926/0.3891

91 91 91 91
2.60/2.34 2.82/3.08 2.76+3.11 2.77+2.54
1.064 0.954 1.007 0.936
Ri(>4d) = Ri(>4d) = Ri(>4d) = Ri(>4d) =
WR, = 0.0590 WR, = 0.0475 WR; = 0.0590 WR, = 0.0420

R; (all data) = 0.0540 R, (all data) =0.0740 R, (all data) =0.0772 R, (all data) = 0.0680

®The CaPrgShsOs crystal was collected for a shorter period of time in order to avoid decomposition in air.
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Table 4.4. Refinement results for the CaREgS;O;¢ crystals by placing Sb2 at the ¥4

and § sites.
. Site - Uz Ueq
Phase Site occupancy y coordinate parameter parameter R, value
4 1 0 0.0624(8)  0.0303(3) 0.0412
CaPrsSh;04
8j 0.491(4) 0.036(2) 0.044(3) 0.024(1) 0.0356
4 1 0 0.0648(7)  0.0305(3) 0.0447
CaNdgSh;019
8] 0.491(3) 0.041(1) 0.037(2) 0.0217(7) 0.0367
4 1 0 0.0609(6) 0.0288(3) 0.0408
CaSmSh;0q9
8 0.497(4) 0.0446(9) 0.027(2) 0.0174(6) 0.0380
4 1 0 0.0526(7)  0.0258(3) 0.0427
CaGdsS010
8j 0.492(4) 0.045(1) 0.019(2) 0.0143(7) 0.0404
4 1 0 0.0502(6)  0.0237(2) 0.0358
CaThsShy04
8j 0.504(3) 0.0458(7)  0.015(1) 0.0120(5) 0.0344

4.2.3X-ray Powder Diffraction

Each sample under study was analyzed byayX powder diffraction on a
PANal yti cal X0Pert HKygionciimsetnrt umendti ad 9§ iomg a@L
detector. Approximately 50 mg of sample was ground up using a mortar and pestle and
deposited on a zeflmackground Si holder. The datawascobedt i n t he 2d rang
20° and 70° and analyzed using the Rietveld refinement method (Rietigeant'?) to
determinesample purity and lattice constants. The structural parameters obtained from
the single crystal solutions were used for the refinememtd, siteoccupancies for

calcium, rareearth and antimony were fixed.
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4.2 .4Electron Microprobe Analysis (EPMA)

The samples of interest were mounted in discs of epoxy resin one inch in diameter
and approximately 10 mm in thickness. Polishing was accomplished) a Struers
Rotopot31 unit with a Struers RotoForderevolving sample holder. The final step of
polishing used a solution of diamond dust of approximately 10um in Quentitative
elemental analysis of the samples was performed by electron pnatyeanalysis
(EPMA) using wavelengtdispersive (WDS) Xay spectroscopy (model JX8500F,
JEOL).CaSiQ, NdBs, SmBs;, antimony metal, Gf5a01,, CeBs, and PrB, were used as
standardgo determine the concentration of oxygen, Ca, Nd, Sm, Sb, Gd, Ce, amd Pr
the samples.

4.2 .5Hall Resistivity Measurements

A selected set of pure &SbQ, CaREShOi,, and CaRERE';ShOio
samples were analyzed using an Accent Hall system HL5580 to measure their room
temperature electrical resistivities, carrier mobilities, and carrier concentrations, as well
as to determine if they are or ptype conductors. These samples were pressédtas
pellets of approximately one centimeter in diameter and two millimeters in thickness. A
four point probe with Pt/Ir contacts was used for measurement, and an applied current of
0.1 mA was directed to each sample. A magnetic field of 0.323 Tesla pplieda

perpendicular to the direction of the current flow.
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4.2.6Electrical Resistivity Measurements

Pure samples of ®&SbQ, (RE= Cei Nd, Sm), CaRESk010 (RE= Nd, Sm),
and CaRE,RE';Sh0: (RE = Nd/Sm, Sm/Gd) were prepared, pressed, sealed in
evacuated quartz ampoules, and annealed at 700°C for 48 hours to ensure rigidity.
Powder Xxray diffraction analysis confirmed no decomposition or generation of
impurities by this method. Once annealed, samples were cut into bars of approximately 8
8 23 2 mm in dimensions using a kerosene lubricant to avoid sample oxidation, and were
subsequently stored in an argon atmosphere. -pimloe electrical resistivity
measurements were carried out on a Quantum Design Physical Property Measurement
System (PPMS)Platinum leads were attached on the rectangular bars usinddkpo
H20E silver epoxy. The contacts for all samples were cured under a stream-bfghitra
purity Ar inside a tube furnace.
4.2.7.Electronic Band Structure Calculations

The electronic struates of all samples for which a crystal could be obtained and
solved were calculated using the tidiiding, linearmuffin tin orbital methd*'” with
the atomic sphere approximation (IBITO-ASA) as implemented in the Stuttgart
program™8 All 4f electrons were considered as core electrons. Exchange and correlation
were treated by the local density approximation (DDA A scalar relativistic
approximation® was employedo account for all relativistic effects except spirbit
coupling. Overlapping Wigne$eitz cells were constructed with radii determined by

requiring the overlapping potential to be the best appraxamao the full potential,
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according to the atomic sphere approximation (ASA). Automatic spiemeratior?”
wasperformed to construct empty sphereséarxiuded in the unit cell in order to satisfy

the overlap criteria of the TTBMTO-ASA model. The Xray single crystal data,
including lattice parameters and atomic coordinates, were used as the model for
calculations. The CRE sites in the CRESbQ, and CaREsSks0,0 phases were set to be

fully occupied by rareearth atoms, resulting in idealizeRESbQ, and RE;oSk010
structures with no changes in atomic parameters (such approach neglects a size difference
between C& and RE")."** Only the RE sites in the CgRE;ShsOy0 Structure were used.

The Sb2 site in the GRESk;O;1p phases was set to be on thiesite with 100%
occupancy as a starting model, but four additional models were also constructed by
doubling theb direction, creating supercells WiSb2 displaced off the mirror plane with
varying symmetries and Sb2 coordinat(@ee Appendix Figure AB for the calculated

electronic structures of these models

4 .3 Results and Discussion

4.3.1Composition of CaRE3SbO, and CaREsSh;019

In most cases, the -Kay single crystal refinements for each phase yielded
elemental compositions nearly identical to the initial stoichiometries. Notabkgptions
occurred in the phases containing la®E, as well as the GBdsSk0,0 phase, which

yielded CaRE amounts up to eight standard deviations away from the loaded
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compositions. The Sb2 site refinement for theREgSIs;0,, crystals also yielded a small
deficiency in antimony for the earlRE (Pr, Nd, Sm), and a slight excess for
CaThgShO40. Furthermore, with the exception of the CaSbQ, and CaTbgSk0ip
crystals, the refined calcium amount was always in excess with respect to the loading
composition. To avoid any possible compositional bias resulting from refining mixed or
deficient sites, a sedf pure, bulk samples of ®&:SbQ, and CaRESkhO;0 were
analyzed by electron microprobe analysis to determine elemental compositions with high
precision. The resulting data are shown in Tabte along with the Xay single crystal

data for comparison.
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Table 4.5. Comparison of experimentally determined compositions of GRE;SbO,,
CayRESh:01, and CaRE',RE" ;Sh;010 samples derived from EPMA and Xray

single crystal diffraction experiments.
Loading

Phase S EPMA results X-ray singlecrystal data
composition
CaCgShQ, Ca.91C85.11(8501.0(1107.28(6) Cay 95L& 95500
CaPgSbhQ, Cay 9(1Pr3.16(7501.01107.12(6) Cay012P 12992500,
CaRESbG?
CaNdSbQ, Cay.9(2N3.06(7501.0(1106.37(6) Cay 014Nz 99250y
CaSmShQ, Cay 00SM.045 501 008 4.24(6) Cay 1525M 852500
CaNdgSh;019 Cay 9aNd7.91S3.02011.3¢2) Cap 233Nd7 7735 97(2P10
CaNd,SmS;01p  Cap 3Nds 4258 72055.02014.02)
CazREBSQOmb'C
CaSmSh;04 Cay 9(35M 31505 02011.42) Ca.1145M 8945k 993010

CaSm,Gd,Sh;0;  Cay 7aNd4 025 92505 002010.7(2)

% The C&RESbQ, samples were normalized to compositions containing one antimony
atom.

® The CaRE;Sh0y0 and CaRERE',Sh:0.o samples were normalized to compositions
containing three antimony atoms.

© The CaNd;SmySk010 and CaSmyGdsShsO;9 Samples have the same structure type as
CaRESk010. No X-ray single crystal data is available for these compositions.

The EPMA data yieled relative atomic amounts which are no greater than three
standard deviations from the expected values. No tantalum signal was observed in any of
the data, suggesting no contamination from the ampoules during reaction. The oxygen
concentrations are notigbhigher, which is due to the surface oxidation as a result of
polishing. The calcium and antimony percentages were also observed to have unusually

high standard deviations, which can be explained by the fact that fKg peaks of
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calcium and the L peaks of antimony overlap. Based on both the EPMA aimdyX

single crystal data sets, we conclude that all samples under study maintain the same
compositions used for their respective synthesis.

4.3.2Formation and Stability of CaRE3SbO,

The C&RESDbQ, structures can be synthesized at temperatures between 1100°C
and 1600°C for all rarearths between cerium and dysprosium, but not europium (only
the (Ca/EwSh,0O phasé® will form). The CalgSbQ, phase could not be obtained,
instead the LgBlzOs phase formed. The purity of the R&SbQ, samples wittRE= Gd
T Dy decreases as the sizeRE decreases, with no crystals suitable feray diffraction
available forRE= Tb and Dy. Beyod Dy, CRE;SbQ, phases could not be obtained. All
attempts to prepare the pure ,6bQ, and RE;SbQ, phases were also unsuccessful,
indicating that the charge balance must be maintained in order for the phase to form.

It should be noted that the RB;SbQ, phases can be prepared at 1AM0among
the lowest temperatures yet used for s@aeth pnictide oxides, although low temperature
synthesis always yields large amounts of impurities, most notabheaaite oxides. In
order to generate pure samples, synthasil600°C for two hours was required, which
yielded molten, black products confirmed to be phase pure-tayXowder diffraction
for the early raresarths only. At 16T, the later rar@arths tend to yield ras@arth
oxide and other impurities, whighay be due to inefficient mixing between calcium and
rareearth, as the disparity in atomic radius increases from early to Riemwhile

reaching a minimum between cerium agmeseodymiurt’™,
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With increasing annealing time and lower temperatuttes, C&RE;SbQ, phase
will gradually convert into the GRESI:O10 phase. A set of Xay powder diffraction
data detailing this transformation for CaStQ, into CaGdShOp at 1306C is
presented in Figurd.1l. Based on these results, theREgEbQ, strucure appears to be
kinetically stable at lower temperatures, forming initially, while theREgSk;0, phase
can be viewed as the thermodynamic product. The conversion RESBQ, into
CaRESksOs after prolonged heat treatment mirrors the transformatfdhe REsSbG;
phases into thRE;ShOs phases, studied previously by amup?® However while the
RESbO- REsSksOg transformation was exploited to yield tR&sShOg phases in high
purity, the same method cannot be used to obtainRES80,0, as the
CaRESbQ- CaRESk;0,0 conversion is too slow and inefficient, yielding large
amounts of CaO andE,Oz impurities. This may be due to the fact that there is additional
complexity during the RESbQ- CaREShO;, transformation, including a
downgrade from tetragonal to monod@tirsymmetry, and different CRE ratios between

the two structures (the REratio is 1:3 in CRESbQ, and 1:4 in CeRESh;0;0).
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Figure 4.1. X-ray powder diffraction patterns showing the conversion of CaGgShO,
into Ca,GdgSh;04¢ after heat treatments at 1300°C. The dashed lines correspond to
the positions of the CaGdgSh;O1¢ diffraction peaks only, while the solid lines
correspond to a set of overlapping peaks of both CaG8bO, and Ca,GdgSh;01.

4.3.3Formation and Stability of Ca,REgSk;019

The CaRE;ShOy0 and CaRERE'4Sh;0,0 samples with crystals suitable for X
ray diffraction could be prepared at 1300°C for 48 hours. Temperatures below 1300°C
did not yield any products, while temperatures above the melting point (ca. 1400°C) yield

almost exclusivelyREsSkz0s. Similar to the CaRE;SbQ, series, the corresponding

112



Ph. D. Thesi$ S. H. Forbes McMaster University Chemistry & Chemical Biology

Ca oS00 and RE; oS04 phases do not exist, indicating that calcium incorporation is
vital to the phase stability. Unlike the RB;SbQ, structure, however, the ¢RE;SIE0;0
structure is inherently necharge balance@nore on that below), and thus B&sSh010
could not be obtained by combining the correspon@®&g§b, CaO, andRE,O; binaries
only. The loading composition that was ultimately used required elemental calcium and
antimony. We were very cautious about sachapproach, since antimony has a low
boiling point and is known to react with tantalum (there are three tantaitimony
binary phase¥” and TaSbis occasionally observed in the samples when an excess of
elemental antimony is used). Howeversray pavder diffraction did not reveal any
tantalumcontaining impurities, indicating that antimony reacted with calcium before any
evaporation or reaction with tantalum took place. Similar to tHREE2bQ, phases, the
CaREsSh;01 phases could not be made pure for#eaeths heavier than samarium, most
likely because of inefficient mixing between calcium and-eagh, although the phase
will still form for RE as small as dysprosium. With regards to the largeraarths,
sample withRE= La’i Pr contained the GRESh;O,0 phase, but were observed to favor
the formation oREsSh;Og at all temperatures.
4.3.4Structural Features of CRE3;SbO,

The C&ESbQ, structure adopts thd4/m space group and contains one
crystallographicdy distinct site for the C&E, Sb, and O atoms in the structure. The
calcium and rarearth atoms mix on then&ite in approximately a 1:3 ratio, providing a

chargebalanced formula. The structural framework is definedRB)O tetrahedra, which
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by sharig edges in theb plane make a basiRE;O, building block (to simplify the
structural analysis, onlRE atoms are assumed on the RBkites). In turn, théREO,
blocks share corners to form 2D slabs (Figdr2) that stack along the direction,
forming the overall 3D framework with square channels. The channels aiféléalvith
antimony atoms in an alternating emybty pattern. The square voids are arranged with
alternating degrees of tilt, and only the saittechannels are flied with antimony.

