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ABSTRACT

Phase-diagram data for the cuprate superconductors have become available only slowly
owing to specific problems such as sluggish equilibration reactions. The phase relations of the
system Y,0;-~BaO—CuO, show that only BaCuO, —CuO melts can be used as solvents for the
crystal growth of YBCO from high-temperature solutions. Data on the Bi- and Tl-cuprate
superconductors are not available. The system (La,Sr),CuQ,-CuQ, indicates a simple
eutectic and high solubility of the superconductor, which therefore can be grown as large
crystals.

INTRODUCTION

The discovery of superconductivity above the boiling point of liquid
nitrogen (at 77 K) in YBa,Cu,0,_, (YBCO), in Bi-Ca-Sr-cuprates (ab-
breviated as Bi-cuprates) and in T1-Ca-Ba-cuprates (Tl-cuprates) initiated a
need for chemically and structurally single-phase ceramics with high current
densities, for high-quality single crystals, and for epitaxial singie-crystal
layers of these compounds. However, owing to thermal and chemical insta-
bilities of these cuprates, materials of the required quality have not yet been
prepared. Major obstacles are insufficient availability of reliable phase
equilibrium data for YBCO, and non-availability of phase data for the Bi-
and Tl-compounds. The phase diagrams are needed for optimized planning
of crystal growth experiments, for achieving large crystals, for estimating the
temperature programs for maximum stable growth rates in order to obtain
inclusion-free crystals [1], and for analysis of segregation problems in order
to achieve crystals of the desired composition and homogeneity [2].
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An attempt is made here to review and discuss the available data on the
phase diagram of YBCO-BaCuO,-CuO, and the primary crystallization
field of YBCO for crystal growth and epitaxial film deposition from high-
temperature solutions. The discussion of specific aspects of the system
Y,0,-BaO-CuO, is followed by crystal growth of YBCO utilizing these
data. In the case of the lower-T, cuprate superconductor La, ¢sSt,,sCuQ, the
phase relations are less complex than for YBCO: owing to the increased
thermal stability of La—Sr-cuprate and its high solubility in CuQO, melts,
large crystals could be grown by a few groups. Finally, the scarce data on
the Bi- and Tl-cuprate superconductors will be presented and followed by
conclusions.

EXPERIMENTAL ASPECTS AND PROBLEMS IN DETERMINING PHASE
DIAGRAMS OF RARE-EARTH AND ALKALINE-EARTH CUPRATES

The determination of the pseudo-ternary systems consisting of very
high-melting rare-earth oxides (e.g. for Y,0;, 7, =2400°C) and alkaline-
earth oxides (e.g. for BaO T, =1900°C), and the relatively low-melting
CuO, (T, =1140°C in air) is complex, for the several reasons given below.

(1) The large differences in melting point of the oxides mentioned above
and of high-melting compounds such as Ba,;Y,0g (2160 ° C) on the one hand
and of low-melting eutectics (e.g. 825°C for the CuO-Cu,0-BaCuO,—
BaCu,0, eutectic) on the other hand.

(2) Very slow equilibration at a given temperature with the actual oxygen
partial pressure leading to the presence of non-equilibrium solid and liquid
phases.

(3) Sluggish reactions typical for peritectic systems, such as slow dissolu-
tion of high-temperature phases (once formed) and reaction layers around
components which ought to participate in equilibration.

(4) The complexity of the system “requiring the preparation of hundreds
of compositions and ten times that number of individual experiments™ [3].

