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ABSTRACT

A selection of published results on superconducting mixed copper oxides, focissing on the
interrelationship between their thermochemical reactivity and their structural properties, is
presented. The role of thermal analysis in the field of superconductivity is briefly discussed.

INTRODUCTION

When in 1986 Bednorz and Miiller {1] published their experimental
findings on extraordinary physical properties of a Ba-La-Cu-O system
under the title “Possible high 7, superconductivity in the Ba-La-Cu-O
system” nobody would have predicted the enormous amount of research
activity that has been invested in the elucidation of the compositional,
structural and physical properties of this system or in all the new supercon-
ducting mixed copper oxide phases which have been found in the meantime.
Up to now several thousand (!) scientific contributions have been published
and the pace with which further ones follow is as high as in the first year.
Thus, the sheer amount of data available restricts any compilation of a
review article to a rather personal choice and consequently to a limited
spectrum of the knowledge about this fascinating family of mixed copper
oxides.

Superconducting mixed copper oxides certainly represent a class of com-
positionally and structurally complex materials. In Fig. 1 we attempt to
show the complicated interrelation between the different features describing
and /or characterizing the ‘form’ or the ‘Realstruktur’ of these perovskite-re-
lated phases. The term ‘form’ seems to be adequate in this context because it
refers to the sum of intrinsic and extrinsic interrelated features of any solid
material (see e.g. refs. 2 and 3). Therefore, any physical or chemical
characterization of these compounds should include its relative significance.
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Fig. 1. Schematic representation of the ‘form’ of perovskite-related mixed copper oxides,
referring to the interrelation and/or interdependence of compositional, structural and mor-
phological features with the physical properties and with the (time-dependent) chemical
reactivity, both as functions of external parameters such as temperature (energetic potential),
pressure (mechanical potential) and atmospheric (chemical potential).

Moreover, it is of paramount importance to obtain detailed insights into the
mutual relations between microscopic and macroscopic properties. This
means that the microstructure and the ‘microcomposition’ on one hand
influence decisively physical properties like electrical conductivity. On the
other hand, however, they cannot be fully characterized by any bulk analy-
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sis. This is made obvious by the often-made correlation between a
stoichiometry of, say, YBa,Cu,04,, and the corresponding structural and
physical properties. Such a stoichiometry only reflects a punctiliously per-
formed overall bulk analysis but gives no indication of the previously
mentioned form or Realstruktur of the material in question. Consequently, a
correlation between easily comparable and therefore necessary quantitative
measurements and qualitative features such as textural, microstructural, etc.
features certainly allows a more specific characterization. Such a correlation
is essential for reproducibility, which is the indispensable prerequisite for
any research activity in materials science.

At this point it has to be emphasized that the characterization of the form
or the Realstruktur of a solid includes its potential or actual reactivity or
‘interactivity’ with the ambient. This proves to be particularly important for
these metastable mixed copper oxides accommodating not only metal ca-
tions in highly reactive, unusual oxidation states but also forming com-
plicated structural frameworks which only can be stabilized in a narrow
range in terms of thermodynamic stability.

The following selection of published results on superconducting mixed
copper oxides focusses on the interrelation between their thermochemical
reactivity and their structural properties. The methods of investigation
include above all thermoanalytical techniques allowing not only the de-
termination of partial or complete phase diagrams but also the reactive
behaviour as a function of temperature, pressure and atmosphere. The
results, however, prove to be valuable and comparable only if they can be
interpreted in terms of the above-mentioned criteria, i.e. if they can be
specified in terms of qualitative arguments. Consequently, these specifica-
tions have to be obtained from investigations by means of spectroscopy,
diffraction techniques, microscopy and conventional chemical analysis. This
should lead finally to a more comprehensive understanding of such a
challenging physico-chemical phenomenon as superconductivity in ceramic
materials.

This article is divided into a first section comprising the general structural
features, three further sections covering the thermochemical reactivity of
YBa,Cu,0, and its related compounds, of phases crystallizing in the
K,NiF, structure and of materials adopting complex composite structural
frameworks. Finally, a short discussion is presented in order to reconsider
the role of thermal analysis in the field of superconductivity.