A noteworthy feature present in the RE&SbQ, phases is an unusually high
temperature factor for one of the oxygen atoms; a feature commorRE 8i-O phases
studied by our group. The O atoms at the centre oRIBE© tetrahedra ardisplaced
from their ideal position towards the empty square voids, which likely results from the
Coulomb repulsion between Sb and other O anions. The short€3 8istances in
CaREsSbQ, equal thec parameter (3:-8.0 A), which excludes any possible dm
formation between the Sb aton#urthermore, since there are no-Ghnteractions, the
antimony atoms in the structure can be viewed as isolatddaSions. The overall
formula of C&RE:;SbQ, can thus be written as (EXRE™)3(Sb*)(0%), and is charge

balanced.
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¢ Ca/RE
« Sb

Figure 4.2. The C&RE3SbO; (left) and CaREgSh;04¢ (right) structures viewed along
the c and b directions, respectively. The 2D slabs in each structure are composed of
RE4O tetrahedra. The CaRE3SbO, structure contains only one type of building
block while the CaREgSh;0;¢ Structure contains two types. Only theRE sites are
shown for CaaREgSh;O1o.

4.3.5Structural Features of CaREgSb;O19

The CaRESh01 and CaRE4RE',ShOy structures are identical, and we will
focus only on the GRE;SkO;o phases. Similar to ®RESbQ, and otherRESb-O
phases studied, the framework of the,RE&Sk0O,o structure is composed &REO
tetrahedra (Figurd.2; only RE atoms are assumed on the/REAsites). In contrast to
CaRE;SbQ, the RE,O tetrahedra form two different building blocks in,R&ShO;0:
REO, blocks formed from two edgegharingRE,O tetrahedra (block A) an&E;(O4
blocks formed from four edgeharingRE,O tetrahedra (block B). THREsO, blocks are
connected in the same way as irREgSbQ,, but they form only a 1D strip propagating
along thea direction instead of a 2D layer. The 1D strips are stitched together by the

RE; 004 units, oriented almost along thealirection, to form a 2D slab. These 2D slabs are
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stacked along the direction and define the 3D framework of the structure. As mutual
arrangement of thRE;O, blocks within the 1D strip is similar to that in R&SbQ,, we

see the same square channel€&#RESk;0;0. Unlike C&RE;SbQ, only one third of the
square voids are occupied by Sb atoms, in an efoptgmpty pattern along the
direction. Another notable difference is the splitting of Ca REdnto different atomic
sites ~ 0.7 0.3 A apart, wih the Ca positions dislocated towards the centre of the square
voids, as well as the gaps between Sb2 atoms (see Supporting Information). Due to the
presence of longeRE; (O, units, the rectangular channels that accommodate two Sb
atoms are also created time CaRE;Sk;0,¢ structure. The presence of theREGSbQ,
structural fragments in GBESk;Oi;0 may explain the systematic conversion of
CaRE;SbQ, into CaREsSh0; with sufficient heat treatment.

The CaREsShO;50 structures contain an oxygen atom (O4)Ywah unusually high
anisotropic displacement parameter that is dislocated from the ideal position at the centre
of the tetrahedron and closer to the empty square voids. AsRiEzSBQ,, such shifts
likely minimize anioranion repulsion between the neighbgrO atoms and O/Sb atoms.

A unique feature of the GRE;SI0,0 structure is the disorder of the Sb atoms (Sb2 site)

in the larger channels. As discussed above, the Sb2 atoms have an unusuallg,large U
temperature factor along thHedirection. This is verified by plotting an experimental
electron density map (Figu#e3, the electron density map of the Sb1l atoms is provided
for comparison). This electron density distribution is best modeled by moving Sb2 off the

mirror plane, from th special 4position §, 0, z) to the generaljgosition §, y, z), and

116



Ph. D. Thesi$ S. H. Forbes McMaster University Chemistry & Chemical Biology

reducing the site occupancy to 50%. The resulting shift also yields shorter and longer Sb
Sb distances (Tablé.6). While the shorter distances are still too long to constitute a

141 ora Sk’ chain, as in the

typical Sh* dimer pair, such as in the case@dAl ,Shs
case oKSb**?and BaSh,0'* it doesindicate an increased level of Sb orbital interaction
that may influence the charge transport properties. Similar cases dfddtdediand Sisb
interactions were observed in tR&S0s, RE:SbG, and He(Sbh,Bi)O, phases, which
primarily owe their charge carrier transport to the unusual Sb behavior as ph&tédes

are dominant near the Fermi level in eachcatire®® 1% 127

Table 4.6. Shortest and longest possible SE2b2 distances for the CEREgSh;019

phases.
Model 2: Sb2 in thej&ite
Model 1:
Phase Shortest SbBb2  Longest Sb25b2
Sb2 in the #site
distance distance
CaPrShO1 3.923(1) A 3.64(1) A 4.21(1) A
CaNdsShO1 3.888(1) A 3.569(6) A 4.208(6) A
CaSmsShs01o 3.843(1) A 3.500(5) A 4.186(5) A
CaGdsShO1 3.799(1) A 3.458(5) A 4.139(5) A
CaThgShO1 3.779(1) A 3.433(4) A 4.125(4) A
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Figure 4.3. Electron density maps of the Ce&8mgSh;01 structure displaying the Sb1
atoms (upper map,z= 0) and the Sb2 atoms (lower mag, = 0.389). The oblong
shape of the electron density for the Sb2 atoms suggests split positions.

4.3.6Electrical and Hall Resistivity

Electrical resistivities measurezh a PPMS for the GRESbQ,, CaRESh0:,
and CaRE,RE',Sh0;0 samples decrease exponentially with temperature, displaying a
typical Arrheniustype behaviour for nedegenerate semiconductors (Figu/ke4 and
45). The lone exception was the BMdsSk;0;0 sample, which was determined to be too
resistive even at room temperature to obtain reliable data. In general, RieSGa)
samples are less electrically resistive than theRES0.0 and CaRELRE',ShsO1o

samples at room temperature; the calculaetivation energies are smaller and the
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charge carrier concentrations are larger for theRE;8bQ, samples. The room
temperature electrical resistivities from the PPMS measurements also agree well with the
values obtained from the Accent Hall system (Tabfg, with more conductive samples
having greater Hall mobility. The room temperature resistivity values of tR&ESaQ,,
CaRE;ShiO10, and CaRELRE',Sh;010 samples are also close to those of RESbG;

and RE;Sh;Og phases?® The Hall data indicate that all ®E;SbQ, phases behave as

type conductors with carrier concentragoof 1.58.4 10"%cm®. The CaSmSh;0;0 and
CaSmiGd,;Sh;01 phases are-fype conductors and have lower carrier concentrations of
2.08 10™ and 8.4310"/cm?®, respectively. Since the structure type is preserved between
members of the GESbQ, and CaREsSkh;01 series, we assume the difference in charge
carrier concentrations between phases arises from minor deviations from the ideal
stoichiometry with respect to calcium and rare earth, with at least one species either in
deficiency or acting as a dopant. fdriunately, our analytic techniques limit our ability

to acquire more precise compositions to substantiate this claim.
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Table 4.7. Room temperature electrical and Hall resistivity data for selected (RE3SbO,, CaxREgSb;O1, and
Ca,RE',RE" ;Sh;010 samples.

o Resistivity o )
Hall . Resistivity Activation  Bulk carrier

Sample o Hall mobility (PPMS _

coefficient (Hall data) energy concentration
data)
CaCeShQ, -0.354nfC* 121cnfVist 8.60 q 18. 4 0.22eV  8.40x 16°cm®
CaPgShQ, -0.161nfC* 863cnfVvist 28.0 q 38.1 0.33eV  1.85x 16°cm®
CaNdShQ, -0.204nfC* 26.0cnfVvist 16.5 q 23.1 0.31eV 1.45x16°cm®
CaSmSbQ -0.116 fCt 363cnivist 67.2 q77. 4 0.28 eV  2.56 x 18°cm?*
CaNd;SmSh010 - - - 910 q 044ev -

CaSmsSh01o 1.50nfct 981cnfvis! 108 q 73. 4 0.26 eV 2.08 x 18°cm*
CaSmGdSh0,, 1.88nfCt 135cnfvist 22.2 g 11.0 0.32eV 8.45x 18°cm*
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The CaREShO;, and CaRE4RE';Sh;0;0 samples show small resistivity
anomalies at temperatures between 220 and 260 K. Such local behavior is unlikely to
result from an impurity as a more conductive impurity should dominate the resistivity
data below a again temperature, rather than in the intermediate temperature range.
Furthermore, Xray powder diffraction data confirmed the purity of each sample. Another
possibility we explored was a magnetic ordering. However, magnetization measurements
(AppendixFigure A42) indicatedthat CaREsSh:O10 and CaRE4RE',Shy010 are simple
paramagnets between 2 and 350 K:raX single crystal diffraction data of a
CaSmsShs0yp crystal was also collected at a series of temperatures between 240K and
150K in order to defct any structural changes. While some degree of atomic disorder was
noticed at 220K after warming the crystal from lower temperatures, it does not appear to
be a reason for the change in electrical resistivity. We believe this anomaly to be the

result ofan undetermined instrumental error.
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Figure 4.4. Electrical resistivities of the phase pure CRE3SbO, samples.
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Figure 4.5. Electrical resistivities of the phase pure C&REgSh;0;0 and
Ca,RE',RE" ;Sh;010 samples.
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While the semiconducting behavior tife C&RE;SbQ, phases agrees with their
charge  balanced formula  (EHRE™)3(SH*)(0%)s,  CaRESh:O10  and
CaRERE', S0, are expected to be metallic, if Sb atoms are treated as individual
anions: (C&)a(RE*)(Sb*)3(0%)10(h"). If we assume all Sbatoms to form dimers in
CaREShO;; and CaRE,RE' SO, the formula becomes electron rich
(C&M)(RE)g(SH)(S)-(0%)10(€), and the phases should be metallic as well. To
achieve a charge balance, we would have to presume that only half of 2hetdfis
make dimers and half remain as isolated $imions. The chargealanced formula
(C&M)(RE)g(SB)o(SH)(O%)10 could then explain the semiconducting behavior.
However, the experimental Sigb2 distances are too long (>3.4 A) to substantiate th
existence of single bonds within the;Sllimers and the presence of the band gap.

Most likely, the Sb2 disorder in GRE;Sh;010 and CaRE4RE'4Sh;01 results in
the Andersorocalizatiort** of the statesvithin the pseudogap, created by the extended
Sb2Sb2 interactias. The formation of the pseudogap dominated by the Sbh2 states is
indeed supported by the electronic structure calculations (see below). As a result of the
atomic disorder, highly localized states will form near the Fermi level within the
pseudogap, resudig in activation energy of charge carriers and semiconducting
properties. Thus, a distinctive trend emerges in which the phases with smaller rare earths
display reduced Sb2 vibrations (supported bya}( single crystal data), a more narrow
range of localied states, and lower electrical resistivity, with approximately one order of

magnitude in reduction along the rare earth series. This behavior has been previously
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observed in theRE;SbQ, and He(Sb,Bi)G series® *?in the form of three sepate
electrical transport mechanisms, including variable range hoppigg-(Nd, Sm), and
thermal excitation to empty states beldRE(= Gd) and aboveRE = Ho, Er) the mobility

of edge of thelocalized state$”® Basedon the electrical resistivity data for the
CaRESk0O1p samples, it appears that the charge carriers are thermally promoted from
the localized states over the mobility edge into higher energy excited siatdsig a
regular semiconducting behaviour.

4.3.7Electronic Structure of CaREzSbO,

Electronic structure calculations support the presence of a small band gap for all
CaREsSbQ, phases, in agreement with resistivity data. These calculations also support
our simple electron counting scheme, which predicted semiconducting properties. The
band gap values obtained from the calculations cannot be completely reliable, hs the 8
site wa assumed to be fully occupied by ragath atoms and not by the & mixture.

We will focus our analysis on the electronic structure o0&, (Figure4.6, the DOS

for otherstructures are given in thppendixas Figure A34). The valence band below

the Fermi level is dominated by the Blorbitals, while the conduction band above the
Fermi level is dominated by the Smd states, in good agreement with the
(C&M)(RE*)5(SB)(0?), formula. Interestingly, the Sp states near the Fermi level are
spreadout over a large energy range with a low density of states. This feature is common
to other RESb-O phases, but is more pronounced InRESbQ, which may be

rationalized by the shorter than us&#t-Sb bonds compared to othRESb-O phases.
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Such strongRE-Sb interactions would result in a greater energy separation between

bondingandardb ondi ng st ates, resulting in a dfl a
level.
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Figure 4.6. Calculated total and partial densities of states (DOS) for the $8bO,
structure. The Fermi level is placed at the energy corresponding to the electron
count of the CaSmSbO, composition.

4.3.8Electronic Structure of CayREgSh;019

The results of the calculated electronic structure of eRBhSkO:0 phase
indicated that tare should be no band gap at the Fermi level, and the structure should
possess metallic type behaviour, in agreement with itscharge balanced electron
formula with only one type of the Sb2 anions (Figdf®. However, as was evidenced in
the electrichresistivity data, the sample instead behaves like a semiconductor. While the

X-ray single crystal data did not support an ordering of the Sb2 site, we generated a set of
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hypothetical structures with the Sb2 ordering for the electronic structure caloslati
This required thé parameter to be doubled and half of the Sb2 atoms to be moved off the
mirror plane in order to form dimers, resulting in a {GARE)s(Sb*)2(SK)(0%)10
charge balanced formula and ideally opening a band gap. Such arrangehtbatSb2

atoms gave four reduced symmetry supercells for SO0, presented in the
Supporting Information as S1, S2, S3, and S4. However, each supercell yields a-metallic
type electronic structure, regardless of the Sb2 arrangements, in contrast to the
experimental semiconducting properties. The discrepancy betwearoeie structure

and electrical resistivity data was also observed inRBg&SI0g3 and RE,SbO, phases,

and can be explained by the Anderson localization of the disordered Sh2 atoms.
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Figure 4.7. Calculated electronic band structure of the SpSh;O10 Structure,
including the total and partial densities of states. The Fermi level is placed at the
energy level corresponding to the C&mgSh;010 composition.
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For each calculateRE; SO0 electronic structure, the valence band states are
dominated by th&b p orbitals, while the conduction band states are dominatdelExy
orbitals. Interestingly, however, the Spktates are mainly dispersed in the lower energy
range, while the Sb® states dominate near the Fermi level. This separation can be
rationalizd based on the shortRE-Sb distances for the Sb1l atoms as compared to the
Sb2 atoms, resulting in stronger bonding interactions and lower energy. Such a
distribution of states near the Fermi level can potentially be exploited by substitution of
antimonywith other pnictogens op elements such as tellurium, as was done for the
RE(Sb/BiYO, series’® This substitution can allow for not only band structure
modification, but also tuning of charge transport mechanisms by modifying the dégree
the Sb2 disorder. Optimization of transport properties is theoretically more flexible for
the CaREsShOi series than theRE;Sk:Og series, as?s of the Sb sites in the
CaRE;ShiOy0 structure are disordered, versus ohly of the Sb atoms irRE;ShiOs,
although both phases are still less flexible tharRB&SbO, phase, which has all of its Sb
atoms disordered. This method of tuning the charge transport properties could potentially

be used to improve the thermoelectric properties of othelegath sboxide phases.

