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Abstract ii 

Abstract 

Crystals of the overdoped cuprate superconductor T l 2 B a 2 C u 0 6 ± 5 , with Tc's ranging 
from 5K to 90K, have been grown by a copper-rich self-flux method and charac­
terized by X-ray Diffraction and with a SQUID magnetometer. The as-grown 7"c's 
were several Kelvin wide, the crystals studied were found to be multi-domain, and 
the c-axis lattice parameter was found to be 23.143(2) A for a Tc = 5K crystal. 

The successful growth of T I 2 B a 2 C u 0 6 - t 5 hinged on the ability to exclude carbon 
while containing the thallium oxides. 

This study of Tl2Ba2Cu06±<s, while still in its infancy, has the potential to reveal 
a great deal about the cuprate superconductors. 
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Chapter 1 

Introduction 

In the sixteen years since the discovery of high-temperature superconductivity!"!], a 

remarkable amount of effort has been applied to understanding these compounds, 

resulting primarily in a realization that we do not understand them very well. Theo­

rists rely on experimental results to provide insight into the nature of the materials, 

and experimentalists depend on their collaborators to supply them with decent 

samples. The complex nature of the compounds involved makes purity, homo­

geneity and disorder key concerns when preparing samples, and sample quality is 

arguably the most serious problem in the field. ' 

In the underdoped and optimally-doped regimes (see Figure 1.1), YBa 2Cu 306+5 

(YBCO) crystals have been grown with very high purity[2, 3], and several oxygen-

ordered phases may be prepared[4, 5], with exceptionally low disorder. Many other 

compounds are studied in this regime, typically with much lower sample quality and 

far more disorder. With most experimental superconductivity research having been 

focussed on this part of the phase diagram, there is a staggeringly large body of 

data on such compounds. This allows theorists a great deal of latitude when at­

tempting to explain one or two experimental results, but due to issues such as 

sample quality and the unique limitations of every experiment, this body of data is 

sufficiently self-contradictory that theorists cannot fit all data. 

In stark contrast to this situation, the overdoped side of the phase diagram has 

been very poorly studied. Only a handful of compounds are known which can be 

overdoped to any significant degree, and crystals of these are seldom grown, rarely 
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Figure 1.1: Generic cuprate phase diagram. The undoped parent compound is an 
antiferromagnetic Mott insulator (AFM on the diagram), but hole dop­
ing (p) rapidly kills this phase, replacing it with af-wave superconduc­
tivity (dSC). The "normal state" above optimal doping seems to have 
a linear resistivity (p ~ T 1 ) , and might be satisfactorily modelled by 
Marginal Fermi Liquid theory, the pseudogap state at lower doping re­
mains poorly understood despite considerable theoretical work, and 
the overdoped regime might have a Fermi liquid normal state, although 
there is insufficient evidence to draw a firm conclusion. The grey area 
at the AFM-dSC boundary has been poorly studied except in LSCO, 
and may exhibit rich internal structure. 

studied, and have not typically been prepared as successfully as the underdoped 

compounds. 

The reason for this is simple: with the exception of L a 2 - x S r I C u 0 4 (LSCO), the 

compounds which can be heavily overdoped contain either mercury or thallium, 

both of which are extremely toxic and are volatile in the growth conditions. Most 

crystal growers avoid them in favour of easier-to-handle alternatives. With few 
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samples available, and with experimentalists cognizant of the fact that the avail­

able samples contain particularly poisonous ingredients, relatively little research 

has been done on these compounds. The exception, LSCO, is cation-doped and 

intrinsicly disordered. It exhibits features not observed in other cuprates, such as 

spin glass phases and a notch in the Tc vs. doping curve apparently due to stripes, 

and it is unclear whether data taken on LSCO can be considered representative of 

the cuprate superconductors. LSCO can, however, be overdoped to Tc= 0. 

With poor samples being used in the few experiments being performed, re­

sults on overdoped compounds are particularly open to question, and the lack 

of experimental work has permitted very little theoretical work to be done. If the 

overdoped regime's normal state is a close approximation to a Fermi liquid, as 

most researchers in the field believe, this would make studies of the overdoped 

regime important - Fermi liquids are well understood, while the normal states in 

the underdoped regime are not, so there might be an opportunity to understand the 

mechanisms leading to superconductivity on the overdoped side, possibly deriving 

the superconductivity from first principles. There is, however, a lack of evidence 

for this picture, and the normal state in the overdoped regime may be a new state 

of matter, or may even exhibit several new states of matter. This potential for new 

physics is still more exciting. 

Fermi surface mapping techniques such as cyclotron resonance and de Haas-

van Alphen oscillations must be applied at low temperatures, and in the normal 

state to avoid the gap, requiring either a very low 7"c or a very low H c 2 . These tech­

niques have not been successfully applied to strongly-underdoped compounds, 

due to their short mean free paths, but strongly-overdoped T I 2 Ba 2 Cu0 6 ± ( 5 might 

be more conducive to such measurements. All Fermi surface data thus far has 

come from ARPES, which can only probe a sample's surface, and is thus highly 

susceptible to surface states. An astonishing array of other techniques which have 
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been applied to underdoped compounds have not been tried on the overdoped 

side, primarily due to a dearth of samples. 

1.1 TI2Ba2Cu06±<5 

The Hg-Ba-, Bi-Sr- and TI-Ba-Ca-Cu-0[6] systems have single-layer overdoped 

members of which crystals can be grown, the "2201" (TI:Ba:Ca:Cu = 2:2:0:1)) com­

pounds (TI 2 Ba 2 Cu0 6 ± ( 5 and B i 2 S r 2 C u 0 6 ± 5 ) and Hg-1201 (HgBa 2 Cu0 5 _ a ; ) . These 

have simpler crystal structures than almost any of the underdoped compounds and 

have strictly planar C u 0 2 layers, both of which aid data analysis and the former of 

which improves the odds of preparing homogeneous samples. These compounds 

are overdoped when stoichiometric. Bi-2201 is extremely two-dimensional, while 

TI-2201 is one of the most three-dimensional cuprates - this makes TI-2201 easier 

to study with microwaves. We chose the thallium compound over the mercury one 

for its lower toxicity, its accordingly less-stringent safety considerations, and the 

accessibility of information on previous work. Hg-1201 has a defect whereby Cu 

substitutes for Hg; a similar defect may exist in TI-2201, but there is evidence that 

it can be controlled in ceramic samples. 

TI-1201 (TIBa 2Cu0 5_ a ;) also exists, but crystals of it have not been grown, and 

it is prepared at very high pressures. 

The crystal structure of T I 2 B a 2 C u 0 6 ± 5 (TI-2201) is shown in Figure 1.2. Con­

secutive C u 0 2 planes are shifted by (\ \ 0), but are otherwise equivalent. 

The oxygen content is not believed to vary significantly from 6.00 (S = 0), but 

only relative oxygen contents have ever been directly measured. What is known 

for certain is that a very small change in oxygen content causes a massive change 

in Tc - the difference between optimal doping and Tc = 0 corresponds to a change 

in 5 of roughly 0.09[7, 8]. For comparison, YBa 2 Cu 3 0 6 + ( 5 first superconducts at 
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Figure 1.2: Unit cell of T I 2 B a 2 C u 0 6 ± « 5 . 