STRUCTURAL FEATURES OF SUPERCONDUCTING MIXED COPPER OXIDES
Layers of corner-sharing square-planar CuQ, units have been found to be

the indispensable structural element and therefore the crucial ingredient of
the superconducting mixed copper oxide phases. As is schematically sum-
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marized in Fig. 1 such elements can be found in the basic cubic perovskite
structure and its strongly oxygen-deficient modification YBa,Cu,0,_, [4],
including closely related phases with partial cationic substitution as well as
the homologous series Y,Ba,Cug, ,0:4,, [5,6], in the perovskite-related
K, NiF, modification [1,7-9], and in the more complicated composite struct-
ural frameworks of the Bi-Sr—Cu-O phases [10], the Bi-Sr-Ca-Cu-O
series [11,12], in the Tl-Ba—-Ca—Cu-O series [13] and the Pb—Sr—-A—-Cu-O
series (where A is a lanthanide or a mixture of lanthanide with Sr or Ca)
[14].

The schematic structural framework, however, only gives an average
arrangement of the atomic positions. The microstructure of practically all
superconducting phases proves to be very complicated. “All of the high T
perovskite superconductors appear to show disorder of certain oxygen
atoms. In (La, Sr),CuO, and perhaps also in YBa,Cu,0, this is associated
with a structural transition. The Bi and Tl superconductors, for which we
have neutron structural data on four different phases, also show oxygen
‘disorder’ which may be associated with valence fluctuations. In T1,Ba ,CuQj,
electron holes are created by the absence of one-eighth of the atoms in the
TIO plane, producing a marked superstructure. However, this material is not
superconducting if the superstructure is well ordered, with an orthorhombic
(strictly monoclinic) structure. The 7, appears to depend on the disordering
of the superstructure to produce a pseudotetragonal metric in which the
oxygens atoms within the TIO plane are distributed over four equivalent
sites about the center of the Tl square.” This is the abstract of a paper
entitled “Oxygen ‘disorder’ and the structures of high-T superconductors
by neutron powder diffraction” [15] and it gives an introductory taste of the
problems with which one is confronted.

The general structural features of the superconducting mixed copper
oxide phases discovered and characterized up to the end of 1988 is sum-
marized in comprehensive reviews by Rao and Raveau [16] and Sleight [17].
A more general overview on perovskite-related structures including the
superconducting ceramics has been compiled by Reller and Williams [18]. A
comprehensive article by De Leeuw [19] covers the interdependence between
structure and conductivity of copper oxide based compounds.

Although the structural investigations on this class of materials are based
on data obtained by different diffraction techniques (above all X-ray and
neutron diffraction techniques) at different levels of sophistication the
resulting frameworks always correspond to a more or less detailed average
structure. In the field of conduction, even more critical for superconducting
materials, however, the texture, the microcomposition and the microstruc-
ture are of paramount importance. Thus, it is not surprising that from the
beginning of research work in this field, the full potential of electron
microscopic techniques was used for the detailed study of these features. The
results of these investigations allowed a more accurate interpretation of the
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crucial role of oxygen ordering and oxygen deficiency, on the formation of
domain structures, twins, superstructures and incommensurate structures.
Soon after the publication of the work of Bednorz and Miiller [1] electron
microscopic and electron diffraction studies were carried out at different
temperatures, revealing structural phase transitions and distorted structures
[20,21]. For the characterization of all the recent ceramic superconductors
electron microscopy was established as a key method [22-27]. Complicated
structural features were recently observed in the novel electronic supercon-
ductors of the Nd-Ce-Cu-O system with K,NiF,-type frameworks. In
these phases superstructures are formed as a result of cation ordering
and /or oxygen vacancy ordering effects [28]. In turn, these features depend
on the experimental conditions under which the actual compounds were
synthesized.

In summary, one can conclude that the structural types of the supercon-
ducting mixed copper oxides described so far are well known. The Real-
struktur, i.e. the form of these challenging phases, including compositional,
structural, textural and morphological details and anomalies, is clearly not
yet fully understood. For the time being and for the rest of this article, only
average structures and average properties are investigated and characterized.
The results of the cited research activities, however, certainly lead to an
improved description and may finally lead to a better understanding of the
phenomenon of superconductivity.

PHASE DIAGRAMS

Before referring to selected publications on the thermochemical reactivity
of superconducting mixed copper oxides, the present state of knowledge of
the thermodynamic stability ranges of these phases, i.e. the partial or
complete phase diagrams, has to be presented. Owing to the increasing
complexity of the structural features, the lanthanum cuprates adopting the
K,NiF, structure will be mentioned first. The systems related to
YBa,Cu,0,_, (YBCO) will then be discussed, and finally the composite
phases containing Bi, T1 and Pb will be described.