4.4 Conclusions

We have obtained two new families of the rasrth antimonide oxides,

CaRESbQ, and CaRESk0y0 phases. In contrast to thRESb(O, RESbG;, and
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REsSksOs structures previously prepared in our lab, the new phases require calcium to be
stabilized and charge balanced. As demonstrated in this work and earlier works, high
temperature fusion dRESb andRE;O3 into complex structures is a promising approach
to discover new phases and prepare novel narrow band semiconductors.

While we were successful in obtaining new semiconducting phasB&:;8lz0,
and CaRESh;0y are too resistive for any potential thermoelectric application. The
CaRE;ShO10 and CaRE,RE',Sh:0. samples display promise for physical property
tuning through the rarearth substitution, which was shown to enhance the electrical
properties while maintaining the same structure. We propose that semiconducting
properties of Ca&RESI0,0 stem from tle Sb2 atoms, which dominate the valence band
states near the Fermi level and whose disorder leads to the Anderson localizations. As
was the case for tHRE,SbO, phases, this degree of disorder may be tuned by the size of
the rareearth, allowing for easyontrol of charge transport properties. We also propose
that this strategy can involve substitution of antimony with other elements such as

bismuth or tellurium, and may result in improved thermoelectric properties.
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Chapter 5. Synthesis, Crystal Structure, and Physical

Properties of the GgBiO3; and GdgBi;Og phases

Thi s chapter contains t he m3aynteesis, &Liystalc ov e r
Structure, and Physical Properties of thes®@3; and GdBisOg phases |, wisi c h
currently beingrevisedfor publicationin the Journal of Solid State Chemistiihe
experimental procedures, structure determinations, and data interpretations were
performed by the candidate. Ms. Fang Yuan carried out magnetic susceptibility
measurements, Dr. Taras Kolodiazhpgrformed physical property measurementsaon

bulk sample of GgBi3Os, and Dr. Kosuke Kosuda performed electron microprobe

analyses on selected samples.
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The second and third known rarearth bismuthide oxides, @B8IO; and
GdsBi30s, have beemiscovered via high temperature reactions at 1300°C. Like its Gd
Sb-O counterparts, the GBiO; and G@Bi3;Og phases crystallize in the monoclir2/m
spacegroup, with the latter containing disordered Bi atoms alongbtteection of the
unit cell. Unlike the REsSIxOg series, the formation of th€d;BiO; phase does not
necessarily precede the formation ofgBigOg, which is likely due to the difficulty of
accommodating bismuth in tiRE-O framework due to its larger size. Physical property
measurementperformed on a pure @Bi;Os sample reveal semiconducting behavior.
While electronic structure calculations predict metallic behavior due to an unbalanced
electron count; the semiconducting behavior is attributed to the Anderson localization of
the Bi p states near the Fermi level as a result of atomic disoldigiortunately, the
experimentally determined physical propertiegsnder GgBisOg unsuitable for

thermoelectric applications.

5.1 Introduction

Thermoelectric materials are able to perform both groweneration and
heating/cooling functiols and have found a use in niche applications for which
flexibility and long operation lifetimes outweighhd efficiency. Nevertheless, the
improvement of the physical properties of benchmark thermoelectrics is still a frequently

explored area of research, and a variety of different techniques are commonly employed
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to achieve this goal. Bk nanostructurin®}’ ®* **® mesostructurin, and charge carrier

filtering® are often used, but one such technique that is often overlooked is the
perturbation of charge transport properties without structural modificationmétieod is

based on the substitution of elements that preserve the overall structure type and charge
carrier concentration, but heavily influence the physical properties of the system by
modifying the atomic disorder. This strategy is most prominently fedtin clathrates
containing fr atSeGadeygd “dntwichshe resilting rectiansof

the lattice thermal conductivity improves the thermoelectric efficiency. Of course, the
practicality of this approach may vary considerably between different systems depending
on the nature of the atomic disorder present.

An excellent example ofhis type of physical property modification has been
performed in theRE,;SbG, and REBIO, series of phases. These phases adopt the anti
ThCr,Si; structure for allRE, and are ordered with alternate layersR&O tetrahedra
and disordered antimony/bismugitoms along the direction'®? *° Previous literature
has demonstrated that the physical properties of these phases can be significantly altered
through a systematic adjustment of atomic disorder associated with localized electronic
states’® 2" |n the case ofRE;SbQ, it is hypothesized that Anderson localization of
disordered Shp states is responsible for the observed semiconducting behavior, in
contrast with its unbalanced electron formuRE()(Sb")(0*)2(h"), which suggests a
metallic characterAs the size ofRE decreases, atomic site disorder decreases, and

different charge carrier transport mechanisms may occur which allow for a simultaneous
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increase in electrical conductivity and Seebeck coefficient. Likewise, a semiconductor to
metal trangion is observed in th®EBIO; series for members with increasingly small
RE TheREBIO; phases with largRE are known to have poor bismdismuth orbital
overlap which inhibits charge carrier propagation and reduces electrical conductivity.
This behaior does not occur for members of the series with sRiaHue to better orbital
overlap which allows the predicted metallic behavior to occur. Further studies on the
effects of atomic substitution on disorder and electrical resistivity were performée on t
Ho,Sh.«BixO, series, which displayed a semiconductor to metal transition with
increasing bismuth substitutidf* Thus, by simple substitution of one similar atom for
another, the physical properties may be heavily modified, in spite of the unchanged
chage carrier concentration. This phenomenon is possible due to the adjustment of
antimony/bismuth disorder, which is systematically reduced through the unit cell
contraction.

The versatility of theRE,SbQ, and RE;BIO, phases has motivated us to explore
the other RESb-O and RE-Bi-O members of the series for similar physical property
modifications. Likewise, these phases may display interesting thermoelectric properties,
due to a potential separation of functions in different layers of the lattice, asdasthe
with Na,C0,0,% and CazpSh,.”® It is by this design that we have successfully prepared
the first members of thRE;BiO3; and REsBi3Og series: only the second and third known
rare earth bismuthide oxide phases to date. We report the synthetic conditions,

compositions, physical properties, and electronic structures of $g@cAnd G@BisOg
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phases, assess their relationships to the knBE-Sb-O and REBi-O phases, and

evaluate their potential as thermoelectrics.

5.2 Experimental

5.2.1 Synthesis

Samples were made using higbrity RE metal (99.9 wt.% or better,
SmartElements)bismuth metal (99.998 wt.%, Alfa Aesar) aRE0; powder (99.99
wt.%, RhonePoulenc). The rare earth bismuthideEBi (RE = Sm1i Dy) were first
prepared as precursors for all reactions to avoid the loss of elemental bismuth from heat
treatments. These binaries were prepared by mixing rare earth filings and bismuth powder
in a 1:1 molar ratio. Each sample was sealed in catbated, evacuated silica tubes of
10 to 15 cm in length under t@orr. Samples were heated by the following trend: heat to
235°C at 50°C/h, dwell for 12 h, heat to 350°C at 10°C/h, dwell for 12 h, heat to 850°C at
50°C/h, dwell for 48 h. This heatingetsxd was specifically chosen to avoid unwanted
explosive reactions that would otherwise take place. All binaries obtained by this method
are in the form of a black powder with a slight purple hue. Analysis “bgyXpowder
diffraction reveals Bragg peaks imccadance with the literature data for tiREBI
series*® albeit with very large peak widths, suggesting poor crystdbitmation. This is
not a concern, as the formation of a binary eliminates the necessity of elemental bismuth

for the synthesis dRE;BiO3; andREgBi30s.
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Several compositions were attempted in order to yield the phasdRpsBe;Os
samples, but ultimately,nty the GdBisOg phase was successfully prepared. In order to
obtain pure samples of @Ri3;Og, a loading composition of GHIO; (GdBi + G30s)
must be used; samples with a composition ofB&Ds yield large GdBiO, impurities.

This suggests that there is a change in composition due to impurities or losses during the
reaction, even whemsing the GdBi binarySamples with a loading composition of
GdsBiO3 were prepared by mixing stoichiometric amounts of the GdBrpwah Gd,0O3

in an argorilled glove box. Unlike GgBi30s, the GdBiO3 phase cannot be prepared in
bulk. Instead, the G&iO3; phase can only be formed as a minor phase when an excess
amount of GdBi is used. Samples with a composition gBad:0, (4.33 GdBi + 1.333

GdO3) were shown to yield crystals of gglO3 upon reaction.

All samples were pressed into pellets and sealed in tantalum ampoules using an
arc melter.High-temperature reaction conditions were accomplished through the use of
an inductionfurnace. The tantalum ampoules containing samples were placed in a
molybdenum susceptor, which was heated under dynamic vacuum befoworty
radio frequency induction from a watehilled copper coil.The Gd@dBizOg phase was
observed to only form in aery narrow range of temperatures between 1300°C and
1350°C. Lower temperatures did not yield any observable reaction while higher
temperatures yield the @O, phase exclusively. Pure samples ofs&dOg could be
prepared by heat treatment at 1300°CZérhours, yielding gray, solid chunkSrystals

of GaBIO3; were isolated from a sample of fB&idl, 3504 heated at 1350°C for 24 hours.
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5.2.2X-ray Single Crystal Diffraction

The single crystal of the GBIO; was analyzed on a STOE IPDSII diffractometer
at room temperatunesing MoKy radiation in the whole reciprocal sphere. The®igDs
crystal was analyzed on a Bruker SMART Apex Il diffractometteroom temperature
and 100 Kusing MoKy radiation in the whole reciprocal sphel@ensity correctionsar
Lorentz and polarization effects were treated by the SAINT program. The temperature of
the crystal was controlled by a dry stream of nitrogaystalstructures were determined
and solved using the SHELX softwdfé. A summary of the refinement results is
presented in TableS.1 and5.2. The GdBiO3; and Gd@Bi3Og phases crystallize in the
monoclinicC2/m space group with the same structure type aREBE8bO; andRE;SI0g
series A considerableg-coordinate shift for the Bi2 atonis GdsBizOg is observed in the
low temperature data. Assuming an ordering of Bi2 atoms which yields the sho+Rist Bi
separation, a minimum distance of 3.59(1) A is possible, ajththis is still too long to
constitute a possible bismuth dimer pair (approximately B'®A™*The reciprocal space
maps for eachdata setwere carefully inspected and no additional diffraction peaks
indicative of a superstructure could be detectédrther information on the crystal
structure of GgBi3sOg can be obtained from the Fachinformationszentrum Karlsruhe,
76344 EggensteirLeopoldshafen, Germany (fax (49) 72808666; emalil
crysdata@fiz.karlsruhe.jleby quoting theCSD depository numbet29459 (GgBiO3),

428036 (G@BizOg room temperature), and 428037 ¢BdOg low temperature).
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Table 5.1. Crystallographic and refinement data for the GgBiO3; and GdgBi3Og

crystals.
. GdgBisOg GdsBisOg
Gd;BIO; Room temperature Low temperature
Refined . . .
composition GdsBiOs GdBi2 575205 GdsBi2 8760208
Space group C2/m C2/m C2/m
Radiation Mo Ky (0.71073 nm)
Scan mode Omega
Temperature 293 K 293 K 100K
d.gg’ns;a;ns 0.0777 x0.0544 x  0.0780x 0.0406 x 0.0780x 0.0406 x
: ' 0.0257 0.032 0.092
(mm)
a(h) 13.444(3) 13.3939(3) 13.3943)
b (A) 3.8449(8) 3.8736(1) 3.863%98)
c(A) 12.033(2) 15.1160(3) 15.12@3)
b 118.31(3)° 107.031(2)° 107.083)°
Volume (A3 547.6(2) 749.86(3) 748.83)
Peac (g/cnT) 8.839 8.799 8.812
z 4 2 2
21h0 21 -230h 023 -25 h@®25
Index ranges 6 k@ 6 -7 0k O6 -7 0k O7
191 19 26 1027 -1801 029
2d max 70.16° 80.38° 86.20°
Measured 10930 9526 8884
reflections
Unique 1352 2536 3003
reflections
Reflections used 9405 2167 2247
Max/min 0.0342/0.2049 0.037910.26336 0.0269/0.2007
transmission
Number of a4 62 62
parameters
Max/min 4.14814.085 3.369/-2.950 3.336/2.663
electron density
Goodnessof-fit 1.096 0.981 1.009
on |F
Rl(>4lj) = Rl(>4|j) = R1(>4L°,|) = O
R indices wR, = 0.1078 wR, = 0.0784 wR, = 0.0890

R; (all data) = 0.0617 R, (all data) = 0.0758 R, (all data) = 0.0752
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Table 5.2. Atomic parameters for the G@BiO3; and GdgBi3zOg crystals.