0 6 . 3 5 and reaches optimal doping at 0 6 . 9 2 . 

All oxygen nonstoichiometry in TI-2201 is believed to occur in the TIO double 

layer, the farthest point from the C u 0 2 planes. For dopings 8 > 0, the excess 

oxygen is thought to occupy interstitial sites in the tetrahedral holes between thal­

lium atoms[8-10]. These results, however, are far from convincing, as they come 

from fitting to powder X-ray and neutron diffraction data and do not allow for the 

possibilities of substitution of CO for TI, thallium vacancies, or in one case, cation 

substitution. In the former scenario, the CO's oxygen atom would likely occupy the 

interstitial site, but with a very different effect on doping. 

One drawback to T I 2 Ba 2 Cu0 6 ± ( 5 is that it is believed to exist in two phases, or­

thorhombic and tetragonal, which may be chemically distinct. The former has the 
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stoichiometric formula T I 2 B a 2 C u 0 6 ± < 5 , and has a rhombic C u 0 2 plaquette instead 

of square; to our knowledge, all crystals grown thus far have been tetragonal. 

This version may have the chemical formula T I 1 . 8 5 B a 2 C u 1 . 1 5 0 6 ± 5 , with an apparent 

~15% excess of Cu substituting for Tl[11, 12]. Cation doping typically introduces 

a great deal of disorder, so we hope to grow the orthorhombic version if possible. 

If cation substitution is unavoidable, we can take solace in the fact that the cation 

doping is located, again, at the farthest point from the C u 0 2 planes, where it will 

result in the weakest quasiparticle scattering in the planes. It must be noted that 

there are doubts as to whether the orthorhombic version of the compound super-

conducts at all. 

Tetragonal TI-2201 is known to superconduct at temperatures as high as 90 K, 

with reports of rc's as high as 110 - 115 K[10, 13, 14]. These latter crystals, 

however, grew during attempts to grow T I 2 B a 2 C a C u 2 0 8 + i , which superconducts 

around 115 K. While X-ray diffraction (XRD) scans found at least a few surface 

layers of TI-2201, it is likely that intergrowth of calcium-containing layers (TI-2212) 

was responsible for the elevated transition temperature. Orthorhombic ceramic 

samples have been observed to superconduct as well, but it wasn't clear whether 

this superconductivity was due to the orthorhombic phase itself or due to granular 

superconductivity of tetragonal phase regions. 

1.2 Tl-Ba-Cu Oxide Phase Diagrams 

Before a discussion on the relevant phase diagrams can be embarked upon, it is 

important to introduce some concepts and terminology relevant to phase diagrams. 

The Gibbs Phase Rule, 

D=C-P+N, (1.1) 
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indicates how many Degrees of freedom there are where P phases coexist in a 

C-component system with N non-compositional variables. For instance, a one-

component system wherein pressure and temperature can change can have three 

phases coexisting, but with no degrees of freedom - they can only coexist at a 

single point (the triple point of water is such a point). When three components 

are present but pressure is irrelevant, many types of region are possible, from 

points where four phases coexist to regions where a single phase exists at different 

temperatures and compositions. This is the case for the Tl-Ba-Cu oxide system. 

1100 

1000 

T l 2 B a 2 C u 0 6 

89615 

Wu0* 

CuO 

• o • • • • • 
600 

T l 2 B a 2 0 5 30 50 70 C u 0 

mole% CuO 

Figure 1.3: A slice through the Tl-Ba-Cu oxide phase diagram, showing a region 
where T I 2 B a 2 C u 0 6 ± « 5 is the primary phase, from [15]. The vertical axis 
is temperature in °C. The symbols refer to how the points were deter­
mined: A by differential thermal analysis, and o and • were single- and 
multi-phase regions respectively, as measured by XRD. 

Like many of the cuprate superconductors, TI 2 Ba 2 Cu0 6 : t ( s melts incongruently, 
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at a "peritectic point." Instead of melting into a liquid with identical composition to 

the solid, as would water or acetone, TI-2201 melts into a solid phase and a liquid 

phase, with compositions different from the original solid phase. This makes con­

trolling the inverse process, used in crystal growth, far more challenging. A peri­

tectic point may be readily observed in Figure 1.3, by following the TI2Ba2Cu06±<s 

composition up to 930°C, where it decomposes. 

Another concept which must be introduced is the "liquidus line," a curve below 

which a solid phase begins to coexist with the liquid. There are three examples in 

Figure 1.3, the most relevant being the one between 55 and 72 mol% CuO. When 

the liquid phase is cooled below this line, phase separation occurs, with a solid 

phase settling out. The compositions of the two phases follow the boundaries of a 

forbidden dome as the mixture is cooled further. In the case of the liquidus line of 

interest in this study, a "eutectic point" is reached, where the two liquidus curves 

meet in a minimum. At this lowest-melting composition, the liquid phase freezes di­

rectly into two intimately mixed solid phases, with no interceding phase separation 

regime. The example is at 72 mol% CuO and 896°C. The constant-temperature 

line passing through this point has only one degree of freedom - composition - and 

marks the coexistence of two solid phases with the liquid. This quasi-binary phase 

diagram does not include a point with four phases and no degrees of freedom. 

The thallium oxide stable at ambient conditions is T l 2 0 3 , which is also the only 

thallium oxide available from chemical suppliers. It decomposes completely be­

low 875°C (starting below 500°C) into T l 2 0 liquid and 0 2 gas[16]. The T l 2 0 thus 

formed has a significant vapour pressure at temperatures as low as 550°C, so it 

is gradually lost from any open system near growth temperatures (~950°C). Aside 

from the obvious chemical concerns about maintaining a stable position in the 

phase diagram, this gaseous thallium oxide is a serious health concern. 

One difficulty in working on T I 2 Ba 2 Cu0 6 ± 5 is the dearth of phase diagrams. The 
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almost total lack of phase diagrams is both an artifact and a cause of the scarcity 

of chemical and materials work on this system. The determination of a phase 

diagram is also strongly hindered by the thallium's vapour pressure. 

BaCuCL, 

Figure 1.4: A detail of the Tl-Ba-Cu oxide phase diagram in the vicinity of the TI-
2201 phase, under 1 atm 0 2 . From [15]. 

The only two (partial) phase diagrams of which we are aware are shown in Fig­

ures 1.3 and 1.4. The former is a quasi-binary phase diagram between T I 2 B a 2 0 5 

and CuO, and the latter is a detail of the area around TI-2201, as inferred from the 

known or suspected solid phases in the Tl-Ba-Cu oxide system. 

The keys to growing high-quality crystals by a self-flux method (Section 1.3.2) 

are finding a region in the phase diagram where the desired compound is the 

primary phase (first phase to crystallize from a melt on cooling) and working in the 

most favourable (usually the most dilute) corner of that region. The phase diagram 

(Figure 1.3) suggests that such a region exists between about 55 and 72 mol% 

CuO. Figure 1.4 depicts results inferred from a study in which only the thallium 
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content was varied, the conclusion of that study being that the tetragonal phase is 

thallium-deficient. The tie lines were inferred based on the known phases present 

in the system. 