Soon after the discovery of superconductivity in the La-Ba—Cu-O and
La-Sr-Cu-O systems, data on related phase diagrams at various tempera-
ture ranges were published [29]. Moret et al. [30,31] investigated the phase
diagram of La,_,Sr,CuO,_, at the phase transition. The superconducting
behaviour and the phase diagram of La,_,Ba CuO,_  were characterized by
Fujita et al. [32] with regard to temperature and composition. Depending on
the x value, two different types of phase transitions were found to compete
in the T—x plane. Detailed characterizations of magnetic phase diagrams
were accomplished by Kitaoka et al. [33] and by Aharony et al. [34]. In a
theoretical study on the phase diagram of superconducting glass phases,
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computer simulations were performed based on a two-dimensional system of
superconducting clusters [35]. The authors concluded that in low fields
(< 10 G) real high 7, granular systems are three-dimensional and behave in
a much more complicated manner than expected from an idealized model.

Finally, and probably the most familiar investigation for researchers
working in the field of thermal analysis, the compounds and phase compati-
bilities in the system La,0;—SrO-CuQ were determined at 950°C by De
Leeuw et al. [36]. The authors investigated the subsolidus phase diagram
under 1 bar of oxygen and a new ternary compound, La,, Sr,  Cu,0s,_,
was identified among the various compounds. Many more phase diagram
determinations were published on the YBCO system. This fact can certainly
be explained by the more attractive properties of this system, above all the
high 7,. A detailed and reliable phase diagram of the YBCO system was
accomplished by Roth et al. [37] as early as 1987. It was published under the
title “Phase equilibria and crystal chemistry in the system Ba-Y-Cu-0O”
and still represents one of the most detailed investigations. Further investi-
gations entitled “Phase equilibria in the system Ba-Y-Cu-O-CQ, in air”
by the same group were not published, although these results would be of
importance.

X-ray diffraction and neutron diffraction studies on the structural fea-
tures of YBCO required single crystals. Therefore, phase compatibilities
were determined, which allowed controlled crystallization of single phase
material. Moreover, further details on the thermodynamic stability ranges of
YBCO and related phases were obtained by Schneemeyer et al. [38] and by
Bykov et al. [39]. Additional data on the YBCO phase diagram were
determined by American groups [40,41] as well as by a Chinese group [42].
The latter collected data on the La—Ba—Cu-O, the La~-Sr—Cu-O and the
YBCO systems. Experimental data supplying the basis for a partial pseudo-
binary phase diagram for the orthorhombic—tetragonal phase transition of
YBCO was determined by Meuffels et al. [43]. A phase diagram of the
pseudobinary BaCuO,-YBa,Cu,;0,s—YCuO, system was investigated by
means of differential thermal analysis (DTA) and X-ray diffraction by
Nevriva et al. [44]. The same team carried out quenching experiments on
YBCO and found, in addition to the then known phases, unidentified
compounds [45]. The acquisition of data on the YBCO-CuO, phase di-
agram characterized by DTA, thermogravimetry, hot-stage microscopy and
X-ray diffraction revealed that a small excess of CuO leads to a decrease in
the decomposition temperature of YBCO by about 60 ° C [46]. This result is
important, inasmuch as YBCO crystallization out ot a CuO flux must be
performed under careful control of the actual temperature.

A summary of the currently available knowledge on “Binary and ternary
compounds, phase diagrams and contaminations in the Y;-BaO-CuO
system auxiliary to superconducting ceramics” as well as on “Preparation of
YBCO polycrystalline materials through melt solidification and glass forma-
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tion” has been compiled by Sestak [47] and Sestak and Strnad [48]. “Phase
equilibria and crystal chemistry in the quaternary system Ba—Sr-Y-Cu-O
in air” has recently been published by Roth et al. [49]. They found that Sr
may substitute Ba by up to 60%. There exist, however, no ternary com-
pounds in the Sr—Y-Cu-O system equivalent to the three ternary phases in
the Ba-Y-Cu-O analogue. A new phase with the formal stoichiometry
Sr,,Cu,,0,, could be identified, which in turn can also incorporate consider-
able amounts of Ba, Ca and many other large cations.