Atom Site  Occupancy X y z Ueq
Gd;BiO;
Gd1 4i 1 0.122447) 0 0.43981(8) 0.0114(2)
Gd2 4i 1 0.3468438) 0 0.79653(7) 0.0109(2
Gd3 4i 1 0.8709§8) 0 0.09492(9) 0.0140(2)
Bil 4i 1 0.8828%5) 0.5 0.32174(5) 0.0119(2)
o1 4i 1 0.3091) 0 0.594(1) 0.007(2)
02 4i 1 0.3351) 0 0.983(1) 0.014(2)
03 4i 1 04391) 0.5 0.805(1) 0.014(2)
GdBi30g at 2B K
Gd1 4i 1 0.720414) 0 0.08909(3) 0.00851)
Gd2 4i 1 0.455534) 0 0.17134(4) 0.0129(3)
Gd3 4i 1 0.879844) 0 0.34868(4) 0.0086(1)
Gd4 4i 1 0.6433%4) 0 0.43164(4) 0.0104(3)
Bil 4i 1 0.171973) 0 0.26606(3) 0.0137(1)
Bi2 49 0.437(2) 0 0.026(9) 0 0.022(3)
0O1 4i 1 047027) 0 0.3663(7)  0.025(2)
02 4i 1 0.88326) 0 0.2007(5)  0.010(1)
03 4i 1 0.29695) 0 0.0668(5)  0.006(1)
o4 4i 1 0.16376) 0 0.5134(6) 0.014(1)
GdsBizOg at 100 K

Gd1l 4i 1 0.720194) 0 0.08908(3) 0.0053Q9)
Gd2 4i 1 0.455694) 0 0.17153(4) 0.0086()
Gd3 4i 1 0.8802@4) 0 0.34867(3) 0.005579)
Gd4 4i 1 0.644144) 0 0.43051(4) 0.00603(9
Bil 4i 1 0.172733) 0 0.26563(3) 0.008748)
Bi2 49 0.438(2) 0 0.036(2) 0 0.014(1)
o1 4i 1 0.47146) 0 0.3657(6)  0.014(2)
02 4i 1 0.88356) 0 0.2006(5)  0.007(1)
03 4i 1 0.29656) 0 0.0669(5) 0.007(1)
04 4i 1 0.164Q6) 0 0.5131(5) 0.008(1)
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5.2.3X-ray Powder Diffraction

All samples weranalyzed by X ay powder diffraction on
Pro instrument using CuKyii nci dent radiati on and an
Approximately 50 mg of sample was ground using a mortar and pestle and then deposited
on a zero background Si sample holddre data wrecollected in the @range between
20° and 70° and analyzed using Rietveld refinement method (Rietica prografjto
determinesample purity and lattice constants. The structural parameters obtained from
the single crystal solutioneveused for the refinements
5.2.4Energy-Dispersive Xray Spectroscopy

The tantalum ampoules wdh contained samples of reacted gBigOs were
analyzed by energglispersive Xray spectroscopy (EDS) in order to detect impurities or
side products as a result of synthesis. This was done as a means to explain the change in
stoichiometry from GgBiO3; to GdBizOg upon heat treatment3he EDS experiments
were conducted on a JEOL 7000F scanning electioroscopesquipped with an XMax
detector Nickel metal was usedsa standard for calibration
5.2.5Electron Microprobe Analysis (EPMA)

The samples of interest were mounted in discs of epoxy resin one inch in diameter
and approximately 10 mm in thickness. Polishing was accomplished using a Struers
Rotopot31 unit with a Struers RotoForderevolving sample holder. The final step of
polishing used a solution of diamond dust of approximadedgim in size.Quantitative

elemental analysis of the samples was performed by electron pnatreanalysis
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(EPMA) using wavelengtdispersive (WDS) Xay spectroscopy (model JX8500F,
JEOL).Gd:Ga012, Bi metal, and CaSi©Qwere used as standards for determining the
guantities of Gd, Bi, and O, respectively.
5.2.6Coordination Polyhedra Analysis

Coordination polyhedra of all respective crystal structures were analyzed with the
Dido95 progrant® For this purpose, we have calculated the volumes of Sitdi for a
set of knownRE-Sb/BrO phases, which are represented by the volumes of the Wigner
Seitz pdyhedra. The atomic positions determined from the room temperGuiO;
andGdgBizOg X-ray single crystal solution @veused for calculations. Literature data for
the GdSbQs, GkSh;0s, CaGdShQ,, CaGdkSh010, GAShbQ, and GeBiO, phase¥”
107. 127\vere used for calculations as a comparative study. All phases with disordered Sh
and Bi atoms were ¢ated as idealized structures with no displacement from the high
symmetrypositions (e.gmovement of Bi2 in GgBizOg from a 2a site to a 4qg site).
5.2.7Thermoelectric Measurements

A pure sample of GfBi;Og was pressed into a pellet, sealed in a 15 cm evacuated
quartz tube, and annealed at 700°C for 48 hoachkieving a density of approximately
80% No decomposition or impurity formation was observed bryaX powder diffraction
experiments. Upon quenchingdaretrieval, the pellet was mounted in epoxy resin and
cutinto a 2 x 2 x 8 mm bar using an alumina blade with a kerosene lubricant.

The thermoelectricdata was collected from r@ctangular shapgesample with a

two-probe technique using a press contaseasly produced byimbush Science &
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Technology and on a PPMS instrument (Quantum Design, USA). Dtirenglectrical
resistivity measurements, the samples were heated with a speed of 1 K/min to allow
thermal equilibration with a cryostathe thermal condctivity and Seebeck coefficient
were measured using commercial thermal transport option of the Physical Properties
Measurements System (Quantum Design, USA) by scanning the sample temperature from
380 K down to 2 K with a speed of 0.2 K/min. The thernoalductivity was measured by
applying a heat pulse of ca.-20 mW to one end of the samplgth the other end
anchored to a heat sink. The heat pulse was automatically adjusted so that the resulting
temperature gradient across the sample does not excéédof3the average sample
temperature.Commercial software from Quantum Design was used to model the
evolution of the temperature gradient over time upon applying the heat pulse by nonlinear
leastsquares fitting routine with two time constant€orrection of the thermal
conductivity for heat loss at ¥ 300 K was done by adjusting the infrared emissivity
value which itselis dependentn the electrical conductivity of the sample. The Seebeck
coefficient was obtained usirggsimilar fitting routine that afs included corrections for
linear drift and offset voltages
5.2.8Magnetic Measurements

Magnetization ofa sampleof GdsBizOg was measuredising a Quantum Design
SQUID magnetometer with a magnetic field of 1000 Oe in the -Getled mode.
Approximately 100 mg of sample was used fioeasurement. A diamagnetic correction

was applied to the extracted datan &xperimental value of the effectiveagnetic
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moment per f or muasabtainad from curfdat® whichd &rees well with
the theor et i czghasedvrathelCereeidslad?® . 24 ¢
5.2.9Electronic Band Structure Calculations

The electronic structure dhe GdBiO3; and Gd@BizOg phaseswere calculated
using the tighbinding, linearmuffin tin orbital method"’ with the atomic sphere
approximation (TBLMTO-ASA) as implemented in the Stuttgart prografhAll 4f
electrons were considered as core electrons.dfxgghand correlation were treated by the
local density approximation (LDAY® A scalar relativistic approximatidf was
employed to account for all relativistic effects except split coupling. Overlapping
WignerSeitz cells wereonstructed with radii determined by requiring the overlapping
potential to be the best approximation to the full potential, according to the atomic sphere
approximation (ASA). Automatic sphere generatfomas performed to construct empty
spheres to be included in the unit cell in order to satisfy the overlap criteria of the TB
LMTO-ASA model. TheGdsBizOs X-ray single crystalsolution with the Bi2 atoms
placed orthe 2a site, including lattice parameters and atomic coordinatesused as the

model for calculations.
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5.3 Results andDiscussion

5.3.1Structures

The GdBiO3; and GdBi3Og phases crystallize in the same space group as the
correspondingRE;SbG; and REsSk;Os phaseswith the monoclinicC2/m symmetry.
Lattice expansion for both phases in comparisorREBSbO; and RE;SKOg is also
observed which is consistent with the larger size of bismuth. ThBiGgstructure is
defined byRE,O tetrahedra which connect to each other by edge sharing to form two
distinct building blocks of two and four units (Figusel). These two builaig blocks
order along theb direction of the unit cell and are connected to each other by edge
sharing, creating rectangulahannels occupied biwo bismuth atomser layer The
G0gBi30Og structure is quite similar, being defined byR&O framework with bilding
blocks of two and shXRE,O units, as well as containing larger rectangular channels
occupied by three bismuth atoms per layer. Additionally, the Bi2 atomsglBi &4 yield
very large U, thermal vibration parameters when placed on thesi?e. To better
understand this disorder, a crystal ofgBigOs was collected at both room temperature
and 100 K, and subsequently solved using two separate models: one with Bi2 atoms
located on the&site and another with the Bi2 atoms shifted off the mirrorgtamto the
4g site. The result of the second model is a reduction in thethérmal vibration

parameter and an improvement in Bheactors(Table5.3).
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® Gd
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Figure 5.1 The Gd3BiO3 (left) and GdgBizOsg (right) structures viewed along theb
directions of each unit cell. Both structures are defined by a framework of G#D
tetrahedra which stack together to form building blocks of composed of two, four, or
six units (green, orange, and blue ellipses, respectively).

Table 5.3. Refinement resuls for the GdsBizOg crystal by placing Bi2 at the 2 and

4q sites.
Temperature Site Occupancy Yy coordinate Uz Ueq R, value
2a 1 0 0.0679(8) 0.0324(6) 0.0474
293(2) K
4g 0.437(2) 0.026(9) 0.047(8) 0.022(3) 0.0419
2a 1 0 0.0629(7) 0.0270(2) 0.0493
100(2) K

4g  0.438(22) 0.036(2) 0.031(3) 0.014(1) 0.0449

5.3.2Formation of Gds;BiO3; and GdgBizOsg

Unlike the correspondin@d;SbQ; and GdsShsOg series, formation of G8iO3
does not necessarily precedegBigOs. The reaction of GdBi and @03 was shown to
form primarily G@BizOg or GABIO,, depending on the temperature used. Teaweunts

of GdsBiO3 could be found in samples containing a laegeess of GdBi wheheated at
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1300C. Pure samples of @Bi3Og, however, can be successfully syntkediin a vey

narrow range of temperature between 1300°C and 1350°C. Liewgreratures do not

yield any products, while highegemperatures yield GBiO, and GdOsz impurities.
Substitution of bismuth with antimony in g&hBi3.Os was also attempted, with pure

samples prepared fr©O 0. 5 . Samples with greater anti
to form GgShBi1xO, impurities throughout the entire range of temperaturesdiegie

were unable to obtaiRE;BiO3; or REgBi3Og for any RE other than gadolinium, although

we believe they almost certainly do exist. Ttificulty in preparing and isolating

RE;BiO3; andREsBizOg may be due to the fact that the correspon®&gBiO, phases are
significantly more thermodynamically stable.

Obtaning a pure phase of @8i3Og is rather difficult to achieve, as the ideal
loading composition does not equal the stoichiometry of the targeted styshhgreén
large part to the high thermodynamic stability of the;®0, phase (andRE,BIO; in
general).Samples with loading compositions BEBizOs will always yield REBIO,
regardless of the heating trend used. Affgrts to compensateithby using less bismuth
or adding additionaRE or RE,O3 invariably fail and/or lead to the formation REBIO..
Furthermore, in the case of gBi;Og, heating at temperatures of 1350°C or greater
irreversibly converts any GBi3Og present into GgBiO,. In order to yield GgBizOs, a
loading composition of G#iO3 was used, which is the same method used to exploit the
formation of the REsSh:Os phase fromRE;SbQ.*° This occurs by deposition of

impurities onto the surface of the tantalum ampoules as confirmed by scanning electron
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microscopy (SEM) experiments. Magnification of a tantalum ampoule which contained a
reaction of GgBiO3 reveals microcrystallites distribed throughout the entire ampoule
interior (Figure5.2). Subsequent analysis by energy dispershray<{spectroscopy (EDS)
experiments reveal gadolinium and oxygen emission peaks, but none associated with
bismuth, indicating that only G@3; (and possibly Ganetal) are expelled from the sample
during reaction, which would shift the composition fromzBi@®3; to the more bismuth

rich Gd;BI30g

Figure 5.2. The surface of a tantalum ampoule containing the reaction of G8iO3.
Only Gd and O signals are observeffom the EDS data, indicating that Gd,0O3
and/or Gd may have been expelled during the reaction and deposited on the
ampoule.
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The successful method to yield puregBidOg as determined by our experiments
is to use small sample sizes of 300 mg or less watht treatments at 1300°C for 24
hours. This method was chosen since a small sample size is able to deposit all of its
impurities onto the surface of the tantalum ampoule without additional heat treatments.
The heating trend was optimized to allow complsetaction of the sample without
allowing sufficient time for conversion into @8iO,. However, single crystal -Xay
diffraction experiments suggest a consistent deficiency in bismuth from the theoretical
value of 50% occupancy. This would amount to a storoktry of approximately
GdsBi g750208, Which isconsiderably lower than the antimony deficiency observed from
the GdSkOs X-ray single crystal data (G8bosafs).”> To establish the true
composition, we performed electron probdcroanalysis (EPMA) on the GBisOg
sample; the result yielded a stoichiometry ofs GgBi2 s0eQ9.637y With the gadolinium
atoms being normalized to eight per formula unit (oxygen content is higher than expected
due to surface oxidation during polishing). While these results support-thg 3ingle
crystal data, the bismuth content is within thetendard deviations from the targeted
GdsBiz0s composition. Thus, we cannot say for certain if thgBbfDs phase indeed
contains bismuth deficiency.

The potential bismuth deficiency in €Ri3Og, as well as the entire reason that
rareearth bismuthide oge phases are limited ®EBIO,, RE;BIO3;, andREgBi3Og, can
be explained by théarge size of bismuth and the relative difficulty of its accommodation

within the correspondindRE-Sb-O crystal structuresCalculations of the WigneBeitz
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polyhedra of the antimony atoms for the-Guhtaining phases (Tab%ed) reveal that the
GhSbQ, GdsSks0g, and GASbG; phases contain the largest Sb site volumes of all the
known GdSbh-O phases (tetragon@RERE");SbQ; cannot be made with one rare edfth
and RE;Sks05™°% ®has not been reported for gadoliniumNptably, theGds;SbQ; phase
contains smaller Sb site polyhedra than WBtSkhO0s and Gd,SbG, which explains the
considerable difficulty in formingdBiOs. Since it was reported th@gREBiz0;0 does

not exist®’

, it can be assumed atthe threshold for formation of REBi-O phase
requires a Sb site volume of ~ 28 & greater for the coespondingRE-Sb-O phaseA
notable increase in the WignBeitz polyhedra size is also observed in REBi-O

analogues, which agrees with the expected result.