Groups who have succeeded in growing crystals of Tl2Ba2Cu06±«5 typically 

used unoptimized compositions which happened to work for them more often than 

not, but cannot necessarily be reproduced by other groups. Thallium contents are 

reported for the mixture of powders initially placed in the crucible, but the (time-

varying) thallium content during crystal growth is generally not known. The upshot 

of all this is that copying other crystal growers' compositions is not only of little 

benefit, but stands an excellent chance of failure unless the thallium losses can be 

similarly reproduced. 

We chose to base this work on Figure 1.3, for lack of an alternative. 

1.3 Flux Growth Techniques 

Crystals may be grown in several different manners. In some methods, such as 

Czochralski growth, precursors are mixed in a near-stoichiometric ratio and melted, 

then completely (or nearly completely) crystallized. Deviations from exact stoi-

chiometry are amplified as the crystal grows, so off-stoichiometry variants of these 

techniques require either very large quantities of the reagents that they be re­

plenished, to keep the composition approximately stable. Due to the large crystal 

volumes involved, such growth techniques can take a long time. In flux or solu­

tion growth techniques, the goal is not to crystallize the entire mixture, but to grow 

a few, smaller crystals, using a melt or solution which has whatever composition 

gives the best results. An example of the former is the growth of silicon crystals 

for semiconductor applications, while an example of the latter is the formation of 

sugar crystals in a supersaturated water solution. The distinction between flux and 
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solution methods is that the flux is a solid at room temperature. 

In thallium systems, stoichiometric techniques such as seeded melt-growth and 

crystal-pulling, which make large, industrially-useful crystals, are effectively de­

feated by the thallium's high vapour pressure. Flux methods, which make smaller 

single crystals suitable for fundamental research, are made more difficult, but thal­

lium losses can be mitigated through time constraints, compositional adjustments, 

or physical barriers. 

1.3.1 KCIFlux 

Shortly after the discovery of T I 2 B a 2 C u 0 6 ± < 5 , it was found that the compound could 

be crystallized in a KCI flux[17]. A mixture of 1 - 1 0 % TI-2201 by mass was added 

to KCI, loaded into a gold crucible with a gold lid, and cooled from 920°C to 750°C 

at 1 - 10 in a slight temperature gradient. 

Crystals grown in this manner were a few mm 2 . While the use of a water-soluble 

flux made it easy to extract crystals without flux on them, water reacts with the 

surfaces of many of the cuprate superconductors, including T I 2 Ba 2 Cu0 6 ± 5 - this 

method of extrication from the KCI flux would have seriously damaged the crystals. 

In addition, any flux inclusions within the crystal would not have been removed by 

the water. It is also worth noting that KCI itself is volatile at growth temperatures, 

and would have added its partial pressure to that of the thallium oxide, making 

the reaction mixture more difficult to contain and its composition more difficult to 

control. 

A far more serious concern is infiltration of K and Cl into the crystal. If these 

replaced ions in the crystal (for example, K may substitute for Ba), they would alter 

the crystal's doping and add disorder, likely depressing Tc. 

While using this sort of a flux growth technique produces sizable crystals which 

do appear to be very high quality, their use in fundamental research would be 
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extremely questionable, particularly for surface-sensitive probes. 

1.3.2 Self-flux 

The problems mentioned above are largely solved by the self-flux technique, which 

uses components of the compound as flux, thus the atoms present in the desired 

crystal, here thallium, barium, copper, and oxygen, are the only species present 

inside the crucible. A handful of groups have succeeded in growing T I 2 B a 2 C u 0 6 ± < 5 

this way. 

In its most basic form, the self-flux method involves choosing a composition 

of precursors, loading this mixture into a crucible, melting it, cooling it through 

the temperature range where crystals form, and extracting the crystals. Thallium 

oxides, being volatile, usually require that the crucible have a lid to help suppress 

the diffusion of T l 2 0 vapours. The techniques summarized in Table 1.1 involved 

little more than this. 

Table 1.1: Other groups' growth parameters. It is not clear from Kolesnikov's pa­
pers whether he used inverted crucibles as lids or used no lids at all. 
This difference would have had very little impact on his results. 

Group TI:Ba:Cu Crucible Lid Temperature Program 

Torardi[18] 1 : 1 : 1 Au Au "Slow cooling" 

Liu[19] 1 : 1 : § ~ 2 A l 2 0 3 
Au 9 1 0 - 8 7 0 ° C in40h 

Tyler[11] 1.34 : 1 : | A l 2 0 3 
Au 892~895°C, 3 min. 

Kolesnikov[14] 2 : 2 : 1 A l 2 0 3 
Unclear 950°C, - 5 ^ 

Kolesnikov[10] 1 : 1 : 1 YSZ Unclear 950°C, 30 min. 
Hasegawa[20] 1 : 1 : 1 Au Au 10h@915°C, 10h to 895°C 
Hasegawa[21] 1 = 5=1 Au Au 10h@920°C, 57h to 880° C 

All groups used T l 2 0 3 , B a 0 2 (barium peroxide) and CuO as ingredients, but 

each group used its own starting composition and temperature program. It is worth 

noting that groups preparing powders and ceramics often prefer more complicated 

precursors, such as BaCu0 2 , T I 2 B a 2 0 5 , or any of the many other thallium barium 
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Figure 1.5: Other groups' growth parameters - phase diagram. Tie lines must not 
be taken literally, and the actual composition of the tetrahedral 2201 
compound is open to debate. This phase diagram is incomplete -
known omissions include several thallium barium oxides. Due to thal­
lium loss, most of these compositions drifted significantly both before 
and during growth. 

oxides[22-24]. 

While using thallium barium oxides can make the thallium less volatile before 

growth, some thallium evaporates when forming the compounds in the first place, 

so there is not necessarily a benefit from this technique. Additionally, grinding of 

highly-toxic thallium-containing powders is required, so this is inconvenient. 

Barium peroxide is used in place of more-commonly available BaC0 3 to reduce 

contamination from C 0 2 , which is a problem because of the necessity of using a 

closed system. Unfortunately, B a 0 2 is difficult to make and decomposes to BaC0 3 

in air, so it cannot easily be produced or maintained in high purity. It is thus only 
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available in technical grade (~95%), and contains such impurities as iron, calcium 

and alkalis - the use of B a 0 2 can introduce significant concentrations of impurity 

atoms into the melt. Barium nitrate, Ba(N0 3 ) 2 , is not considered because it vio­

lently evolves extremely corrosive N 0 2 gas at its melting point, 550°C, and would 

wreak havoc with both the other reactants and the apparatus. 

One disadvantage to the self-flux technique is that extracting the crystals from 

the flux is no longer as straightforward as simply soaking the crucible in a beaker of 

water. Several alternative methods have been devised to effect this separation. For 

heavy-fermion superconductors such as CeColn 5 and Celrln 5, which grow from a 

very soft and low-melting indium flux, it is possible to centrifuge the melt from the 

crystals before it hardens[25, 26]. In the case of high-purity Y B a 2 C u 3 0 6 + < 5 , the melt 

is decanted at the end of each growth run by tipping the crucible over[2, 3]. 