(5) A specific problem is, in the case of YBCO, the interaction of the
corrosive Ba—Cu-O melts with commercial crucible materials: Pt is heavily
wetted and attacked. It forms Ba—Pt—O compounds or Pt-containing phases
such as Y,Ba,CuPtOq [4] and Y,Ba ;Cu,PtO, [5,6]. Alumina is corroded and
leads to incorporation of 0.5 to 3 at.% Al in YBCO and, at extended times
above 950°C, to the formation of aluminate phases [7,8]. Corrosion studies
[7] of alumina, zirconia and of tin oxide revealed a common corrosion
mechanism with the sequence (a) diffusion, (b) reaction layer, and (c)
dissolution. This suggests a search for novel crucible materials. The strong
wetting of Ba-cuprate melts may lead to excessive creep, so that the liquid
may leave the crucible and creep along the thermocouples. This generally
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leads to the necessity of replacing the DTA measuring head. The least
corroded crucible materials seem to be thoria [9] and MgO single crystals [3].

As a consequence of the above problems there are numerous factors
which have to be taken into account in a comprehensive study of the cuprate
superconductor phase diagrams. Dynamic methods of analysis such as DTA
and (simultaneous) TG have to be complemented by static long-time anneal-
ing and quenching experiments and by a careful examination of reversible
reactions. Separation of solid and liquid phases by creep or merely by
gravitation has to be avoided by intensive mixing and densification of the
starting mixtures and by sufficiently slow heating rates. Differences between
first and successive DTA runs indicate problems which have to be analyzed.
X-ray analysis of reaction products with at least 1% sensitivity needs to be
carried out, for instance by taking long-exposure Guinier photographs or by
using high-quality diffractometers [10]. X-ray identification of all diffraction
lines may be combined with microscopic (petrographic) phase analysis and
structural /chemical investigations by means of a scanning electron micro-
scope with attached energy-dispersive X-ray fluorescence analysis. By a
combination of these characterization techniques, reliable data can be ob-
tained; however, they require a large and time-consuming effort in view of
the complexity of the multi-component cuprate systems.

BaO-CuO,

From the binary systems of the three oxides BaO, Y,0, and CuOQ,, the
phase diagram BaO-CuO, is of interest to the crystal grower because of the
application of BaO—-CuO, melts as solvents for growth of YBCO. The phase
diagram of this system has been published by Roth et al. [3] and by Nevfiva
et al. [11]. The reported eutectic compositions varied between 18 mol% BaO
[12], 22.2 mol% [13], 28 mol% [11,14], 33.3 mol% [15] to 40 mol% [3,16].
Reported eutectic temperatures lie in the ranges 895 + 5°C for air [3,16] and
925-950°C for an oxygen atmosphere [11,15,16]. Reported temperatures
below 880 ° C [12-14] indicate the presence of non-equilibrium phases such
as Cu,0 and BaCu,0, [17,18]. From the work of Oka et al. [19] the eutectic
data of about 30 mol% BaO,/70 mol% CuO and 910-920°C can be
deduced. Our own systematic experiments [20] yielded eutectic compositions
of 29,5+ 1 mol% BaO in air and 33 + 3 mol% in oxygen, thus confirming
one of the earlier values [15]). The eutectic temperatures from the first DTA
heating curves are 930+ 10°C in oxygen and 915+ 10°C in air. The
equilibrium eutectic temperatures in air may be about 10-20°C lower, and
would then correspond to the value of 895°C given above. Also, the
crystallization and flux separation experiments [20] gave a eutectic tempera-
ture of 900 + 10° C in air. After oxygen loss and first melting, the successive
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Fig. 1. BaCuO,-CuO phase diagram in air according to literature data — — —, ref. 3;
------ ,ref. 11; -—-~-, ref. 15, and calculated by the present authors ( ) assuming ideal

solution behaviour.

DTA experiments indicate lower melting eutectics at 920° C and 830°C in
oxygen, and a broad reaction above 918°C and a well-defined reaction at
818° + 10°C in air. This is caused by the additional presence of non-equi-
librium phases, as discussed in the following sections. The BaCuO,-CuO
system in air is shown, along with the earlier phase diagrams [3,11,15], in
Fig. 1. The tentative diagram [20] is based on the above eutectic data, the
melting points of BaCuO, at 1007°C [21] and of CuO, at 1130°C [17], and
liquidus curves calculated for ideal-solution behaviour. One might expect a
deviation from this ideal behaviour towards complex /compound formation,
with consequences on the liquidus curves. The reduction of CuO and
BaCuO, will also be recognized in a final phase diagram which still has to be
established.