Table 5.4. Coordination polyhedra volumes of the Sb and Bi sites in selected &b
O and Gd-Bi-O phases.
Smallest Sh/Bi site  Largest Sb/Bi site

Phase volume volume

Gd-Sb-O phases

CaGdSbQy* 27.22(8) R 27.22(8) R

GdSbO* 28.39(5) & 28.39(5) A

GkShOs 29.01(4) & 29.47(4) B

CaGdShO1o 26.78(3) K 28.26(3) R

GdLShO* 33.32) B 33.32) B
Gd-Bi-O phases

GdsBiOs* 29.50(5) & 29.50(5) A

GdsBizOg 29.68(4) K 30.29(4) R

Gd:BiOL* 34.2(2) B 34.22) B

* Only one Sh/Bi site is present in the structure
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5.3.3Physical Properties

The GdBisOs phase was determined to have an Arrhetyps decrease in
electrical resistivity with increasing temperature (Figuie3), indicative of
semiconducting behavior. A minimum value of 24 cm is obtained at 365 K;
approximately ifbetween SgBls0Os and HeShOg. Using the Arrhenius equation, an
activation energyof 0.046(1) eVis calculated, whichs similar in magnitude to the
derived values from théREsSksOg phases (0.090 eV for S@®Is0g, 0.12 eV for
HogSh;0s). The Seebeck coefficient diverges at low terapee, which is characteristic
for semiconductors, but switches framtype top-type around 110 KThe latter may be
attributed to the changes in the band structure, during whicp-tyy@e carriers become
dominant.Both data sets suggest thatsBdOg would make a very poor thermoelectric

material, however.
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Figure 5.3. Electrical resistivity data (left) and Seebeck coefficient data (right) of a
sample of G@Bi3Os.
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The thermal conductivity of GBisOg sharply increases with temperature to a
maximum of about 0.95 W ™K™ at about 180 K, after which it steadily declines; most
likely as a result of Umklapp scattering (Figutet). Due to the poor electrical
conductivity of the sample, the thermal coniility of GdgBizOg is almost entirely
attributed to lattice thermal conductivity. A small increase in thermal conductivity is
noticed at approximately 10 K, which suggests a possible magnetic transition. Subsequent
magnetization measurements revealed wiake GBizOs shows paramagnetic behavior

throughout most of its temperature range, an antiferromagnetic ordering of the sample at

10 K does indeed occur.

——

180

160

140

120

100 |

80

60 -

40 +

Thermal Conductivity (W m” K")
Magnetization (emu mol™)

20 4

T T T T T T ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Temperature (Kelvin) Temperature (Kelvin)

Figure 5.4. Thermal conductivity data (left) and Magnetization data (right) of a
sample of G@Bi3Os.
5.3.4Electronic Structures
As is the case WittREsSb(Q;, the GdBiO3; phase is charge balanced with a
(GPM3(Bi*) (O%); formula. Conversely, the GBizOs phase is inherently necharge
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balanced if it is assumed that no bismuth dimers are praselding a (Gd"s(Bi*)s(0*

)e(h") formula. Furthermore, electronic structure calculations performed byighe
binding, linearmuffin tin orbital method” have determined that both the 83 and

the Gd@BizOs phase have a metallic type distribution of states: a feature also observed
with the REsSk;Og series, but noRE;SbGs. For both phases, the bonding states at the
Fermi level are dominated by B orbitals, while the conduction band states are
dominated by empty Gd orbitals (Figure %), in good agreement with the (&3(Bi*

)(O%); and (Gd"s(Bi*)s(0*)s(h") proposed formulas. Since our calculations do not
match the observed behavior in electrical resistivity ogBeDs, we argue that the
observed semiconducting behavior in our data is due to the Anderson localization of
bismuth states. This phenomenon may occua idisordered structure where localized
states are created near the Fermi level, resulting in an activation energy for charge carriers
and semiconducting behavior. The origin of the semiconducting behaviorgBi;Ggl

can be traced to the highly disordetgdmuth atoms, which form the localized states at
the pseudogap. The metallic character of theB&ak electronic structure may be due to

the electrical properties of the @i framework being preserved from the binary
phase™* Unfortunately, we could not measutiee physical properties of GBiO; to

verify this.
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Figure 5.5. Contribution of orbitals to bands near the Fermi level in the electronic
band structure of Gd;BiO; (left) and GdgBiszOg (right).

5.4 Conclusions

The GdBiO3; and G@BizOg phases were both prepared and their crystal structures
were solved. e GdBizOg phase was successfully prepared via high temperature
reactions, while GgBiO3 is only observed as a minor impurity. Due to the existence of
the significantly more stablREBIO, series, theREgBi3Og series requires very specific
conditions for formationand may exist only in aarrow range of temperatures. A pure
sample of GgBizOg analyzed by physical property measurements confirmed
semiconducting behavior with values similtp the analogoufREsSk;Og series. An
antiferromagnetic transition is observed at 10 K, which coincides with a slight increase in

thermal conductivity. Unfortunately, due to both high electrical resistiaitg low
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Seebeclcoefficient, G@BizOg doesnot sem to display any promise for thermoelectric

applications.
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Chapter 6. Investigation of the physical properties and
compositions of the CaRE;PnsOs5 series RE is a rare-earth

metal, Pn = Sb, Bi)

This chapter contains the material coveredtith e ma n insegtigatiop of the
physical properties and compositions of theREaPnsOs series REis a rareearth metal,
Ph= Sb, B iig carrentlywimpulglished, but will be submitted to a peer reviewed
scientific journal The experimental predures, structure determinations, and data
interpretations were performed by the candidMs. Fang Yuan carried out magnetic
susceptibility measurementdr. Taras Kolodiazhnyi performed physical property
measurements on bulk EREPnOs samples, and Dr. Kosuke Kosuda performed

electron microprobe analyses on specially prepargRERs0Os samples.
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The CaREPRsOs phasesRE = rare earth metaRPn = Sb, Bi) were successfully
prepared from high temperature reactions at 1PZH°C. These phases maintain the
same structure types as the pafRBiPnsOs phases, except with a site mixing of RE/
and some calcium presence on the normally vaasit@s. The study and preparation of
these phases was motivated by the desire to shift ¢hellio type properties of the parent
REPnsOs phases to a level more suitable for thermoelectric applications. Electrical
resistivity measurements performed on pure, bulk samples indicated all phases to be
narrow band gap semiconductors or semimggalgorting the charge balanced electron
count of the C#&REPnOs composition. Unfortunately, all samples ae&her too
electrically resistiveor suffer from low Seebeck voltages, negatmy potential usage as
thermoelectrics. Electronic band structure calculations performed on ideBEsEdsOs
structures revealed the presence of a pseudogap at the Fermi level, which is consistent

with the observed electrical resistivity and Seebeckficteit behavior.

6.1 Introduction

One of the reemerging areas of research in the development of alternate forms of
energy is the study of new and more efficient thermoelectric materials. While most of the
early thermoelectrics obtained efficiencié$ ~ 1, theoretical studies performed in the
1990s suggested the decoupling of the electrical conductivity and Seebeck coefficient by

forming quantum nanostructures with reduced dimensiot&fffyAlthough not intended,
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the major advancements in thermoelectric efficiency have instead arisen from the
reduction of thermal conductivity byarpstructuring:>® Such notable gains in efficiency
have ushered in a new age of research into thermineteand a doubling of efficiency
(ZT ~ 2) among the state of the art materials, such as-Bbes

Devices containing thermoelectric materials are capable of performing heating
and cooling, depending on the direction of the applied current, as well as being able to
convert waste heat into a usable form of electrfiffhermoelectricsoffer several
advantages over other competing energy sources including long operation hours,
scalability, quietness, and versatility. Unfortunately, thermoelectrics rstrifen low
efficiencies due to the tradeoffs between
and charge carrier thermal conductivity. To obtain the most suitable balance of these
properties in a single phase, narrow band gap semiconductors raiwbrsguctors are
targeted for thermoelectric applications as they possess electrical properties
corresponding to an 4bptiTmezedhepmaver cb6aduc
thermoelectric material must also be kept as low as possible, so structuegsicgrsoft
bonds, heavy atoms, and site disorder are popular choices. A myriad number of methods
are then applied to reduce thermal conductivity further, mostly by doping and
nanostructuring.

One of themore noteworthy strategies for the design of a gbedmoelectric is
the design of a natural superlattice structure, in which electrically conductive and phonon

scattering properties are accomplished in separate portions of the lattice. Such an
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approach is advantageous since it allows for the tuning oprperty without affecting
the other, and may vyield a structure with a pheglass electrorystal (PGEC) type
behavior, as postulated by Sl&fkSeveral successf thermoelectric materials, such as
CaxYb,Zn,Sh'® and NaCo,0,%° display natural superlattice type structures, and have
been shown to achieve godd values.

As per the natural superlattice approach, we have turned our attention -on rare
earth pnictide oxidphases. Ideally, we may achieve good thermoelectric properties from
a natural superlattice type structure containing the electrically condastd/nermally
insulating frameworks of rarearth pnictides and raemarth oxides, respectively. The
presencef heavy rareearth and pnictogen elements and the added structural complexity
introduced by chemical fusion of different sublattices would also serve to heavily reduce
thermal conductivity. In particular, thREPnsOs series is of special interest, sinite
displays natural superlattitgpe structures, with alternating slabsRisPns and RE,Os
stacked along the-direction®® ***The pristineRE;PnsOs phases have been shown to
behave as metals, owing to their unbalanced electron counts, which renders them
unsuitable as thermoelectrigsdditionally, these phases are very air sensitive, requiring
great precautions for usage and handling. Our group has studied the incorporation of
carbon into these phases in the past in an effort to stabilize their structures and form
charge balanced phasdor the purpose of thermoelectricity, but we were unable to

achieve a pure, statdample'®
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Our studies on the ®&ESbQ, and CaRE;SkO; phase¥’ motivated us to
explore calcium substitution in thREPnsOs phases. By a simple electron counting
scheme, a charge balanced,RE&PnsOs formula would exist if theREPnsOs structure
would tolerate calcium/rarearth mixing. Verily, we have demonstrated that the
CaREPREOs phases do in fact exist, demonstrating that calcium substitution
simultaneously improves the stability and maintains the structure of the PaENEO0s
phase while also eliminating its metaltype conduction. In this work, we present the
details of tle synthetic approach, structural and compositional analyses, physical property

measurements, and electronic structure calculations of #HREFIsOs phases.

6.2 Experimental

6.2.1Synthesis

Samples were made using higbrity RE metals RE = Pr, Sm, Gd,Dy; 99.9
wt.% or better, SmartElements), calcium metal (99.98 wt.% Alfa Aesar), antimony metal
(99.999 wt.%, CERAC Inc.REOs, (99.99 wt.%, Rhén€oulenc foRE= Sm Gd, Dy,
99.9 wt.%Alfa Aesar forRE = Pr), and calcium oxide (99.99 wt. %, CERAC). RigSb
and REBi binary phases werfirst prepared as precursors to avoid the use of elemental
antimony and bismuth, which are volatile at high temperaturegese samples were
prepared in an argeiilled glove box bymixing stoichiometric amountsf REand Sb/Bi.

The RESb samples were pressed into pellets while REBi samples were notAll
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sampleswere sealed below TOtorr in evacuated quartz ampoules of 10 to 15 cm in
length.These samples were sealacdcarbon coated silica tubes to avoid reaction between
RE and silica.The RESb samples were heated in a box furnace at 600°C for 12 hours,
then at 850°C for 48 hour$he REBi samples were heated at 285for 12 hours, then at
350C°C for 12 hours and finaly at 850C for 48 hours.The resulting powder was ground
and pressed into a pellet within an ardibled glove box. The pellets were then sealed in
silica tubes and heated &50°C for 48 hoursBlack solid chunks of rarearth
antimonidesand rareearh bismuthidesvere obtained in this manner, and the purity of
each sample was confirmed byr&Xy powder diffraction experiments.

Preparation of the GRESI0Os and CaREBisOs sample{RE = Pr, Sm, Gd, Dy
was accomplished by mixing stoichiometric amounts cafcium oxide, rarearth
sesquioxide REO3), and RESWREBI precursors in an argefiled glove box. All
samples were consolidated with the use of a hydraulic press, and were subsequently
sealed in tat@lum ampoules with the use of an arc melter. This method allows for high
temperature reactions with no oxidation, sample loss, or reaction with the container.
High-temperature reaction conditions were accomplished through the use of an induction
furnace. The tantalum ampoules containing samples were placed in a molybdenum
susceptor, which was heated under dynamic vacuum beldwobOby radio frequency
induction from a watechilled copper coilThe CaRESkhOs and CaREBIisOs samples
were heated for 18ours at 1300°C and 1225°C, respectivélpon completion of heat

treatments, samples were allowed to cool for one hour before removal.aRig Sk;0s
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and CaRE;BisOs samples were obtained as shiny, molten chunks. Decomposition of the
CaRESOs and CaREBIsOs samples due to moisture after at least 48 hours was

confirmed by Xray powder diffraction. Thus, all samples were stored in a vacuum sealed
dessicator filled with drierite, which was observed to maintain sample purity for several

months A summaryof all samples prepared is presented in Télde

Table 6.1. CapRE;PnsOs samples prepared by hightemperature synthesis in an
induction furnace (Pn = Sb, Bi).

System REused Loading composition Terrlljgirglture State
Pr, Sm, R Light gray,

CaRESBOs Gd 2Ca0 +5RESb +REO3 1300°C molten
CaREBisOs Gd,Dy 2CaO +5REBi+REQ;  1225°C o glgr?y’

6.2.2X-ray Single Crystal Diffraction

Single crystals picked up from the samples were analyzedBmlker SMART
Apex |l diffractometer using MKy radiaton. Intensity corrections for Lorentz and
polarization effects werperformed withthe SAINT program™** A multi-scan absorption
correction was applied based on the crystal shape determined by optical face indexing.
Each structure contained commensurate satellite peaks iabtppéane, resulting in a
supercell with a fivefold increase in volume. All datassekcept Cy;SbOs were
detwinned using the TWINABS program to eliminate intensity bias due to overlapping

reflections. Crystal structures were determined and solved using the SHELX sdffvare.
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A summary of the refinement results is presented in Td&ikeand6.3. All Ca,REPnsOs
phases crystallize in the4/n space group, much like the analog®RisSh;Os phases.

Upon inspection, it was observed that there amasunusually large amount of electron
density on the normally vacana 8ites in each structure (except,Bg/BisOs). As such,

these phases were refined with calcium occupation onatlsée? which served to reduce

the residual electron density and ymddimprovedR factors.Further information on the
crystal structures can be found in the Supporting information and may be obtained from
the Fachinformationszentrum Karlsruhe, 76344 Eggensapoldshafen, Germany (fax

(49) 7247808-666; email crysdata@fiz.karlsruhe.fleby quoting the CSD depository

numbersA29690i 429692 for CaRESB;05 and 429693 429694 for CsREBI50s.
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Table 6.2. Crystallographic and refinementdata for the Ca,RE;PnsOs crystals.
CaPrShOs CaSm;ShOg CaGd;ShOs CaGd;BisOs CaDy/BisOs
Refined composition Ca161)Pr7.000)S505  Cap.122(85Mr.00060505  Cb.045(6507.0006905  Cab281f507.000BI1s0s  Cép.00aPY7.00aBi1s0s
Space group P4/n P4/n P4/n P4/n P4/n
Radiation Mo K (0.71073 nm)
Scan mode ¥ and
Temperature 29%(2) K

Crystal dimensions (mm) 0.080x 0.066x 0.063 0.072 x 0.064 x 0.058 0.077 x 0.070 x 0.062 0.083 x 0.068 x 0.061 0.115 x 0.094 x 0.04¢

a(A) 10.2231) 10.067(1)
c(A) 9.138(2 9.011 (2)
Volume (A% 955.1(3 913.2(3)
Twin fractions 0.513/0.487(4) 0.515/0.485(2)
Peac (@/CNT) 6.126 6.641
Y4 2 2
-130h 0 41 0 h® 20
Index ranges 00k 020 -13k@ 14
001018 181 0
2d max 90.8C 90.76
Measured reflections 23235 44532
Unique reflections 3314 3850

161

9.992(1)
8.976(2)
896.2(3)

0.511/0.489(2)

6.935

2

0 h 20
A3k® 14
171 0

90.82
28980
3786

10.102(1)
9.027(2)
921.2(3)

0.521/0.479(2)

8.353

2

0 h 20
A3k® 14
181G 0

90.90
35183
3896

9.9996(1)
8.9341(2)
893.34(2)
N/A
8.708

2
19h® 17
20k® 19
A71@ 17
90.&4°

36098
3757
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Reflections used 3918 9464 5120 6235 1848
Max/min transmission 0.748926/0.543945  0.748926/0.543945  0.748927/0.474572  0.748927/0.504498 0.758275/0.528576

Number of parameters 54 55 55 55 53
Max/min electron density 4.182-3.249 3.752£3.947 3.994/2.720 3.928/3.596 4.352-2.836
Goodnessof-fit on |F?| 1013 1.024 1.047 1.109 1.019
Ri(>40)54% R(>40) = R(>40) = R(>40) = Ri( >40)38%
R indices wR, = 01217 wR, = 0.0881 WR, = 0.0630 WR, = 0.0891 WR, = 0.0824

R, (all data) = 01537 R, (all data) = 0.0938 R, (all data) = 0.0709 R, (all data) =0.1162 R, (all data) = 0.682
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Table 6.3. Refinement results for the CaRE;PnsOs crystals based on the occupation
of the 2a site by calcium.