In all self-flux studies of TI-2201, including the present work, crystals were sep­

arated from the melt mechanically, by breaking up the solidified ingot. It is intended 

that other, less crude, alternatives will be tested once T I 2 B a 2 C u 0 6 ± < 5 crystals have 

been successfully and repeatably grown. 

1.3.3 Crucibles 

As can be seen from Subsection 1.3.1 and Table 1.1, all pre-existing crystals of 

T I 2 B a 2 C u 0 6 ± < 5 have been grown in crucibles of either alumina (A l 2 0 3 ) , gold or YSZ 

(yttria stabilized zirconia, which is Z r 0 2 with a few % Y 2 0 3 ) , typically with a gold lid. 

None of these materials are ideal. Alumina dissolves slowly in BaO-CuO fluxes, 

contaminating the melt with A l 3 + ions, which may in turn contaminate any crystals. 

Aluminum tends to replace copper in the chains in YBCO, so it is unclear whether 

or to what extent it would displace cations in TI-2201. Gold reacts with the copper 

present in these melts, but isn't expected to substitute into the T I 2 B a 2 C u 0 6 ± < 5 matrix 

to any significant degree, although this has not been tested. YSZ is the worst of the 



CHAPTER 1. INTRODUCTION 15 

three - the zirconia reacts with the melt to form solid BaZr0 3 (barium zirconate), 

which clogs up the melt, but yttrium is dissolved. This freed Y 3 + has the option 

of either contaminating the TI-2201 crystals or forming unwanted phases such as 

YBa 2Cu 306+5. 

The solution to crucible corrosion in 123 systems such as YBa2Cu306+<swas the 

use of BaZr0 3 crucibles[2, 3], which are inert to BaO-CuO fluxes. These crucibles 

are also time-consuming and expensive to make with the necessary purity. It is not 

clear whether BaZr0 3 would work in this system, but it certainly warrants testing. 

Gold, which is quite soft at growth temperatures, is used as a lid to seal the 

top of the crucible. In practice, it does not actually seal the crucible, but it acts 

as a significant barrier to the diffusion of T l 2 0 vapours, allowing the thallium to 

stay in the crucible longer - usually long enough for some crystals to grow. The 

only closed system in the above table was reported by Hasegawa et al.[21], who 

encased their sealed gold crucible in alumina cement inside an alumina crucible 

before firing. 

1.4 Oxygen Content Control 

As mentioned in Section 1.1, TI-2201 may be doped by changing its oxygen con­

tent. In practice, this means annealing it in a controlled atmosphere. Above some 

temperature, oxygen atoms in the crystal become mobile, and oxygen may enter 

or leave the crystal. Above this temperature, a chemical equilibrium is established 

between the oxygen content of the crystal and the oxygen partial pressure around 

it, the equilibrium also depending upon the temperature of the system. An oxygen 

partial pressure and anneal temperature uniquely determine an oxygen content. 

Y B a 2 C u 3 0 6 + < 5 grows strongly underdoped, and oxygen must be added for su­

perconductivity. Since the temperature may be controlled more readily than the 
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pressure, the pressure is typically fixed at 1 atm of pure 0 2 , and the annealling tem­

perature is used to set the oxygen content. As-grown T I 2 B a 2 C u 0 6 ± ( 5 , however, is 

overdoped, and the addition of oxygen suppresses superconductivity. Frequently, 

oxygen must still be added to drive Tc toward zero, but lower dopings require oxy­

gen removal. A key concern is how to add or remove oxygen without disturbing the 

thallium content. Although most doping work has been done on ceramic samples, 

many of the techniques used should produce similar results on crystalline samples. 

The technique used to remove oxygen depends on how much oxygen must be 

removed. Moderately overdoped crystals can be obtained by annealing under a 

reduced oxygen partial pressure, attained by mixing oxygen with an inert gas. It 

appears likely that optimal doping requires a very small oxygen partial pressure, 

and most groups who claim to have reached optimal doping did so by annealing in 

a strongly reducing atmosphere, such as H 2 in Ar, to forcibly rip oxygen from their 

samples. While this method is effective because the freed oxygen reacts to form 

water, that same reaction is responsible for the technique being unreproducible, 

because it relies critically upon the (uncontrolled) partial pressure of water: 

H 2 0 ^ H 2 + - 0 2 , (1.2) 

with equilibrium constant 

K = 
PHZO 

or (1.3) 

Po2 = (1.4) 

(note that K has an exponential temperature dependence). 

The water partial pressure is usually, but not always, extremely small, and may 

vary significantly. Because of this, the miniscule oxygen partial pressure may vary 
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by tens of orders of magnitude within a furnace and over time. The water partial 

pressure also depends critically on whether a nitrogen trap was used, and can de­

pend on the flow rate of H 2 , so there can be enormous variations between groups. 

H2/Ar anneals are, therefore, completely unreproducible. This has led the various 

groups to accuse each other of poor technique or of actually underdoping their 

samples. H2/Ar anneals have only proven successful on ceramic samples, where 

severe surface damage can go unnoticed. 

Several groups who grew T I 2 B a 2 C u 0 6 ± 5 crystals reported difficulties either in 

reaching extreme dopings[11], or in doping the crystals at all[14], without the crys­

tals beginning to degrade. This could be due to thallium losses, or to TI 2 Ba 2 Cu0 6 ± < 5 

decomposing. 

The only paper which reports on the relationship between oxygen partial pres­

sure, annealing temperature and Tc was [22], which should serve as an adequate 

rough guide when first annealing samples. It may not, however, prove sufficiently 

thorough, so we will have to devise our own PQ2-T-TC phase diagram. 
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Chapter 2 

Experimental 

In all growth runs, a mixture of thallium, barium and copper precursors were packed 

into a small crucible, which was then placed on an alumina tray and sealed. This 

assembly was inserted into a horizontal tube furnace, the powder was melted, 

slowly cooled through the growth region, then cooled rapidly to room temperature. 

Specifics and variations on this method are detailed below. 

2.1 Furnace 

All steps involving the heating of thallium compounds were performed in a horizon­

tal tube furnace (Thermolyne F79340) with a quartz tube insert. This furnace has a 

12" heated length, can accomodate tubes up to 3" in diameter, and is able to store 

four programs of eight ramps and eight dwells. The temperature is measured with 

a Platinel-ll thermocouple, an inert metal simulation of K-type, which is positioned 

between the tube and elements at the midpoint of the heated zone. 

The main quartz tube is roughly 1 m long, and extends about 20 cm outside 

each end of the furnace casing. The tube has inner and outer diameters of 74 mm 

and 70 mm respectively. An inner quartz tube (inner and outer diameters 69 and 

65 mm, ~20 cm long) is used to ease moving and centring of the sample within 

the furnace, and to prevent the sample assembly from scratching or spilling onto 

the main quartz tube. 

Cylindrical firebrick plugs were placed inside the main quartz tube where it exits 

the furnace. These prevent convection from spreading contaminants to the inlet 
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Thermocouple 

Figure 2.1: Schematic diagram of the furnace and gas handling system. 10% 
H 2 S 0 4 is used to scrub any remaining thallium oxides from the air be­
fore its release into the fumehood. The region marked "furnace" is 
almost entirely insulation. 

end, keep temperature gradients in check, and prevent the caps on the ends of the 

furnace from heating up. The airtight aluminum caps rely upon neoprene rubber 

O-ring seals, which could melt or deform if the aluminum were heated excessively. 