Crystal growth experiments on YBCO utilizing a solvent of the composi-
tion 28 mol% BaO/72 mol% CuO vyielded as a secondary crystallization
product either CuO [14] or BaCuO, [22]. This indicates that the ternary
eutectic of YBCO, BaCuO, and CuO lies near the binary eutectic
BaCuO,,/CuO, and that it is shifted to the CuO-rich side as shown by the
point e, of Fig. 5 in ref. 17. Depending on the final cooling history of the
above crystal growth experiment, even three phases (YBCO, BaCuQO,, CuO)
could be crystallized before solidification. However, only one or two phases
crystallizing above the eutectic temperature would be allowed in equi-
librium, A further discussion of this system can be found in ref. 20.
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THE SYSTEM YBCO-CuO,

Two groups of researchers indicated that the primary crystallization field
of YBCO passed over the connection line YBCO-CuO, [3,23]. In the hope
of finding the possibility of crystallizing YBCO from a Ba-free non-corrosive
solvent, a systematic study of the system YBCO-CuO, was undertaken [24].
In the course of this work we learned about the difficulties of phase-diagram
determination in this system, and recognized the non-reproducibility of
successive DTA runs in air as shown in Fig. 2. The equilibrium reactions in
the first heating curve are subsequently weakened as the non-equilibrium
reactions at 782°C, 903° C and 831° C appear. Only after three to five DTA
runs is a steady-state situation established, with complex melting and
solidification reactions of the equilibrium phases (YBCO, CuO, Y,BaCuO;)
with non-equilibrium liquid and solid phases (Cu,0, BaCuO,, Y,BaCuQ; at
low temperature, and unidentified phases). Figure 3 shows a tentative
YBCO-CuO, phase diagram in oxygen, where the reactions below 1100°C
have been established [24]. The high-temperature data and the formation of

AN
EIRST RUN
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Fig. 2. Successive DTA runs of the 95 wt.% YBCO/5 wt.% CuQO composition showing
non-equilibrium reactions at around 831°C and 903°C in the second and third heating
curves, and at around 782°C in all cooling curves.
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Y,0; are adapted from ref. 17. The corresponding diagram in air is quite
similar except for the melting reactions occurring at about 30°C lower
temperatures. A non-equilibrium phase diagram in an oxygen atmosphere is
shown in Fig. 4. Owing to only partial reversibility of the reactions

YBCO = Y,BaCuO; + liquid + oxygen (1)
and
CuO = Cu,0 + oxygen (2)

several low-temperature reactions occur, for instance at 920°C, 870°C,
835°C and 825°C. The reactions marked by asterisks in Fig. 4 occur when
the maximum temperature of 1100°C has once been surpassed. X-ray
analysis of the solidified melt indicated five to six crystalline identified
phases and lines of unidentified phase(s), instead of the two equilibrium
phases YBCO + CuO.

Concluding this section, it can be said that CuO cannot be used as a
solvent for the crystal growth of YBCO. Another feature is the reaction of
CuO with YBCO at relatively low temperatures (about 935°C in air and
about 970 ° C in oxygen), so that these temperatures should not be exceeded
when fabricating YBCO ceramics with excess CuO: Y,BaCuO; otherwise
may be formed as a relatively stable secondary phase with a detrimental
effect on superconducting transport properties.