Crystaf Cad site Largest peak Largest hole R; value
occupancy
0 15.446 -6.321 0.0552
CaPrSb;0s
0.16(2) 4.182 -3.249 0.0542
0 11.474 -4.129 0.0477
CaSm;Sb;0s
0.122(8) 3.752 -3.947 0.0467
0 5.222 -2.820 0.0326
CaGd;Sh0s
0.045(5) 3.994 -2.740 0.025
. 0 31.496 -8.469 0.0550
C&ZGd78|5O5
0.28(2) 3.928 -3.596 0.0629

& The CaDy-BisOs crystal did not show any significant electron density on thsit,
which was thus left unoccupied.

6.2.3X-ray Powder Diffraction

Each sample under study was analyzed byayX powder diffraction on a
PANal yti cal Xo0Pert HKyginei diennstt rruamkinat iuosni nagn dC L
detector. Approximately 50 mg of sample was ground up using a mortar and pestle and
depositedonazefmac kgr ound Si hol der . Tdmge bedwveedna wa s
20° and 70° and analyzed using the Rietvelchesfient method (Rietica prograf) to
determinesample purity and lattice constants. The structural parameters obtained from
the single crystal solutions were used for the refinememtd, site occupancies for

calciumandrare-earth were fixed.
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6.2.4Electron Microprobe Analysis (EPMA)

The samples of interest were mounted in discs of epoxy resin one inch in diameter
and approximately 10 mm in thickness. Polishing was accomplished using a Struers
Rotopot31 unit with a Struers RotoForderevolving sample holder. The final step of
polishing used a solution of diamond dust of approximalefym in size.Quantitative
elemental analysis of the samples was performed by electron pnatyeanalysis
(EPMA) using wavelengtdispersive (WDS) Xay spectroscopy (model JX8500F,
JEOL).CaSiQ, PBg, SmB;, GkGa;012, DyPsO14, antimony metaland bismuth metal
were used as standarsdetermine the concentration of oxygen, BasSm,Gd, Dy, Sb,
and Biin the samplesespectively
6.2.5Electrical Resistivity Measurements

Pure samples o€aRE;ShOs (RE = Pr, Sm, Gd, Dywere prepared, pressed,
sealel in evacuated quartz ampoules, and anneal®dQaC for three days. PowdErray
diffraction analysis confirmed no decomposition or generation of impurities dse th
method. Once annealed, samples were cut into bars of approximatel® 82 mm in
dimensions using kerosene lubricant to avoid sample oxidation, and were subsequently
stored in an argon atmosphere. Fptobe electrical resistivity measurements were
carried it on a Quantum Design Physical Property Measurement System (PPMS).
Platinum leads were attached on the rectangular bars usingdkpd20E silver epoxy.

The contacts for all samples were cured under a stream ohigdtrgourity Ar inside a

tube furnace.
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6.2.6Electronic Band Structure Calculations

The electronic structures of adlamples for which a crystal could be obtained and
solved were calculated using the tigtinding, linearmuffin tin orbital method"’” with
the atomic sphere approximation (IBATO-ASA) as implemented in the Stuttgart
program:'® All 4f electrons were considered as core electrons. Exchange and correlation
were tread by the local density approximation (LDAf. A scalar relativistic
approximation® was employed to account for all relativistic effects except-spit
coupling. Overlapping WigneBeitz cells were constructed with radii deterved by
requiring the overlapping potential to be the best approximation to the full potential,
according to the atomic sphere approximation (ASA). Automatic sphere genEfation
was performed to construct empty spheres to be included in the unit cell in order to satisfy
the overlap criteria of the TTBMTO-ASA model. The Xray single crystal data,
including lattice parameters and atomic coordinates, were asethe model for
calculations. The CRE sites in CaRESB0s and CaREBIisOs were set to be fully
occupied by rarearth atoms, resulting in idealiz8dSh;Os structures with no changes
in atomic parameters (such approach neglects a size diffétehetweenCa* and

RE*). The Ca4 site was also left vacant due to its low occupancy.
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6.3 Results and Discussion

6.3.1Phase Formation and Stability

In a previous study by our group, tR&Sh,Os phases were reacted with carbon
in an effortto yield a charge balanced, stable phase (assunfingaS present). In most
cases, however, a pure sample could not be obtained, and all samples were observed to be
highly air sensitive'® Instead, we have determined that stabilization by calcium addition
is more practical. Our experiments revealed that sample compositionsREREaOs
may yield air stable, pure phases through high temperature reaction conditions. Site
mixing of calcium andrareearth is accomplished in all ¢gRE,PnsOs phases due to
similar atomic radfi®’; this strategy was also employed in the discovery of the
CaRE;SbQ, and CaRE;Sh;Oy0 phases?’

The stable nature of the §EPnsOs phases most likely results from the charge
balanced electron formula achieved by substitution of trivaRefit with divalent C&".
Due to the mixing of calcium and raearth, as well as the potential for site deficieracy,
CaxREs+0.667:005 compositionakeries with varying amounts of calcium and reagth
may exist.However, our studies concluded that alingédes of this series share the same
Bragg peak positions in their powderrXy diffraction data, suggesting that there is an
optimal composition of calcium + raearth that is most stable. We then determined that
the CaRE/PnsOs stoichiometry yielded thenost pure samples, indicating this system is

thermodynamically driven to a charge balanced phase. Thus, our synthetic approach was
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able to yield pure GRESKOs phases for thdRE = La - Dy, and pure GREBIsOs
samples for late members of tR& = Gd - Dy series (CgREBisOs samples containing
earlyREwere observed ttorm (CaRE)2BiO,).

High temperature reactions in an induction furnace are necessary to form pure
CaREPnOs samples. Phase formation was observed to occur for all temperatures
between 1200C and 1600°C, althouglemperatures of 1300°C and 1225°C were
determinedto be the most suitable for obtaining pure samples oRE&K;Os and
CaREBIsOs, respectively. Gray, molten products are obtained for th&RIEBRNOs
samples, with the GREBIisOs samples being slightly darker in tone. A set of
experiments performed on the pristRBsPnsOs samples confirmed their instability, with
samples tarnishing in air after a few minutes and full decomposition in air af8 24
hours. In contrast, the eRE/PnsOs phases were observed to be stable in dry air or argon,
although still reactive in moist air, with noticeable decomposition occurring after 48
hours. Thus, storage in an argfifed glovebox was deemed to be necessary in order to
prevent the loss afample integrity.
6.3.2Structural Determination and Analysis

The basic frameworks of the REPnsOs phases are identical to tiREPnsOs
series. Based on the single crystal data, alRE&#nsOs phases adopt the tetragordln
symmetry, assuming an oxygstuffed, raresarth deficient derivative of the Rbtype
structure®>® **’Each CaREPnsOs phase contains site mixing of calcium and +eaeth.

These phasesontain NaCltype (CaRE)sPrs slabs stacked along thedaection which
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are separated by (Q¥dH40s layers containing (CRE),O and (CadRE)sO polyhedra
(Figure6.1). One fifth of all calcium/rarearth sites with respect to the,Sb structure

are vacant in the pareREPnsOs phases; these ordered vacancies form the basis of the
superstructure with respect to the origif/nmm cell and occur in the (CRE);Os
layers, forming ordered, empty channels along dfurection!®* The existence of the
P4/n phase was also confirmed byrXy powder diffraction experiments based on the
presence of characteristic weak (220) and (221) reflectiomshvere observed for the
P4/n superstructure, but not tf&/nmmstructure.

According to thesingle crystadiffraction data, each phase (exceptDg/BisOs)
displayspseudmerohedral twinning with/s of all reflections shared between domains.
In order to obtain reliable diffraction intensities, each data set (except Dy BasOs)
had to be detwinned with the TWINABS program, yielding corrected intensities that
could be used to solve the crystal structure of one twin component. The redattrggts
were solved with goodR factors and yielded atomic parameters comparable to those in
the originalREPnsOs structures. However, one major difference was observed: each of
the crystal solutions, apart from £y;BisOs, had residual electron detysion the
normally vacant & site. Since the pristin@EPnsOs phases do not contain rare earth

atoms on these sites, we assume calcium onakée2
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P4/nmm P4ln

® Ca/lRE
¢ RE*

¢ Sb/Bi
e O

Figure 6.1. Structural comparison of the P4/nmm and P4/n structures. The normally
vacant sites in theP4/n structure are hereto assigned to be occupied by calcium in
Ca,RE;PnsOs (yellow atoms).

6.3.3Compositional Analysis

Unfortunately, our crystallographic models of the;RE&PnsOs phases make it
difficult to obtain an accurate composition, not only due to the site mixing of calcium and
rare-earth, but the presence of calcium on thesi?e. Since we are unable to refine two
atoms and a vacancy on the same site, and since a crystal may not representassample
whole, we cannot determine the true composition fromaysingle crystal data alone.
Thus, we performed electron microprobe analysis on all samples in order to verify their
compositions and purities. The results are presented below in Gdblalang with a

comparison to the Xay single crystal data.
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Table 6.4. Comparison of experimentally determined compositions of GRE;SbsOs
and CaRE;BisOs samples derived from EPMA and Xray single crystal diffraction
experiments.

Loading composition EPMA result$ X-ray single crystal dat:
CaPrrSh0s Cap.13(6)Pl6.89(4)SI5.00(4)O6.92(6) Ca.16(1P17.002500s5
CaSm,Sis0s Ca.035SMr 003 S.003)06.4765)  Ca.122S5M7.000(8S105
CaGd;Sk0s Ca.146/C0hb.023S5.003)05.756)  Car.04565 70006505
CaGd;BisOs Ca.07550s.953BI5.00305.006)  Cav.280/Gr.00p)BisOs
CaDy/BisOs Ca.116PVY6.934BI5.00305.756)  C&.000)DY7.00)Bis05

#The CaREShOs and CaREBisOs samples were normalized to compositions
containingfive antimony/bismutrators.

Each of the structures determined from thea) single crystal data that contain
calcium on the @ site were refined to have an excess of calcium with respect to rare
earth. However, the EPMA data for all samples revealed atamazints no greater than
three standard deviations from the loading compositidh& calciumamountswere
consistently higher than expectedhichis perhaps due tilve fact that the Ky peaks of
calcium and the YLy peaks of antimony overlag.he oxyge amounts were also well
above the expected values, which can be attributed to oxidation from surface polishing.
No tantalum signals were observed in any of the data Bated on the EPMA, we
believe that all samples under study maintain tbading compsitions without any

significant fluctuations
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6.3.4Electrical Propertiesand Electronic Structure

The pure CdRESBOs and samples displayed an Arrhentype decrease in
electrical resistivity with temperature, suggesting that these phases are sestmen@u
bump in the C#r,Sh0Os data at lower temperatures occurs due to an antiferromagnetic
transition). Conversely, the ¢REBisOs phases displayed a linear decrease in electrical
resistivity with temperature (Figui@2). These types of behavior directly contrast with
the parentRE,PnsOs phases, which were reported to have metafiie conductiort®®
Thus, by reducing the electron count, we did succeed in removing the migfadlic
electrical resistivity behavior with respect to the pafRBEPnsOs structures and achieved
activation energies on the order of about @6 eV in CaRESOs (Table 6.5).
Furthermore, the GREPnsOs phases display similar or lower electrical resistivity than
most other rar@arth pnictide oxide phases studied by our group so far. However, these
electrical resistivities (around 2L agn atroom temperature) are still too great for any

thermoelectric applications.
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Figure 6.2. Electrical resistivity data for the CaRE;PnsOs samples: a) CaPr;SbsOs,
b) Ca;Sm;Sbs05, ¢) CaGd;ShsOs, d) CaDy;Shs0s, €) CaGd;BisOs, and f)
Casz7Bi5O5.