The furnace's thermocouple was calibrated against a factory-calibrated R-type 

thermocouple, which is believed to be accurate to within 1°C. A tray and outer 

crucible were placed in the furnace to simulate the standard sample assembly, 

and a third firebrick plug, with a hole along its axis for the thermocouple, was used. 

To negate any effects due to the presence of the thermocouple, measurements 

were taken as a function of horizontal position within the furnace, and from both 

ends. The calibration thermocouple had a reference joint which was held at the ice 

point. 
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2.2 Powder Preparation 

The chemicals used as precursors were purchased in the best available purity: 

T l 2 0 3 from Alfa /Esar (99.99 % pure), BaC0 3 from Aldrich-APL (99.999 %), and 

CuO from Alfa /Esar (99.995 %). The B a 0 2 used (Fisher Scientific, 96 %) was ob­

tained around 1989, and had partially decomposed into carbonate (<- 20 %). Once 

it became clear that carbonate-free B a 0 2 would be required, more was purchased 

from Sigma-Aldrich (97%). As mentioned in Subsection 1.3.2, only technical grade 

barium peroxide is available, and its use is a significant source of potential impu­

rities. BaCu0 2 was prepared from BaC0 3 and CuO by calcining at 850°C. The 

BaCu0 2 contained less residual carbonate when the final calcining step was per­

formed in a pure 0 2 atmosphere. 

Thallium was introduced as late as possible in the process, to minimize the 

handling of toxic thallium oxides. All masses prior to the introduction of thallium 

were measured on a Mettler-Toledo AX205 analytical balance, and all masses 

after the addition of thallium were measured on a Mettler AE163 analytical balance 

inside a glovebox. Before the latter balance was placed in the glovebox, it was 

compared against the former, to ensure measurement consistency. 

The precursor powders were weighed into a 125 mL plastic (Nalgene) bottle 

and hand ball-milled for 15-20 minutes, using Z r 0 2 balls. 15-20 g of mixed powder 

were then packed into a small crucible, which was placed on a rectangular alumina 

tray, covered, and inserted into the furnace. The geometry is shown in Figures 2.2, 

2.4 and 2.5 and is described in Section 2.4. 

2.3 Crucibles 

All crucibles and related parts used in these experiments were 99.8 % pure alu­

mina (A l 2 0 3 ) , AD-998, from CoorsTek Ceramics. The smaller crucibles were CN-
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10 cylindrical crucibles, the larger crucibles were CN-20's and the trays were CR-

32's. While it was observed in Subsection 1.3.3 that using alumina for the in­

ner (smaller) crucible risks contamination of the melt and crystals, alumina was 

nonetheless chosen as a comparatively common and inexpensive crucible mate­

rial. Only once the crystal growth technique has been optimized will less-harmful 

alternatives be tested. It is hoped that a method of separating the flux from the 

crystals will be found which will also permit the re-use of crucibles. 

Alumina may be readily cleaned in dilute acid. Oxides of thallium, copper and 

barium all either dissolve in acid or precipitate out of solution, depending on the 

acid used. Both nitric (HN0 3 ) and sulfuric (H 2 S0 4 ) acids are used for this purpose; 

sulfuric cleans more slowly, but is non-volatile and thus easier to handle. Both acids 

may permeate the ceramic, requiring that the alumina be boiled in deionized water 

for several minutes after cleaning - remnants of acid left in the ceramic can cause 

it to explode on heating. 

2.4 Controlling TI Losses 

Several techniques for impeding thallium losses were tested. This is key to achiev­

ing successful and repeatable growth, as gradual loss of one component not only 

changes one's position in the phase diagram, it does so dynamically - the mix­

ture has time-varying compositions and compositional gradients until the thallium 

is completely eliminated from the reaction vessel. 

2.4.1 Sealing with Salt 

Most of our crystal growth runs thus far have employed the salt-sealing method 

depicted in Figure 2.2. A salt mixture is used to seal the outer crucible to the tray. 

If this works properly, thallium vapours must either bubble or diffuse through the 
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Salt 

/ | 
Figure 2.2: Sealing the crucible with salt (side view). 

molten salt in order to escape the system. 

The chosen salt mixture was 70 % BaCI 2 and 30 % KCI. Barium chloride was 

preferred because barium was already present in the melt. KCI was chosen over 

the alternative, NaCl, because KCI has a slightly lower vapour pressure. The exact 

mixture of the two salts was chosen based on the phase diagram in Figure 2.3, 

to have a melting point around 825°C. By placing the outer crucible initially atop 

a mound of salt, the oxygen atmosphere was allowed to diffuse into the sealed 

region around the powders for several hours before the salt fully melts to seal the 

system. The two constituent salts were dry-mixed by hand using a ceramic mortar 

and pestle. 

Initially, enough salt was added that, as a liquid, it was a few mm deep through­

out the tray (roughly 20 g). This resulted in near-perfect sealing, but unfortunately 

also in contamination of the reaction mixture. The salt had a strong tendency to 

wet the alumina, so it was able to enter the inner crucible, contaminating the melt 

with KCI and reacting with CuO to form BaO and unreactive copper chlorides. With 

the copper oxide almost totally depleted, no copper-containing crystals grew. The 

salt also escaped onto the inner furnace tube, inflicting serious damage. 

Once it became clear that it would be impossible to grow TI 2 Ba 2 Cu06±,5 crystals 

in such a lake of salt, the amount of salt was reduced to about 0.4 g, enough to 
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Figure 2.3: KCI-BaCI2 phase diagram, from [27]. The references are from the 
source, not this thesis. 70 mol% BaCI 2 corresponds to a melting point 
of roughly 825°C. 

seal the outer crucible but not enough salt to reach the melt. It should be noted 

that the finite vapour pressure of KCI near the growth temperature means that 

such a salt sealing system will still contaminate the melt at some level. Also, the 

solubility of thallium oxides in KCI, made use of in the KCI flux method described in 

Subsection 1.3.1, allows them to dissolve in the salt seal, diffuse under the outer 

crucible, and re-evaporate. Because of the very small gap between crucible and 

tray, this process is expected to be slow. 

2.4.2 Sealing with Gold 

As an alternative to salt, we adapted the design for gold. An additional gold lid was 

added (see Figure 2.4) to further reduce the diffusion of thallium vapours. While 

gold does not melt at growth temperatures, it becomes soft, permitting a decent 

seal. In an attempt to further improve sealing, a weight was added and the design 

modified, using a large rod of a high-temperature-tolerant alloy (Hastelloy X, from 
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Gold 

Figure 2.4: Sealing the crucible with gold. 

Haynes International), from which a flat side and crucible-sized hole were milled 

out (see Figure 2.5 for an end view). The rod's mass after these modifications was 

915 g. 

Figure 2.5: Sealing the crucible with extra weight provided by a rod of high-
temperature alloy: a) Schematic diagram (end view) and b) Photo­
graph. An additional A l 2 0 3 disk is required to prevent the gold from 
fusing with the alloy, and the outer crucible is no longer necessary. 