YBCO

N

~ _o‘

BaCqu CuO

Fig. 5. The primary crystallization fields of YBCO in the pseudo-ternary system BaO-CuO-
Y,0;, shown for the section BaCuO,-CuO-YBCO, according to different authors
[3,17,19,21,23,30] (in molar composition).
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THE SYSTEM Y,0,-BaO-CuO

This system was not investigated before 1987 and is not listed in phase
diagram compilations (Phase Diagrams for Ceramists, etc.). Shortly after the
discovery of high-temperature superconductivity above liquid-nitrogen tem-
peratures by Wu et al. [25], and after the identification and structure
determination of the superconducting phase YBa ,Cu 0, by various research
groups, preliminary investigations of the ternary phase diagram were under-
taken. First, the sub-solidus phase coexistence fields were established [26-29].
Of interest for crystal growers specifically is the primary crystallization field
(PCF) of YBCO. Publications of various research groups [3,17,19,21,23,30]
show large differences in the size and position of this PCF, as shown in Fig.
5. Perhaps these differences result from difficulties in phase diagram de-
termination as indicated in the above sections. Different methods (DTA,
TG, annealing /quenching experiments and crystal growth experiments) and
different parameters (heating/cooling rates, oxygen partial pressure and
crucible material) may explain the wide scatter of published PCFs. The
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oxygen, from ref. 15.

present authors have begun to investigate a few sections of the ternary phase
diagram in order to determine the widths and positions of the PCF for
optimization of crystal growth conditions and for achieving liquid-phase
epitaxy. As a first working hypothesis, a PCF between those of ref. 19 and
ref. 21 is assumed. In the systematic work of Oka et al. [19] three sections of
different BaO-CuO compositions with YBCO were analyzed, and the crys-
tallization range of YBCO was established. Their composite presentation of
the phase relation is shown in Fig. 6. They used tiny Pt crucibles with
samples of weight 20-30 mg and applied heating/cooling rates of 10°C
min~ *; their data do not indicate interference from platinum corrosion and
Pt-contammg compounds. From the data given for the BaO—CuO-rich side,
one could deduce the eutectic temperature of the system BaCuO,-CuO at
910-920°C and the eutectic composition at 30 mol% BaO, thus confirming
the conclusions drawn above for BaO-CuO,. One pseudobinary section of
YBCO-33.3 mol% BaO/66.7 mol% CuO in oxygen obtained by Nomura et
al. [15] is shown in Fig. 7. The temperatures are generally about 20 ° C higher
than our data and most of the published data. Also the melting point of the
BaO/CuO solvent is too high; perhaps the melting point of pure BaCuO,
had been used to design the figure. Otherwise this diagram is quite similar to
the data in ref. 17 and to our data which are to be published. Nomura et al.
[15] claim the stability of an orthorhomic YBCO in an Y,0,-rich environ-
ment in an oxygen atmosphere up to about 920 ° C; however, this requires
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further investigation. On the other hand, in solidified melts on the BaO-
2CuO-side, the orthorhombic—tetragonal transition lies in the usual 750°C
region. The effect of oxygen partial pressure on the stability range of YBCO
and on the tetragonal-orthorhombic phase transition will not be reviewed
here; references are merely given [31-34].

The discussion on PCFs indicated already that YBCO does not melt
congruently. By heating to 1000 + 3° C in air and to 1028 + 3°C in oxygen,
YBCO decomposes into the “green phase” Y,BaCuO;s + liquid. This reac-
tion and these temperatures are found by most groups. According to Roth et
al. [21] there are no further reactions (except for some uptake of CO,) until
the liquidus point is reached. According to ref. 17 a sample of YBa,Cu,0,
heated to 1300 ° C contains Y,0; + liquid, indicating a decomposition of the
green phase before the liquidus point is reached. The nature of the primary
crystallization product on cooling an oxide melt of the cation ratio
1Y :2Ba: 3Cu, “123” may become important for melt processing of YBCO.
Therefore, an experiment was performed to heat a pellet of the 123
composition at 1300° C for 2 h and to air-quench the melt: the presence of
Y,0, in the X-ray pattern indicates that the PCF of Y,0, extends to the
YBCO 123 composition.
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The effect of CO, on the phase diagram and on the existence and melting
behaviour of specific phases has been postulated [21] but not substantiated
by direct evidence (for instance by quantitative analysis of CO, by dissolv-
ing Y-Ba-Cu-O oxides in acids). A possible alternative explanation of the
observed effects could be the loss of oxygen at high temperatures: this leads
to the formation of reduced solid and liquid non-equilibrium phases, to new
phases, and to low-temperature (beiow 900°C) complex melting reactions
(see the section on YBCO-CuO).