Table 6.5. Room temperature electrical and@ctivation energydata for selected
Ca,RE;PnsO5 samples.
Room temperature

Sample electrical resistivity Activation energy
CaPr;Sh0s 1929 c¢cm 0.058eV
CaSm;ShOs 151g cm 0.048eV
CaGd;Sh0Os 1.52q c¢cm 0.042eV
CaGd/BisOs 0.151 q¢q ~0 eV
CaDy;BisOs 0.108 q ~0 eV

Seebeck coefficient mRESHEOs rardnCGaREBE0s ( U) o]
samples revealed andai near dependence of U on temper
as T Y 0 f gFigurebl3)| suggestmg that some order of metallic character is

yet conservedThe CaREShOs samples display larger Seebeck coefficients than the
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CaREBIsOs samples, most likely due to their more semiconduldter behavior in

McMaster University Chemistry & Chemical Biology

electrical resistivity.The CaPr,Sb0s and CaSm;ShOs phases also display a curvature

in their Seebeck coefficient data with increasing temperature, which could arise from

contributions from electrons and holes in a complex multiband structure. The nature of

this type of condction may also explain why @ad;ShOs is p-type while CaGd;BisOs

is n-type (albeit weakly).Unfortunately, the Seebeck values obtained from our

experi ments
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Figure 6.3. Seebeck coefficient data for the GRE;PnsOs samples: a) CaPr;SbsOs,
b) Ca;Sm;Sbs0s, ¢) CaGd;ShsOs, d) CaDy;Shs0s, €) CaGd;BisOs, and f)

Electronic band structure calculations performed on the idealgPnsOs

structures
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Fermi level, corresponding to a charge balanced electron formula. Such a distribution of
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staes would be expected to yield semiconducting or semimebiiicbehavior, in
agreement with our electrical resistivity and Seebeck coefficient data. As such, we argue
the system is thermodynamically driven to aREPnsOs formula when calcium is
introduwced. We acknowledge, however, that the calculated band gaps contain a certain
level of error, due to the assumption of full site occupatioRByoupled with constant

unit cell parameters. For all phases, the valence band is dominatleh pystates
immedately below the Fermi level, and the states in the conduction band are dominated
by RE d states.As with many other rarearth pnictide oxide structures, the density of
states approaching the Fermi level becomes quite small, which may explain thelyelative
high electrical resistivity valueslo significant differences are noticed between any of the
calculated electronic structures, which agree with the similar values in electrical

resistivities obtained by our experiments.
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Figure 6.4. Calculated electonic band structures for the CaGd;ShsOs5 structure
(left) and Ca,Gd7BisOs structure (right).
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6.4 Conclusions

Substituting rare earth with calcium REPnsOs was shown to yield pure,
chargebalanced C&REPnsOs phases upon high temperature reactionrsmi@@es of
CaREPREOs were observed to be much more staldesusthe correspondin@EPnsOs
phaseswhen prepared by similar methodalthough the former are still moisture
sensitive. Xray powder and single crystal diffraction experiments confirmed tiet t
CaREPREOs phases crystallize in the sarRé/n structure type as the pareREPnsOs
phases, and in most cases display the same twinning laws. The acquagdsiXgle
crystal data suggested residual electron density onalsée2 which was assigned to be
partially filled with calcium.

Electrical resistivity and Seebeck coefficient measurements performed on pure
CaREPREOs samples yielded semiconducting behavior fopREASIOs phases and
semimetallic behavior for GREBIisOs phases, in contrast to the metallic nature of the
parent REPnsOs  structures. Unfortunately, the electrical resistivity and Seebeck
coefficient values are not ideal for thermoelectric applicatidhs. calculated electronic
structures seem to agree witie observed semiconducting and semimetallic behavior,
although our ability to verify the nature of the pseudogaps by this method is limited by

the precision of our calculations.
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Chapter 7. Conclusions and Future Work

This dissertation covers tleynthess, structural featuresand physical properties
of the RERE")3SbQ;, CaRE;SbQ,, CaREShiO10, REBiOs, REBisOs, CaREShOs,
and CaREBIsOs phases, where applicable. The goal of these peojeas to design a
material that would combine the etgcal propertiesof a RE-Sb/Bi framework with the
thermally insulating properties of RE-O framework, resulting in a structurally complex
phase thatould potentiallyperform well as a thermoelectriOur studies concluded that
most of these phases haslectrical resistivities a few orders of magnitude too great for
use in thermoelectric devices, by comparison to other commonly used materials such as
Bi,Te; and ZnSh;. However, these materials may be potentially useful if optimized due
to their goodthermal stabilities and tunable electrical properti@s is the case with
CaRESk01. Furthermore,our studies may also helpharacterizethe RE-Sb/BiO
system collectively with respect to both a chéral and physical perspective. By
understanding theelationships between these phases,may be able todiscover and

characterizdéuture materials.

7.1 Structural Features

The RE-Sb/BrO phases discussed in this dissertation adopt a wide variety of

crystal structures, but are all related by a fundamental thdiost.phass aredefined by
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building blocks consisting dRE,O tetrahedra stitched together as repeating units. These
building blocks may consist of two, three, four, or BEO units, depending on the
phase. In the case ofRERE');SbQ;, CaRE:SbQ, CaREShO:, REBiOs; and
REsBi30g, the tetrahedra in the same building blocks are connected by edge sharing while
the different building blocks themselves are connected by corner sharing. These building
blocks form a 3D network that extends in the direction of the primary symmetrybaxis (
axis for the monoclinic phasesaxis for the tetragonal phaseg)ternatively, inthe case

of REPnO,, the RE,O tetrahedra are instead stitched together in a single unit by edge
sharing, forming a two dimensionBE-O framework that extends indefinitellfor each

of these structures, thREO framework defines empty channels or platest are
occupied by Sb and Bi atoms. Since each phase contains Sb and Bi coordinated around
the electropositive rare earth atoms, we can conclude that each of these species are

anionic, thus preserving the origirRE-Sb/Bi framework at least to some axte

7.2 Chemistry and Structur al M odification

In order for the physical properties of potenfE:-Pn-O phases to be ideal for
thermoelectric applications, each phase must exist as a suboxide, containing anionic
antimony or bismuth. The reactions betwé&daPnand RE,O3 (and other specieshust
be carried out in a safe, controlled, and inert atmosphefeght temperaturesOur

synthetic approaches were designed in such a way g@sotade enough energy to
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rearrangeREPn and REO bonds, but also avoid unwanted oxidation or losses of
antimony/bismuth

The chemistry behind tHRE-Pn-O phases is both diveraad complex, with most
of the phases explored in this dissertation requiring very specific heating tadds
conditionsto produce.For instance, e tetragonal RERE');SbQ; phase can only be
formed using very high temperatures 1550°C or greatermswell as two rare earth of
sufficiently different size in order to stabilize its arrangemenRBIO building blocks.
Likewise, the GeBiO3; and GdBizOg phases could only be formed in a very narrow range
of temperatureg~1300°C)with very precise compositions. The difficulty in preparing
these phases originates from the difficulty of introducing bismuth atoms intoREB&€x
framework due to size constraints: a problem easily circumvented,Bi@ddue to the
stacking of GO andBi layers in its crystal structure. As sudREBIO; is by far the
most thermodynamically stabRE-Bi-O phase studied to date and is the product of
nearly every other experiment performed in this system to date.

The C&RESbQ and CaRESkO, phases shara trait with theRESbG; and
RESk;Og phases in the sense that excessive heat treatments of one phase will yield the
other. As such, (RE;SbQ, could be obtained via short reaction tines1600°Cas a
kinetic product, while C&REsSh;010 would gradually érm over time as a thermodynamic
product. However, pure samples of,RBsSs0,0 could not be obtained in this way due
to large differences in stoichiometry, and insteadgctions ai300°Cusng of elemental

calcium and antimony &rerequired.Interestingly, the Sb atoms in {RE;Sk0, were
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observed to be disordered along thdifection in their respective unit cells, and the
degree of disorder could be modified by the substitution of one rare earth for another.
This feature was determined itdfluence its physical properties, as discussed in Chapter
4,

Finally, the CaREPnsOs phases can also be prepared as charge balanced,
calciummixed derivatives of the pareREPnsOs phases. Much like thRE,PnO, series,
these phases contain alternatirigcks of RE-Pn and RE-O layers, which allows the
lattice to relax and accommodate both antimony and bismuth easily. As such, these
phases are significantly easier to prepare than &&d?n-O phases, but were shown to
convert toRE,PnO, at medium temperates, indicating thaREPNO; is likely the most

thermodynamically stablRE-Pn-O phase currently known.

7.3 Physical Properties

Despite the interestingroperties of theREPn-O phases from a structural
perspective, none of the phases discussed irdibsertation pose any immediate use as
thermoelectric materialas a result of their high electrical resistivitieislow Seebeck
voltages However, we were successful in each case by creating an activation energy and
introducing structural complexity ifé RE-Pn framework. The C&RESkO,0 phases in
particular may show promise for future modification. As demonstrated from our

experiments in Chapter 4, the electrical resistivity sharply decreases when shifting from
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left to right in the rare earth serieshi§ unexpected behavior is the result of modifying

the extent of Sb disorder and the subsequent range of Anderson localized states. If later
members of the series, such asBaSh0;, or CaEr;Sh0;0 could be prepared in high
purity, they may attain valge of electrical resistivity that would be suitable for
thermoelectric materials, assuming that the trend observed for the earlier members of the
series is preserved summary of room temperature electrical resistivity and calculated

activation energy vaks for theRE-Pn-O phases is summarized in Table 7.1.
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Table 7.1 Room temperature electrical resistivity values and electronic band gaps of
selectedRE-Pn-O phases
Room temperature

Activation energy

Series Phase electrical resistivity ev)
(g cm)

Lay sDy1.55h0; 1.05 0.11
(RE'RE")3SbO;  LaysHo1sSbQy 1.05 0.093
Ce sH01 5ShG; 0.223 0.044
CaCeSbhQg, 18.4 0.22
CaPgSbQ, 38.1 0.33

CaRE38b04
CaSmSbQ, 23.1 0.31
CaGgShQ, 77.4 0.28

CaNdsSk01¢ 10340 -

CaNd;SmySh;040 910 0.44

C&zREng\golo
CaSmsSh010 73.4 0.26
CaSmGd,;Sh04g 11.0 0.32
GdgBiz0g GdsBiz0g 33.9 0.046
CaPrSh0s? 2.65 0.033
CaSm;SkhOs® 1.92 0.058

CazRE7Sb505
CaGd;ShOs® 1.52 0.048
Casz7Sl3505a 1.52 0.042

CaGd;BisOs® 0.151 -

Ca,RE;BisO
2T CaDyyBisOf 0.108 i

& Currently npublished data
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7.4 Further Exploration of the RE-Pn-O System

The discovery of the G¥5SbQy and CaRESk;Oi0 phases was the result of
altering the electron count of the system by the introduction of divalent calcium. Due to
their similar size, calcium and rare earth atoms function similarly in terms of the
structural features of these phases. The aforementiphades cannot be prepared
without calcium, as it is not possible to achieve the correct electron count in either case
when using only rare earth atoms. Thus, it may be possible to discover new phases as a
result of heteroatom substitution RE-Pn-O. The nost obvious approach would be to
select atoms that maintain a similar atomic radius when compares teardh Based on
this criteron, two elements immediately gain interest: sodium and thorium. When
comparing six coordinate atomic radii, monovalentisoddisplays an atomic radius
nearly identical to C&, while tetravalentthorium displays an atomic radius nearly
identical to Gd".**' A novel structure that contains these elements mixed with calcium or
rare earth may be possible as a resultref/ipusly unobtainable electron counts. While
sodium and thorium can be difficult to handle due to reactivity and radioactivity,
respectively, they present an exciting exploratory synthetic approach that may yield new
phases.

Preliminary studies conducteoh introducing other species into tlREPN-O
framework have yielded some interesting results. The reacticm M&CaSm-Sb-O

systemat 1375°Chave yielded Xray powder data that carnnbe indexed as any known
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phase, althougbur efforts to obtain a single crystal for analysis have been unsuccessful
to this point.More interestinglypur experiments have led to an interesting breakthrough
asaresult offurtherexploring the C&RE-BIi-O system. A crystal of GREBizO has been
successfully isolated, collected, and solved in the orthorhorfbima space group

(Figure7.1).

a
b
® CaRE
¢ Bi
e O

Figure 7.1. The Ca/REBI3O structure, viewed along the edirection. This structure
featuresisolated (CaRE),O tetrahedra and a three dimensionaRE-Bi framework.

The CaRBEBI;O phase crystallizes in the §BisF structure typE®, which is itself
a halogerstuffed variant of theMnsSis structure typeUnlike other RESb-O phases
before it, the CAREBi3O phase is unique in the sense that it contains isoRE&Q
tetrahedra which do not form extended building blocks. THeRE€ tetrahedra are
distributed between REBi framework that extends in three dimensions. The bismut

atoms only bond to rarearth atoms, and do not appear to form dimer pairs, suggesting
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the presence of Bi The analogous antimonide phases are also known feBlgta,
CaShsF, and BgShCl, and adopt the hexagorfas/mcmspace group® This new type
of atomic arrangement may vyield better thermoelectric properties on account of an

extendedRE-Pn network, and may also lead to the discovery of REAPN-O phases.
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Appendix.

Al. X-ray Powder Diffraction Data

This section includes the Rietveld refinements of th@yXpowder data collected
for the pure samples used for physical property measurements of each respective phase,
as well as impure sargs usedo confirm the existence of related phases. The Rietica
progrant** was used to refinbackground contributions, peak shapes, lattice parameters,
and impurity concentrations. The data obtained fromay single crystal experiments
was used as a starting model, whegpligable. The site occupancies of the atoms in each
structure were not refined, and were instead fixed to the values obtained fronrdiie X

single crystal solutions.
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Al.1Tetragonal (RE'RE")3SbOs
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Figure Al-1. Rietveld refinement of the Xxray powder data collectedfor a
Lay sDy15Sb0O; sample.
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Figure Al-2. Rietveld refinement of the Xray powder data collectedfor a
La; sHo; 5SbO3 sample.
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Figure Al1-3. Rietveld refinement of the Xray powder data collectedfor a
Ce1sDy155b0O; sample. This sample was not measured for physical properties, but
can confirm the existence of the GgDy; sSbO; phase.
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Figure Al-4. Rietveld refinement of the Xray powder data collectedfor a
Cey1 5HO01 5Sb0O3 sample.
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Figure A1-5. Rietveld refinement of the Xxray powder data collectedfor a

CaCe;ShO, sample.
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Figure Al1-6. Rietveld refinement of the Xray powder data collectedfor a
CaPr3SbO, sample.
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Figure Al-7. Rietveld refinement of the Xxray powder data collectedfor a

CaNd;SbO, sample.
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Figure A1-8. Rietveld refinement of the Xray powder data collectedfor a
CaSmSbO, sample.
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Figure A1-9. Rietveld refinement of the Xxray powder data collectedfor a
CaGds;SbO, sample.
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Figure A1-10.Rietveld refinement of the xray powder data collectedfor a

CaDy3SbO, sample. This sample was not measured for physical properties, but can

confirm the existence of the CaDy8bO, phase.
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Figure Al-11.Rietveld refinement of the Xray powder data collectedfor a

CapNdgSh;010 sample.