Because the weight of the alloy can compress only one gold seal, the outer 

crucible becomes redundant. In addition, once the gold has softened and the seal 

has been made, it is virtually certain that the tube's atmosphere will not diffuse 

into the reaction vessel. The flow of oxygen gas is then only required for sweeping 
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out thallium and C 0 2 vapours, so its purity can only have any importance while 

warming the furnace. 

2.5 Oxygen Atmosphere 

Medical-grade oxygen gas (Praxair) was used as the atmosphere for all growth 

runs. Except for cases when purity was less important, such as those mentioned at 

the end of Subsection 2.4.2, the oxygen was further purified using a liquid nitrogen 

trap and a system to remove carbon monoxide. 

A bubbler was connected to the outlet end of the furnace tube, to indicate the 

flow rate and prevent the release of thallium. The gas exiting the furnace was first 

passed through a fine bubbler in 1.8 M sulfuric acid, then through a coarse bubbler 

in water. Both thallium oxides are soluble in acid[16], so this stage should remove 

any thallium vapours, preventing their release into the environment. The second 

bubbler offers a further trap for any unwanted gases or anything evaporating from 

the acid bubbler. Its larger bubbles (~ l mL) make the flow rate plainly visible, 

allowing it to be set at a few mL per second. This allows the heated portion of the 

furnace tube to be purged every 1CK20 minutes. 

The pressure in the furnace is kept at 1 atm by the direct connection, through 

the bubblers, to the atmosphere. The bubblers add 20 - 40 m m H 2 0 or 1.5 - 3 torr 

over the atmospheric pressure in the lab, but this is largely offset by the build­

ing's ferocious ventilation system. Fluctuations due to the weather are typically 

10~15 torr, dwarfing the bubblers' contribution. 

2.6 Safety Considerations 

Due to the poisonous, dusty and volatile nature of the T l 2 0 3 used, a great effort 

was made to isolate the thallium from the researchers and equipment. All steps 
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involving thallium-containing powders were performed in a small room (Brima-

combe/AMPEL 244A) with a large fumehood and under significant negative pres­

sure relative to the surrounding laboratories. This room was left locked while unat­

tended, with a large yellow sign warning of the chemicals used within, and a small 

skull-and-crossbones sticker direcly above the lock. 

While some sample- and gas-handling equipment and the furnace controller 

were left unprotected, these were kept strictly separated from anything that could 

potentially have thallium powders on it. 

Latex gloves were used to handle anything potentially contaminated with thal­

lium. While no face or breathing protection was used, respirators were available 

both inside and immediately outside the room, in case of spill, fumehood shutdown 

or similar problem. The procedures used at Cambridge[11] were significantly more 

stringent - for example, researchers wore cartridge respirators and two layers of 

gloves at all times, and were subjected to frequent urine tests (thallium was never 

detected). While there is nothing wrong with this approach, it is unnecessary. If 

thallium is properly contained and all those using it are well aware of the dangers, 

it can be handled safely without the need for draconian safety policies. To en­

sure nothing had been overlooked, the room and setup were inspected by UBC's 

Health, Safety and Environment department before use. 

2.6.1 Storage and Handling of T l 2 0 3 

The T l 2 0 3 was stored in an acrylic negative-pressure glovebox with neoprene 

gloves (Terra Universal), along with an analytical balance and various supplies and 

handling apparatus. All weighing, mixing and handling of thallium-containing pow­

ders were carried out inside the glovebox. The glovebox also contained an empty 

paint tin for collecting thallium-contaminated refuse. A RubberMaid container was 

available for transporting samples from the glovebox to the fumehood, where the 
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furnace was located. 

The glovebox was kept at a negative relative pressure to ensure containment of 

the thallium. This pressure was sustained by a large fan, vented into the fumehood 

exhaust via 3" ABS sewer pipe. Venting it into the fumehood exhaust was a redun­

dant step, as a HEPA filter separated the fan from the contents of the glovebox. 

2.6.2 Furnace and Fumehood 

The main portion of the furnace was kept in the fumehood, so that any failure of the 

furnace would inflict a minimum of contamination upon the room. While the charge 

loaded into the furnace was usually almost completely assembled inside the glove­

box, some steps were sometimes performed in the fumehood. All materials inside 

the fumehood were handled with latex gloves. 

While the furnace was kept in the fumehood, steps were taken to ensure that 

thallium was not released into the environment. The oxygen exiting the furnace 

was bubbled through acid and water, as described in Section 2.5, to scrub any 

thallium oxides from the oxygen. The acid bubbler had a strong-acid indicator, 

methyl violet (whose pK a is 0.8), to ensure that any change in pH would be imme­

diately detected. 

Nearly all thallium oxide vapours precipitated out on the furnace tube and fire­

brick plug at the outlet end of the furnace, where the oxygen cooled to room tem­

perature. The airflow helped the inlet end stay clean, so ah loading and unloading 

of samples was performed strictly via the inlet end. 
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Chapter 3 

Results 

Despite the time and effort expended on T I 2 B a 2 C u 0 6 ± ( 5 , crystals of this compound 

were loathe to grow. This chapter is, therefore, primarily a brief description of 

what did not work. In attempts to solve various real and perceived problems, vast 

tracts of parameter space were explored in the process of, for example, testing 

techniques such as salt sealing, or attempting to locate reaction temperatures in 

the phase diagram. The results from groping about in parameter space have been 

largely omitted from this thesis, as they would add only volume. For instance, 

several T I : Ba : Cu compositions were tested, including :§ , 

~ | : | : 1, | : 1 : 1, and 1 : 1 : 1, and this variety combined with different cooling 

rates and thallium losses led to a wide variety in compounds crystallized, including 

a significant number of thallium barium oxides. 

3.1 The Temperature Program 

The calibration of the furnace's thermocouple was described in Section 2.1. De­

spite the size of the furnace tube and the accordingly large convection effects, 

tests of stability and repeatability at 900°C found that the calibration was accurate 

±0.5°C. In practice, the thermal mass of the crucible assembly should damp out 

most oscillations for the sample, reducing this error significantly. 

A variety of furnace programs were tested, most based on the phase diagram 

in Figure 1.3. They were designed to fully melt the mixture, then cool slowly across 

the liquidus line, allowing TI-2201 to form. Rapid cooling was designed to begin 
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slightly above the eutectic point, to ensure that only crystals of TI2Ba2Cu06±<5 would 

grow. 

All furnace programs involved heating the sample at 2 0 0 - 3 0 0 ^ to 900-950°C, 

where the program paused for several minutes to allow the sample to equilibrate 

at that temperature. From that temperature, the now-molten mixture was slowly 

cooled over 1 - 3 0 h to 870-920°C, then allowed to cool freely to room temperature 

(over ~3 hours). 3 0 0 ^ is a very rapid heating rate, and is, in fact, double the 

rate the alumina ceramics are rated for. An example furnace program, used while 

testing salt sealing, is shown in Figure 3.1. 