As this short overview on phases in the Y-Ba/Sr/Ca-Cu-O system
reveals, one is confronted with a remarkable number of compositionally and
structurally different compounds. Moreover, the identified compounds can
be modified by partial substitutions of the cations or by modification of the
oxygen content via annealing, reduction or reoxidation procedures. The
preparation of superconducting mixed copper oxides was performed under
somewhat extreme conditions by Karpinski and co-workers [50-52): They
determined the YBCO phase diagram under high oxygen pressure (up to
3000 bar). Under these conditions two new superconducting phases were
obtained: YBa,Cu,0,, with a T, of 40 K and YBa,Cu ,O;, , with a T, of
around 80 K.

For the compositionally and structurally most complicated composite
superconductors, i.e. the Bi—Sr—-Ca-Cu-O system and its Tl and Pb ana-
logues or the Pb—Sr-A—-Cu-O system, only a few data on phase diagrams
are available. Vaile et al. [53] studied superconductivity in the Bi-Sr—Ca—Cu
oxide compositional diagram and they detected a wide range of materials
exhibiting superconducting transitions in the temperature range 60-110 K.
The samples investigated turned out to be multiphased with a number of
common compounds that are responsible for superconductivity. Among
these the 2212 composition was identified as a previously known phase and
two new phases with compositions 2213 and 2215 were observed.

More detailed data on the structure and composition of Bi—Sr-Ca-Cu-O
phases were obtained by Kajitani et al. {54]. They investigated the partial
phase diagram of the pseudoternary system Bi,0,—SrO-CaO-CuO at 1133
K. The range in chemical composition, where a structure with a c-axis of
around 30 A is adopted was found in the vicinity of the metal ratio of
Bi/(Sr, Ca) /Cu between 2/3/2 and 2/2/3. For the phase with a c-axis of
around 36 A (with a T, of around 110 K) a unique metal ratio of 5/8/8 was
identified. The phases studied, however, were not pure, i.e. they did not
show 100% diamagnetism at 4 K, or they were made up of both low T, and
high T, compounds. Additional data on the phase diagram of Bi,SrCa-
Cu,_,0, (n=1-2) were obtained by Tomomatsu et al. [55].

This compilation of studies of the phase diagrams of superconducting
mixed copper oxides may reflect the complexity of the topic with which one
is confronted. It also gives an idea how carefully any qualitative or quantita-
tive study on the thermochemical reactivity of these compounds has to be
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interpreted. From the outset one should keep in mind that the specimens
under consideration do not represent single crystals or even pure phases (see
e.g. electron microscopic studies!). Therefore, any measurement, above all
bulk measurements carried out by means of e.g. thermogravimetry or
differential thermal analysis, should be judged with respect to its signifi-
cance. For any finding, the question of reproducibility and reliability arises.
This situation requires the most concise descriptions of the experimental
conditions under which investigations were carried out and under which new
phenomena were found. In particular, any thermoanalytical measurements
should be optimally defined with respect to the specimen used, to the
material of the crucible and apparatus used, as well as to the atmosphere
and pressure conditions applied.

THERMOCHEMICAL REACTIVITY

The important role of thermoanalytical methods of investigation is evi-
denced by the remarkable number of contributions to the field of controlled
formation and studies on the thermochemical reactivity of superconducting
ceramics. As mentioned above, the most attractive system for this type of
investigation turns out to be the YBCO and its analogues. Soon after its
discovery by Wu et al. [4] thermoanalytical investigations on the formation
processes starting from different precursors, and on annealing procedures,
were presented by several research groups [56-63]. A brief review of related
studies was recently published by Niinisté and Karppinen [64]. The con-
trolled preparation of highly oriented superconducting oxides and improve-
ment of their durability as well as the precise determination of the redox
state was characterized by Wu and Ruckenstein [65] and by Murugaraj et al.
[66]. As will be shown below, the role of the oxygen content relative to the
redox state of these compounds cannot be underestimated. This proves to be
equally true for single crystal growth conditions, which were described by
Schneemeyer et al. [38], Wojcik et al. [67] and others.