1,100 4
1,000
900 |
600 4
700
600
500
400 4
300 |
200
100

-100 §
-200
-300 4

st

0
I

-400 4

+ Experimental data
Calculated pattern
Difference

Bragg reflections

+4

20

25 30 35 40 45 50 55 60 65

2 theta (degrees)

70

Figure A1-12.Rietveld refinement of the Xray powder data collectedfor a

CapNdsSmySbz019 sample.
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Figure A1-13.Rietveld refinement of the Xray powder data collectedfor a
CapSmgSh;040 sample.
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Figure Al-14.Rietveld refinement of the X-ray powder data collectedfor a
Ca,SmyGd,Sh0;0 sample.
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Figure Al1-15.Rietveld refinement of the Xray powder data collectedfor a
GdgBizOg sample.
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Figure A1-16.Rietveld refinement of the Xray powder data collectedfor a
Ca,Ce;Sbs0Os sample.
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Figure Al1-17.Rietveld refinement of the Xray powder data collectedfor a
CazPr7ShsOs sample.
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Figure A1-18.Rietveld refinement of the xray powder data collectedfor a
CaSn;ShsO5 sample.
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Figure A1-19. Rietveld refinement of the Xray powder data collectedfor a
CayGd;SbsO5 sample.
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Figure A1-20. Rietveld refinement of the Xray powder data collectedfor a
Ca,Gd;BisOs sample.
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Figure Al1-21. Rietveld refinement of the Xray powder data collectedfor a

Ca,Dy7;SbsO5 sample.
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Figure A1-22. Rietveld refinement of the xray powder data collected fora
Ca;Dy;BisO5 sample.
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A2. Additional X -ray Single Crystal Data

This section includes Xay single crystal data collected for phases not presented

in themain body of the thesis.

Table A2-1. Crystallographic and refinement data fora Dy;SbO; crystal.

DysShG;
Refined
composition DysSbCy
Space group C2/m
a 13.051(3)A
b 3.8395(83 A
o 11.683(2)~A
b 118.06(3)°
Cell Volume 516.6(2) R
Z 4
20 O h (
Index ranges 5 O k O
-18 O | (
2d r ang¢ 7.08°- 68.94°
Total reflections 4614
Goodnessof-fit 2 464
on F2
R;=0.0441
R-indices WR, = 0.0535
R;: (all data) = 0.0511
Extinction
coefficient 0.00059(4)
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Table A2-2. Atomic parameters forthe Dy;SbO; crystal.

Atom syrr?::meetry Occupancy X y z Ueq

Dyl 4i 1 0.1191%8) 0 0.44372(9) 0.00892)
Dy2 4 1 0.3427§9) 0 0.7933(1) 0.0084(2)
Dy3 4i 1 0.87288(8) O 0.09836(9) 0.0099(2)
Shl 4 1 0.8834(2 05 0.3198(2) 0.0121(4)
01 4 1 0.31169) 0 0.591(1) 0.010(2)
02 4 1 0.334(1) 0 0.982(1) 0.016(2)
03 4i 1 0.435(1) 0.5 0.806(1) 0.015(2)
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Table A2-3. Atomic parameters for the C&RE3;SbO, crystals.

Atom Site  Occupancy X y z Ueq
Cap.o54€0.950450b0

Ca/Ce 8h  024/0.761) 04066%6) 0236017) 0 0.0L142)

Sb 2a 1 0 0 0 0.01094)

0 gh 1 017567) 03588(3 O 0.013(1)
Cay.012Pr2.99250b04

CalPr 8h 0253/0.7474) 0406333) 02364q3) O 0.010339)

Sb 2a 1 0 0 0 0.007(2)

0 8h 1 0176Q3) 036003 O 0.0126(6)
Cay.01(aNd2.99(4Sb 04

Ca/Nd 8h  025/0.741) 04063q7) 02355%7) 0 0.0L142)

Sb 2a 1 0 0 0 0.01094)

0 gh 1 0.17668) 03589(3 O 0.014(1)
Cay.1525Mb 8525004

Ca/Sm 8h 0.288/0.71%25) 04055d3) 0.2377q4) 0 0.00881)

Sb 2a 1 0 0 0 0.0022)

0 gh 1 017614) 036054 O 0.01267)
Cay 172502832500,

Ca/Gd 8h 0.293/0.7074) 0.405043) 0.238243) 0 0.008688)

Sb 2a 1 0 0 0 0.0012)

0 8h 1 017653) 036133 0 0.0126(6)
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Table A2-4. Atomic parameters for the CaREgSh;01 crystals.

Atom Site  Occupancy X y z Ueq
Ca.034)Pr7.974/Shz 963010
Cal 4i 0331(7)  0.814(1) 0 0.0797(7) 0.0108(3)
Pr1 4i 0.669(7) 0.8271(1) 0  0.06432(8) 0.0108(3)
Ca2 4i 0.122(1) 0.09547(7) O 0.1518(8) 0.0117(3)
Pr2 4i 0.724(8) 0.0942(1) 0  0.13618(7) 0.0117(3)
Ca3 4i 0231(7)  0.418(1) 0 0.235(1) 0.0133(3)
Pr3 4i 0.769(7) 0.43739(9) 0  0.25062(8) 0.0133(3)
Ca4 4i 0.120(7)  0.265(2) 0 0.692(1) 0.0111(2)
Pr4 4i 0.880(7) 0.29385(7) 0  0.68150(4) 0.0111 (2)
Ca5 4i 0.059(7)  0.364(3) 0 0.495(3) 0.0113(2)
PI5 4i 0.941(7) 0.35313(5) 0  0.46466(6) 0.0113(2)
Sbl 2b 1 0 0.5 0 0.0195(4)
Sb2 8j 0.491(4) 0.03143(7) 0.086(2) 0.38820(6) 0.024(1)
o1 4 1 0.2356(6) 0 0.0691(4) 0.017(2)
02 4 1 0.6060(5) 0 0.2062(4) 0.016(1)
03 4 1 0.0772(6) 0 0.8215(4) 0.019(1)
04 4 1 0.2959(6) 0 0.3154(5) 0.028(2)
05 4 1 0.2326(5) 0 0.5566(3) 0.013(1)
Cap 233Nd7.77¢3S2 970010

Cal 4i 0.341(5) 08134(7) O 0.0776(5) 0.0109(2)
Nd1 4i 0.659(5) 0.82729(7) 0  0.06416(6) 0.0109(2)
Ca2 4i 0.289(5) 0.1212(6) O 0.1527(5) 0.0114(2)
Nd2 4i 0.711(5) 0.09385(6) 0  0.13615(5) 0.0114(2)
Ca3 4i 0.261(5) 0.4188(7) O 0.2358(6) 0.0117(2)
Nd3 4i 0.739(5) 043762(5) 0  0.25073(5) 0.0117(2)
Cad 4i 0.146(5)  0.271(1) 0 0.693(1) 0.0110(2)
Nd4 4i 0.854(5) 0.29404(5) 0  0.68018(3) 0.0110(2)
Ca5 4i 0.080(6)  0.362(2) 0 0.493(2) 0.0122(2)
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Nd5 4 0.920(6) 0.35244(3) 0  0.46445(4) 0.0122(2)
Sbi  2b 1 0 0.5 0 0.0200(2)
Sb2 8  0491(3) 0.03118(5) 0.041(1) 0.38847(4) 0.0217(7)
o1 4i 1 0.2366(4) 0  0.0700(3) 0.015(1)
02 4i 1 0.6064(4) 0 0.2061(3) 0.017(1)
03 4i 1 0.0778(4) 0 0.8212(3) 0.019(1)
04 4i 1 0.2955(5) O  0.3146(5) 0.028(1)
05 4i 1 0.2334(4) 0  0.5564(3) 0.0114(9)
Cay 11(a5My7.89(252.99(30 10
Cal 4 0.341(6) 0.815(1) 0 0.0758(7) 0.0090(3)
Smil 4 0.659(6) 0.8277(1) 0 0.06362(8) 0.0090(3)
Caz2 4 0.278(7) 0.119(1) 0 0.1523(7) 0.0105(3)
Sm2 4 0.722(7) 0.09405(8) 0 0.13665(6) 0.0105(3)
Ca3 4 0.232(6) 0.421(1) 0 0.237(1) 0.0115(2)
Sm3 4 0.768(6) 0.43688(8) 0 0.24996(7) 0.0115(2)
Ca4 4 0.115(6) 0.306(5) 0 0.686(4) 0.0101(2)
Sm4 4 0.885(6) 0.2937(1) 0 0.6812(1) 0.0101(2)
Cab 4 0.091(7) 0.363(2) 0 0.491(2) 0.0120(2)
Smb5 4 0.909(7) 0.35172(5) 0 0.46477(6) 0.0120(2)
Sbil 2b 1 0 0.5 0 0.0164(3)
Sb2 8j 0.497(4) 0.03026(7) 0.0446(9) 0.38877(5) 0.0174(6)
01 4 1 0.2364(5) 0 0.0705(3) 0.013(1)
02 4 1 0.6062(5) 0 0.2067(4) 0.018(2)
03 4 1 0.0767(5) 0 0.8210(3) 0.015(1)
04 4 1 0.2933(6) 0 0.3124(6) 0.034(2)
05 4 1 0.2333(5) 0 0.5565(3) 0.012(1)
Cay.08(4507.92452.97¢3P10
Cal 4 0.339(7) 0.821(2) 0 0.075(1) 0.0091(3)
Gd1l 4 0.661(7) 0.8276(2) 0 0.0632(1) 0.0091(3)
Ca2 4 0.279(8) 0.114(1) 0 0.1529(9) 0.0098(3)
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Gd2 4i 0.721(8) 0.09345(9) O 0.13639(7) 0.0098(3)
Ca3 4i 0.221(7)  0.421(1) 0 0.240(2) 0.0110(3)
Gd3 4i 0.779(7)  0.4371(1) 0 0.2500(1) 0.0110(3)
Cad 4i 0.096(8)  0.277(4) 0 0.692(3) 0.0093(2)
Gd4 4i 0.904(8) 0.29492(7) 0 0.68085(5) 0.0093(2)
Ca5 4i 0.106(8)  0.360(2) 0 0.491(2) 0.0123(2)
Gds 4i 0.894(8) 0.35106(5) O 0.46438(7) 0.0123(2)
Sh1 2b 1 0 0.5 0 0.0141(3)
Sh2 8j 0.4%2(4)  0.03010(8) 0.045(1) 0.38925(6) 0.0143(7)
o1 4i 1 0.2360(6) 0 0.0705(4) 0.014(2)
02 4i 1 0.6057(6) 0 0.2071(4) 0.015(2)
03 4i 1 0.0773(6) 0 0.8214(4) 0.017(2)
04 4i 1 0.2917(8) 0 0.3102(7) 0.035(3)
05 4i 1 0.2343(5) 0 0.5571(4) 0.011(1)

Cay.015)1Ds.09553.012010

Cal 4i 0.321(5)  0.815(1) 0 0.0732(9) 0.0077(3)
Th1 4i 0.679(5)  0.8283(1) 0 0.06483(9) 0.0077(3)
ca2 4i 0.246(6)  0.122(1) 0 0.1540(8) 0.0095(2)
Th2 4i 0.754(6) 0.09425(7) O 0.13702(5) 0.0095(2)
Ca3 4i 0.218(5)  0.424(2) 0 0.240(2) 0.0100(2)
Th3 4i 0.782(5)  0.4366(1) 0 0.24971(9) 0.0100(2)
Cad 4i 0.050(4)  0.268(3) 0 0.729(2) 0.0088(1)
Th4 4i 0.950(4) 0.29476(4) O 0.68117(3) 0.0088(1)
Cca5 4i 0.118(6)  0.364(2) 0 0.491(2) 0.0112(2)
Th5 4i 0.882(6) 0.35143(5) O 0.46528(5) 0.0112(2)
Sb1 2b 1 0 0.5 0 0.0124(3)
Sb2 8 0.504(3)  0.02978(6) 0.0458(7) 0.38877(5) 0.0120(5)
o1 4i 1 0.2362(5) 0 0.0702(3)  0.014(1)
02 4i 1 0.6053(5) 0 0.2075(3) 0.013(1)
03 4i 1 0.0775(5) 0 0.8214(4) 0.015(1)
04 4i 1 0.2907(7) 0 0.3083(6) 0.040(2)
05 4i 1 0.2343(5) 0 0.5573(3) 0.010(1)
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Table A2-5. Atomic parameters for the CaRE;PnsOs crystals.

Atom Site Occupancy X y z Ueq
Cay.161Pr7.000 505
Cal/Prl  2c  0159/0.8412) 025 025  03272(1) 0.00922)

Ca2/Pr2 8y  0208/0.7922) 0.1471%5) 0952335) 0.66184(4) 0.0100§8)
Ca3/Pr3 8y  0252/0.74§2) 0332635 0024935 0.99766(7) 0.0127(1)

Cad 2a 0.16(1) 0.25 0.75 0 0.01272)

Sh1 2c 1 0.25 025  0.6852(1) 0.0102(2)

Sh2 8g 1 0.15255(5) 0.94805(5) 0.30200(4) 0.009347)

o1 2¢ 1 025 025  0076(1) 0.0132)

02 8g 1 013196) 09733(9 0.9088(6) 0.0122(9)
Cay.122(85M7.000(8>0505

Cal/Sml 2c  0.187/0.81%2) 025 025  0.32703(8) 0.008(1)

Ca2/Sm2 8g  0204/0.7962) 0.1469%4) 0952873) 0.66118(3) 0.00946)
Ca3/Sm3 8g  0249/0.7512) 03328§3) 0024743) 0.99806(6) 0.010117)

Cad 2a 0.1228) 0.25 0.75 0 0010117

Shi 2c 1 0.25 025  0.6826(1) 0.0100(1)

Sh2 8g 1 0.15303(3) 0.94753(4) 0.30252(4) 0.00961(5)

o1 2c 1 025 025  0069(1) 0.012(1)

02 8g 1 013104) 09738(4 0.9103(5) 0.0106(7)
Cay.045(6507.00065505

Cal/Gd1l 2C 0.232/0.7681) 0.25 0.25 0.32628(5) 0.008238)

Ca2/Gd2 8g 02407/0.7598) 0.146882) 0.953132) 0.66136(2) 0.008585)
Ca3/Gd3 8y  0201/0.79¢1) 0.3332G2) 0.0248Qq2) 0.99828(2) 0.008875)
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A3. Additional Electronic Structures

This section includes the calculated electronic structures of phases for which X
ray single crystal solutions were obtained, but were not included in the cdiseumdsed

in each chapter.
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Figure A3-1. Calculated electronic structure of La sDy; sSbOs.
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Figure A3-2. Calculated electronic structure of La sH01 sSbOs.
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Figure A3-3. Calculated electronic structure of CesHo; 5SbOs.
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Figure A3-4. Calculated total and partial densities of states (DOS) for G8bO, (top

left), PrsSbO, (top right), Nd4,SbO, (bottom left), and Gd,SbO, (bottom right). The
Ca/RE site is assumed to be occupied BYE atoms. The Fermi levels are placed at
the energies corresponding to the electron count of the ®&;SbO, composition.
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Figure A3-5. Calculated total and partial densities of states (DOS) for RpS;O19
(top left), Nd10ShsO10 (top right), Gd10Sh;O1 (bottom left), and Th;cSb;O10 (bottom
right). All Ca/ RE sites are assumed to be occupied RE atoms only. The Fermi
levels are placed at the energies corresponding tioe electron count of the
CayREgSh;0;0 composition.
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