Time (t) in s 

Figure 3.1: An example of a furnace program used with salt sealing. The pause at 
200°C allows oxygen to displace other gases and the speedy crystal­
lization portion was used to limit thallium losses. The pause at 600°C 
and slower (200 instead of 3 0 0 ^ ) ramp rates were used in an ulti­
mately counterproductive attempt at allowing the B a 0 2 to melt and re­
act with T l 2 0 3 , slowly evolving oxygen. 
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Many of the temperature programs used paused for a few hours while ascend­

ing to the growth temperature. Frequently, a pause was added at 200°C to allow 

the tube to be completely flushed with oxygen, although this was no longer manda­

tory once the alloy weight was in place. Pauses and slower ramp rates were added 

to allow the B a 0 2 and T l 2 0 3 to evolve oxygen, but these proved unnecessary. 

3.2 Salt Sealing 

The first salt-based technique tried, which used a lake of salt, sealed the thallium 

in very effectively. However, the salt contaminated the reactants and prevented 

T I 2 B a 2 C u 0 6 ± , 5 from forming (see Subsection 2.4.1). The salt technique was not 

immediately abandoned, but it did have to be significantly modified. 

When a much smaller amount of salt was used (~0.4 g), the melt was not con­

taminated. However, the sealing was poorer, and 20-50% of the thallium escaped, 

depending on such conditions as the maximum temperature, the time taken for 

growth (1~2 h) and the initial thallium content of the crucible's charge. 

3.3 Gold Sealing 

The simple replacement of salt with gold, coupled with the addition of a gold lid, 

improved the sealing slightly - with mixtures of TI : Ba : Cu of 3 : 2 : 2, about 

30 - 50% of the thallium was lost. The use of salt combined with gold provided a 

negligible improvement. 

When the alloy was used with gold to help seal the crucible, only 10 - 25% of 

the thallium was lost after a prolonged growth (>55 h), and a few TI-2201 crystals 

were obtained, with 7"c's ranging from 5 - 90K. The gold coin corroded slightly, 

losing around 3 mg of mass per growth run. It is perhaps worth noting that while 

Hastelloy X is designed for use in jet engines, it does not fare as well in hot oxygen, 
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Time (t) in s 

Figure 3.2: An example of a furnace program - this was the furnace program used 
when the alloy was inaugurated. 

leading to concerns that it pollutes the furnace with nickel-containing vapours. The 

contents of the crucible should be adequately isolated from this thanks both to the 

sealing and the slight excess pressure in the crucible during growth. 

3.4 Carbon Dioxide 

Each group to have successfully grown TI-2201 crystals used B a 0 2 as an ingre­

dient, in place of BaC0 3 , but none have explained their reasoning. We found that 

the presence of carbon all but precluded the formation of TI-2201. Magnetiza­

tion measurements on solidified flux showed only very weak diamagnetism when 

carbonates had been present. This startling result can be explained by oxycar-

bonate formation. The presence of carbon would be difficult to detect by XRD or 

especially any EDX or EPMA-like system, where graphite is used to ground the 
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sample's surface. 

A substantial number of stable Tl-Ba-Cu oxycarbonates are known to exist[28], 

some with structures similar to TI-2201, but with TI and Cu partially or totally re­

placed by carbon (e.g. TISr4_ x Ba x Cu 2 C0 3 07). The presence of carbon, therefore, 

changes the phase diagram totally. 

The solution to the oxycarbonate problem seems clear: carbon must be ex­

cluded from the reactants. This is easier said than done. As was observed in 

Subsection 1.3.2, B a 0 2 is essentially unavailable in purities over 95%, and con­

tains a few % BaC0 3 . The solution, then, must lie in using binary reactants, such 

as BaCu0 2 or T I 2 B a 2 0 5 , in place of B a 0 2 or BaC0 3 . 

Thallium barium oxide powders are difficult to make, thanks to the thallium's 

vapour pressure, but there's an additional nuisance here: several thallium barium 

oxycarbonates are stable. We thus chose barium cuprate to replace Ba0 2 . 

BaCu0 2 was prepared from CuO and BaC0 3 by repeated calcining in an A l 2 0 3 

tray at 850°C, after which a final calcining step at 850°C for 2 weeks in flowing 0 2 

removed nearly all remaining carbonate. It was noticed, however, that the powder 

was reacting with the carbon dioxide in air (see Figure 3.3). It must be stored in 

airtight containers and handled rapidly, to minimize its exposure to air. 

A simpler procedure was devised to synthesize BaCu0 2 with a minimal carbon 

content. CuO and Ba(N0 3 ) 2 (Alfa /Esar, 99.999% pure), which is stable in air, were 

ground together in an agate mortar and pestle. N 0 2 gas is evolved at 590°C, where 

the barium nitrate melts. The temperature program passed very slowly through this 

transition, and only small quantities were placed in each vessel, as the evolution 

of N 0 2 is quite rapid at that transition. It was determined that the mixture becomes 

a molten slurry at the melting point, with violent boiling. The mixture was further 

heated to 850°C, to ensure complete reaction. N 0 2 gas is corrosive only when 

it comes into contact with water or water vapour, so the interior of the furnace 
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Figure 3.3: BaCu0 2 ceramic after oxygen anneal to remove C 0 2 and subsequent 
brief storage at room temperature. Upon removal from the furnace, all 
pieces were black. The oxygen was flowing from right to left, so the 
pieces to the right had nearly all carbon dioxide removed, while those 
downstream, to the left, did not. For C 0 2 to re-enter the ceramic at 
right, the ceramic had to decompose. 

used, which is extremely dry, should be unmolested. There are concerns, however, 

about nearby apparatus, the exterior of the furnace, and the exhaust vents over the 

furnace. 

While weighing the resulting pure BaCu0 2 powder on the analytical balance, 

the mass could be observed to increase steadily, as C 0 2 was absorbed from the 

air. The powder must therefore be stored either under vacuum or in a small, airtight 

container, to limit the amount of C 0 2 it can absorb. All subsequent handling, mixing 

and weighing steps were performed as quickly as possible, as they were performed 

in air. 

A crystal growth run using BaCu0 2 powder prepared in this manner in combi­

nation with the alloy weight to improve the gold seal was particularly successful, 

with the major phase being crystalline TI-2201. Several crystals extracted from this 

batch had surfaces suitable for microwave measurements, and all had 7c's around 

6K, several Kelvins wide. 
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Figure 3.4: Optical micrograph of an as-grown 90K sample. 

3 . 5 Characterization 

The first growth run using the alloy weight produced several samples with Tc's 

around 90K and typical sizes of \ x \ mm2 to 1 x1 mm2. An optical micrograph of 

a characteristic such sample is shown in Figure 3.4. This sample produced a large 

diamagnetic signal when measured in our Quantum Design SQUID magnetometer, 

but its surfaces are clearly not microwave-quality. Indeed, its few shiny faces and 

bulk superconductivity are consistent with the sample being largely polycrystalline 

TI-2201. 