Kinetic studies on the formation of YBCO using various precursor phases
were carried out by Ozawa [68] and by Krebs [69]. Depending of the type of
precursor system, i.e. coprecipitated carbonates or oxalates, powder mixtures
of the metal oxides, etc., Ozawa identified phase boundary contracting
reactions or multiple parallel processes. Krebs worked with in situ X-ray
diffraction, DSC under various pressures of oxygen and with thermogravim-
etry. The smallest oxygen partial pressure necessary for the formation of the
orthorhombic phase was determined at various temperatures and the kinet-
ics of the tetragonal-to-orthorhombic transition were studied. A diffusion
constant for oxygen in YBCO at 400° C of about 1 X 10~ "' ¢cm? s™! and an
activation energy of the diffusion of about 1.6 eV were determined. These
studies were carried out using polycrystalline samples.
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More general thermoanalytical studies on temperature-dependent struct-
ural and compositional features were published by—among many others—
Rodriguez and Llopiz [70], Costa et al. [71] and Kikuchi et al. [72]. In a
theoretical study, Chechetkin and Sigov [73] tackle the problem of the
thermal stability of superconducting magnetic systems. The authors discuss
probably the most important stability problems for conventional supercon-
ducting magnets based on intermetallic materials and for the novel ceramic
materials, i.e. the problem of thermal disturbances. In addition, the problem
of thermomechanical instability is discussed.

Soon after the discovery of the YBCO system it became evident that this
material is metastable and readily undergoes reversible loss and uptake of
bulk oxygen. Furthermore it was confirmed by many research groups that
the oxygen stoichiometry (and hence the dependent (formal) oxidation state
of the copper cations) represents a decisive parameter for superconductivity.
Consequently, numerous studies on the oxygen stoichiometry and its tem-
perature- and pressure-dependent fluctuations were published. Derouane et
al. [74] and Gabelica et al. [75] performed thermogravimetric, DTA and
X-ray diffraction studies on the YBCO system in order to obtain detailed
correlations between oxygen content, crystal structure and superconducting
properties. Insights into the relationship between oxygen stoichiometry and
phase formation and/or phase transitions were accomplished by Dharwad-
kar et al. [76], Klamut et al. [77] and Vogel et al. [78]. The latter authors also
describe a method for establishing the oxygen stoichiometry by measuring
weight change as a function of temperature and ambient pressure. Oxygen
stoichiometry, microstructure and the orthorhombic-to-tetragonal phase
transition were investigated by Button et al. [79] using thermogravimetric
and X-ray techniques and polarized light microscopy. Structural changes
induced by oxygen evolution from YBCO were monitored by Strauven et al.
[80] using temperature-dependent neutron diffraction and X-ray diffraction
experiments. Using desorption relations, a value of 0.16 eV could be
assigned to the oxygen-oxygen repulsion energy, which is responsible for
the order—disorder transition in the linear Cu-O chains. Pavlyukhin et al.
[81-83] followed the gas exchange and its implications for YBCO using
differential scanning calorimetry/DTA and structural analysis under differ-
ent heat and gas treatment procedures.

Barometric measurements revealing the relationship between stoichiome-
try and oxygen potential were correlated with X-ray diffraction experiments
by Krabbes et al. [84] in the temperature range 300—-1000°C. The non-su-
perconducting phase Y,BaCuQO; was included in the studies and was found
to be antiferromagnetic with a Ty of around 30 K. Microstructural changes
in YBCO were monitored by Balek and Sestak [85] using emanation thermal
analysis. It is suggested that this technique is a suitable tool for quality
testing procedures of the intermediate products of superconducting ceramics.

Investigations on phases with partially substituted cations were performed
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by Kaisersberger et al. [86] on the (Y, Eu)Ba,Cu;O,_, system, and by
Shimakawa et al. [87] on YBCO with various contents of Cu and Ba. These
authors monitored the effect of Cu/Ba variations on the electrical and
chemical properties using DTA and resistivity measurements. Fujiwara et al.
[88] studied the YBa, (Cu,_,Fe )O,_, compound by thermogravimetry and
X-ray diffraction. They identified a marked discontinuity in the slope for a
plot of the oxygen content vs. c-cell parameter.

Rather specific measurements on the oxygen content and the structural
features of YBCO below 525° C were carried out by O’Bryan and Gallagher
[89]. Further results on the diffusion of oxygen and related kinetics of
YBCO were reported by several research teams [57,90-95].