While early XRD scans of the 90K samples typically found clear evidence of c-

axis oriented TI-2201, optical micrographs such as Figure 3.4 suggested that these 

samples might merely be crystallites on polycrystalline TI 2 Ba 2 Cu0 6 ±5. A (0 0 10) 

rocking curve (Figure 3.5) of the above sample found multiple weak peaks, only 

twice as intense as the background, supporting the polycrystalline view. The wide 
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Figure 3.5: (0 0 10) rocking curve for the 90K sample shown in Figure 3.4. 

slits required to observe these peaks may have limited their widths, but very small 

crystallites would be expected to exhibit very narrow rocking curves. By optical 

micrograph, this sample was characteristic of those from its growth run, but this 

does not imply that all of those were as poor as this rocking curve suggests. 

The residual transition at 8K in Figure 3.6 may reflect a different region of the 

sample, coexistence of tetragonal and orthorhombic phases, strain from thermal 

contraction, or any number of other effects - in such a sample, a second transition 

is neither a surprise nor a concern. 

A subsequent growth run described in Section 3.4 produced crystals with Tc's 

of ~6K, several Kelvins wide, thin plates with typical sizes of 1 x1 mm 2 . An optical 

micrograph of one such crystal is shown in Figure 3.7, and its SQUID magnetiza­

tion curve is provided in Figure 3.8. It is worth noting that, unlike YBa2Cu306+(s, 

Tl2Ba2Cu06±«5 does not appear to be predisposed toward cleaving along (1 0 0) 

and (0 1 0) directions. 



CHAPTER 3. RESULTS 36 

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 

Temperature T in K 

Figure 3.6: Magnetization curve for the 90K sample shown in Figure 3.4. Note the 
residual 8K transition. 

As was the case for the 90K sample, this crystal's (0 010) rocking curve (Figure 

3.9) has several peaks, probably due to extra domains. The peaks are <0.04° 

wide, and are strong. The apparent presence of multiple domains in this crystal 

is disappointing, but it reinforces the fact that this is a very early crystal and the 

growth technique still requires much optimization. 

Figure 3.10 shows a 9/26 scan through the 5K crystal's (0 0 N) reflections. The 

oaxis lattice parameter was found to be 23.143(2) A, which is roughly consistent 

with previously reported values for low-7"c TI-2201 (for example, 23.1332(9) A for 

a 7"C(0nset) = 12.4K crystal[19], and 23.1369(5) A for a nonsuperconducting ceramic 

sample[8]). For comparison, cat optimal doping is around 23.24 A[18]. 
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Figure 3.8: Magnetization curve for the 7"c = 5K crystal shown in Figure 3.7. 
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Figure 3.9: (0 0 10) rocking curve for the 5K crystal shown in Figure 3.7. 
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Figure 3.10: c axis (or (0 0 N)) scan for the 5K crystal. Its lattice parameter was 
found to be c = 23.143(2) A. 
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Chapter 4 

Conclusions 

Single crystals of TI-2201 have been grown using a copper-rich self-flux method. 

As-grown 7"c's varied from 5K to 90K and were several Kelvins wide, but growth 

and doping have not yet been controlled. Samples with 7"c's around 90K have thus 

far all been largely polycrystalline, while the Tc = 5K sample analyzed had several 

domains. The oaxis lattice parameter found for the 5K crystal, 23.143(2) A, is 

comparable to those found on previous low-Tc TI-2201 samples. 

A second transition in the 90K sample, at 8K, is likely due to inhomogeneity. 

It was found to be crucial for successful growth of TI-2201 crystals that the 

thallium vapours be contained and that carbon be excluded. The effects of other 

potential impurities have not yet been investigated. 

Although crystals of Tl2Ba 2Cu06± <5 have been grown, the tasks of optimizing 

their growth and characterizing them have barely begun. The crystals may be 

more readily grown under pressure, to better contain the thallium oxide vapours. A 

method should be devised for removing the flux from the crystals before it freezes, 

and temperature gradients may aid crystal growth. The furnace program and initial 

compositions have not been optimized, and the sealing system could be improved. 

The carbonate concentration can still be lowered, and alternatives to BaC0 3 more 

fully explored. Alternative crucible materials, such as BaZr0 3 and gold, should be 

tested, and the impurity levels due to crucible materials (currently Au and Al) must 

be measured and minimized. 

Annealing was not covered in this thesis, but will be required, to set the oxy-
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gen content precisely and make the crystals more homogeneous. With very little 

information available on this at present, a thorough doping study will require con­

siderable effort, particularly due to the volatility of thallium. Once the purity, doping 

and possible homogeneity issues have been resolved, it will be important to de­

termine exactly what is substituting for thallium in our crystals (copper, carbon, 

vacancies, or some other atom currently above suspicion), if anything, and to what 

extent. We will also need to determine whether our crystals are orthorhombic or 

tetragonal, and attempt to grow crystals of the other phase. 

Once we have control over TI-2201, it would likely be worthwhile to check 

whether crystals of TI-1201 (TIBa 2 Cu0 5 ) can be grown at or near atmospheric 

pressure. This compound is single-layer, tetragonal, overdoped, and possibly un-

dopable. It has an even simpler unit cell than T I 2 B a 2 C u 0 6 ± , 5 , and resists the substi­

tution of Cu for TI. Whether its oxygen content may be varied is not clear - studies 

of this compound thus far have been tainted with doubts over the possible inclu­

sion of TI-2201 as an impurity phase. The Tl-Ba-Cu oxide phase diagram has not 

been mapped out, so TI-1201 crystal growth cannot be ruled out. A related project 

would be to map out the entire Tl-Ba-Cu oxide phase diagram, determining where 

the tie lines are. Aside from being required in the search for TI-1201, this could 

allow us to grow crystals of both orthorhombic and tetragonal TI-2201, or to find 

more favourable growth compositions. 

Once TI-2201's quality and doping are controlled, magnetization, resistivity and 

microwave surface resistance measurements should be performed by our group, to 

compare the overdoped and underdoped sides of the phase diagram. Our collab­

orators, too, will be interested in TI-2201. The Fermi surface mapping techniques 

mentioned earlier should be applied, as should ARPES. The crystals should be 

fully characterized across their entire doping range. 
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Appendix A 

Preparation and Growth Procedures 

This Appendix describes the techniques employed in the preparation of a common 

precursor to our research (blondie bars). Much like espresso, this substance is 

extremely helpful in the continuation of our fundamental research on supercon­

ductors. 

Carefully dispensed quantities of sucrose (240 mL) and a vegetable fat-based 

table spread (120 mL) were intimately mixed in a large translucent polymeric reac­

tion vessel, at which point two large, deshelled chicken eggs were similarly mixed 

in. In a smaller reaction vessel, a solid solution was formed of an unbleached, pow­

dered gluten source (360 mL) and baking powder (2.5 mL). This solid solution was 

gradually added, along with dihydrogen monoxide (30 mL) and vanilla (2.5 mL), to 

the original solution. Finally, 9 0 - 1 2 0 mL of chocolate chips were added, forming 

a viscous suspension with a characteristic off-white colour. 

This viscous suspension was decanted into a silicon dioxide tray with interior 

dimensions 13" x 9" and a wall thickness of roughly 3 mm, upon which had pre­

viously been deposited a thin film of the vegetable-based substance mentioned 

above. The mixture was calcined for 20 minutes at 175°C in a standard low-

temperature muffle furnace, then allowed to cool freely to room temperature. It 

was observed that the sample's characteristic off-white colour had darkened to 

beige. 