As this compilation of studies on temperature-dependent changes of
structural and compositional features in YBCO prove, this phase not only
represents a highly reactive material with respect to reduction or reoxidation
but requires careful inspection of its reactivity in the presence of other
reactive gases or solvents. Any technical application can only be guaranteed
if its reactive behaviour is known and if its properties can be ‘tailored’ and
‘fine-tuned’ (see e.g. refs. 96 and 97). Whereas thermal analysis is well suited
to quantifying compositional changes and heats of enthalpy of bulk material,
the first steps of thermochemical reactions including changes of the redox
state need investigations using spectroscopic and surface specific methods as
shown by e.g. Ramsey and Netzer [98] or Schlogl et al. [99]. Scanning
tunnelling microscopy, as performed by Naukkarinen et al. [100] or electro-
chemical methods, as used by Bormann and Nolting [101] may also elucidate
minute changes of compositional features and therefore represent highly
sensitive techniques for the study of the thermochemical reactivity of YBCO
at various ambient conditions.

Specific data on the thermochemical reactivity of YBCO in carbon
dioxide, carbon monoxide and water were collected by Gallagher et al. [102].
Experiments performed under these atmospheres, but also in hydrogen and
ammonia were performed by Langer and Di Chiara [103], Shelby et al. [104],
Bhargava et al. [105] and Reller [94]. The findings of these studies support
the above-mentioned statement that YBCO readily undergoes reactions with
various gases, and non-superconducting phases are obtained as solid prod-
ucts. Among these products, alkaline earth metal carbonates might be the
most prominent and the most abundant.

As reported by Matthews et al. [106] YBCO absorbs helium. Because
helium occupies interstitial positions in the YBCO lattice, internal pressure
effects may result, which in turn influence the electrical properties.

The stability of YBCO in the presence of water or water vapour has to be
discussed as one of the most important topics with respect to possible
deterioration or degradation processes. Several authors followed the interac-
tion of water with YBCO using various techniques. Schlogl [107] found by
XPS measurements that hydroxyl groups can easily be accommodated
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within the YBCO lattice. Barns and Laudise [108] and Dominec et al. [109]
observed that YBCO reacts with water at room temperature. Hydrolytic and
deliquescent properties were found by Dexin et al. [110]. The reaction of
YBCO with water at 0°C and its protection from water corrosion at 100°C
were investigated by Jin et al. [111]. Deteriorated or corroded YBCO
specimens can be recovered by reheating procedures, as reported by Hwang
et al. [112]). As a rather surprising effect, Salvador et al. [113] observed
spontaneous O, release from the YBCO analogue SmBa,Cu,0,_, in con-
tact with water. They conclude that these findings indicate the presence of
O~ and/or O?~ ions stabilized in the superconductor lattice.

Finally, comparative data on the reactivity of YBCO and the Bi-Sr-Ca-
Cu-O system with various solvents were compiled by Liu et al. [114] using
electrochemical methods. No information on the temperature dependence of
the observed processes was given. The authors found, however, that in both
compounds superconductivity apparently depends on a high oxidation state
of Cu. Endo et al. [115] carried out thermoanalytical measurements under
various oxygen partial pressures in order to determine the thermal stability
of the superconducting phases in the Bi—Sr—Ca—Cu-O system in the tem-
perature range 800—-900 ° C. They state that, depending on the oxygen partial
pressure, the high 7. phase (7, =110 K) can be generated or degraded.
Thus, under oxygen partial pressures of more than 0.2 atm and a tempera-
ture of 870 ° C the amount of this high T, phase is markedly increased by the
possible disproportionation of the low T phase (T, = 80 K).

Thermal analysis was performed by Park and Kim [116] in order to
investigate the formation and the thermal stability of various compositions
of the Bi-Sr—Ca—Cu-O system. Hwang et al. [117] described the effect of
atmosphere on the formation of low 7. and high T, materials in the
Bi—Pb-Sr-Ca-Cu-0 system. They worked in two kinds of sintering atmo-
spheres, i.e. in N, and in air. The annealing temperatures were 810° C (N,)
and 850°C (air). Compared with air, N, enhanced the formation of the low
T, phase and inhibited the formation of the high 7, phase. Multiple
transitions in bismuth-based superconductors were reported by Gupta et al.
[118]. They detected possible superconducting transitions at 133, 117 and
105 K in samples prepared by calcining and annealing Bi,O;, Sr(NO,),,
CaCO, and CuO powders. The products were (most probably) multiphase
and no precise data on compositional and structural features nor on the
reactive behaviour were given. As reported by Liu et al. [119] complicated
quenching and annealing procedures at various temperatures led to Bi—Sr—
Ca—Cu-O phases exhibiting reversible phase transitions from semiconduc-
tivity to superconductivity. The thermally treated specimens were char-
acterized by X-ray diffraction and DTA. The results revealed that specimens
quenched from above 900° C were semiconducting. Annealing procedures at
820°C for 40 h under O, atmosphere converted these semiconductors into
superconductors with two nominal compositions. Influences of the atmos-
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phere on the composition and on the superconducting properties in Bi-based
systems were observed by Casagrande [120]. Using thermogravimetric tech-
niques, X-ray diffraction, electron microscopy and resistivity measurements
it was found that small changes in oxygen content at temperatures around
850 ° C, which can be fully or partially reversible (depending on the ambient
atmosphere and on the heat treatments), have a marked effect on the
structural and superconducting properties.

As Kawasaki et al. [121] observed, UV light irradiation in an oxygen
atmosphere changed the critical temperature of Bi—Sr—Ca—Cu-O thin films.
The change was reversible between 80 K after annealing and 60 K after
photo-irradiation. These findings show how reactive Bi-based superconduc-
tors may be and how carefully any chemical or energetic impact on these
phases have to be taken into account. A rather sophisticated study on the
thermal behaviour of the structural features of Bi-based superconductors
with various compositions was performed by Gasgnier and Ruault [122] in
the temperature range 15-1000 K using electron microscopy. They demon-
strated the coexistence of two orthorhombic structures, one of them showing
incommensurate spacings. No structural changes or transitions were found
in the range 15-300 K. On annealing the specimens up to 350 K, a
structural transition into a new orthorhombic phase was observed. Between
500 and 1000 K disproportionations into different metal oxides were de-
tected.

Hydrogen absorption in single crystalline Bi,Sr,CaCu,04 and its effects
on superconductivity were investigated by Coey et al. [123]. They found that
absorption at 1 bar hydrogen occurs in three stages at approximately 275,
500 and 600 ° C. Only the first step did not lead to decomposition processes.
The effect of the absorbed hydrogen on the structure and the superconduct-
ing properties was discussed.

The preparation and thermal characteristics of Tl-Ba-Ca-Cu-O super-
conductors were studied by Zhang et al. [124]. The formation and degrada-
tion as a function of time of the T, = 120 K phase in the Tl-Ba-Sr-Ca-Cu-
O system was analysed by Itoh and Uchikawa [125] using several comple-
mentary techniques. The authors showed that the 7, = 80 K phase can be
converted into the high 7. phase. The resulting material, however, converts
again into the low 7, phase upon heat treatment in the presence of an excess
amount of T1,0;.

CONCLUSIONS

Superconducting ceramics certainly belong to the most complicated syn-
thetic metal oxides known. In contrast to compositionally comparable
systems such as mineral oxides or sulphides, they turn out to be fairly
unstable and show in many cases vigorous chemical reactivity. Therefore,
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the establishment of reliable structural and compositional data (see e.g. refs.
126 and 127), the determination of complete or partial phase diagrams, the
definition of reproducible synthetic routes and the characterization of the
thermochemical reactivity requires an enormous amount of experimental
investigation. Unfortunately, and probably characteristic for research activi-
ties in this young field, the pressure of publishing new findings as early as
possible overcame many conventions for the serious reporting of scientific
data. Up to now routine procedures such as proper definition of experimen-
tal conditions, and the declaration of all findings, including the less success-
ful ones, have been increasingly neglected. The personal responsibility for
the reproducibility of the published results became increasingly meaningless.
After the ‘superconductor rush’ of the past three years it is time to
recapitulate, to sort out the reliable studies and data and to continue
research activities at a probably slower and less sensational, but nevertheless
more efficient pace. The aim of these research activities should be directed
towards a better understanding of the relationship between composition,
structure and morphology of a phase, on the one hand, and chemical
reactivity or physical properties, in particular superconductivity, on the
other. This understanding of the initially mentioned ‘form’ of a solid
certainly includes a sound knowledge of temperature-dependent and temper-
ature-induced effects and/or phenomena. Their characterization requires
adequate facilities for qualitative and quantitative measurements. Unfor-
tunately, only a few of the present commercially available instruments are
satisfactory with respect to accurate temperature control, thermochemical
inertia of furnaces and crucibles, sensitivity of balances and thermocouples
and versatility of gas control systems. Manufacturers may change this
situation in the near future according to the demands of the users. It will be
worthwhile, as research in the field of superconducting ceramics turns out to
be a challenge for many laboratories and it is equally demanding with
respect to the development of new scientific concepts as well as sophisti-
cated technological understanding.
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