No solid solubility of YBCO with one of the constituent oxides could so
far be detected. The first indication of this fact by Hinks et al. [35] was
confirmed by other research groups [36,37]. The extremely small solid
solubility of YBCO causes difficulties in preparation of stoichiometric
YBCO ceramics [38], since the smallest deviation from stoichiometry or any
inhomogeneity leads to the formation of secondary phases. This obviously is
detrimental for the superconducting properties, especially the critical current
density [38]. A simple method for detection of traces of secondary phases
[10] allows development of YBCO ceramics with less than 0.5 wt.% of
secondary phases having improved critical current densities [39]. The negligi-
ble solid solubility also has advantages, for instance in crystal growth, where
stoichiometric YBCO crystals are obtained automatically from high-temper-
ature solutions [40].

For further presentations of pseudobinary systems involving YBCO, it is
suggested to use wt.% YBCO because the molecular weights of fluxes can be
misinterpreted.

YBCO CRYSTAL GROWTH AND CRYSTAL SEPARATION

The lack of phase diagram data inhibited crystal growth in the initial
phase after discovery of high-temperature superconductivity. Small crystals
obtained in solid-state reactions, perhaps with the help of transient liquid
phases, were useful for structure determination. Crystals of YBCO were then
obtained in solidified non-stoichiometric melts using excess BaO-CuO.
These crystals, of limited size, were recovered partially from cavities formed
during the solidification process (cavity method), and partially by mechani-
cal separation by means of a dentist’s drill machine from the solidified mass.
These early crystals obtained by several research groups [9,14,23,41-53] were
important for initial physical measurements.

The first separation of YBCO crystals after growth from the still liquid
flux was achieved by Scheel and Licci and was reported at the MRS Fall
Meeting 1987 at Boston [54]. This result was achieved owing to initial
knowledge of a primary crystallization field of YBCO [55]. Larger crystals
could then be grown from high-temperature solutions [1] and separated from
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the flux by decanting [22] and by suction using a ceramic plug [56]. The
crystal growth problems and results have been reviewed recently and will
not be further discussed here [40,57,58].

La, 4sS11sCuO,: PHASE DIAGRAM AND CRYSTAL GROWTH

Based on the discovery of high-temperature superconductivity in the
La-Ba-Cu-O system by Bednorz and Miller [59], the compound
La, g;Sry,5Cu0,, “LASCO”, having slightly higher T, of above 40 K was
discovered [60,61]. Figure 8 shows the phase diagram (La,Sr),CuQ,—CuO
using data from Hidaka et al. [49] and Chen et al. [62]. It indicates that
LASCO melts incongruently and thus cannot be directly grown from melts.
However, its thermal stability to nearly 1400 ° C allows use of excess CuO as
solvent to grow LASCO from relatively concentrated (15-30 mol%) high-
temperature solutions. Various research groups [49,62-64] have grown
crystals of LASCO mainly by top-seeded solution growth and by the
floating-crystal technique. Difficulties encountered are sufficiently high Sr-
concentration for high 7, growth instability, and cracking. Further studies
of the phase diagram of this system have been published in refs. 65 to 67.

Bi- AND TI-CUPRATE PHASES

After the discovery of superconductivity above 100 K in the Bi—Ca-Sr—
Cu-O and TI-Ba-Ca-Cu-O phases, numerous attempts at crystal growth
were performed [68-81] without any knowledge of the phase relations. In
most cases, different ratios of the constituent oxides and excess CuO were
partially or completely melted, and crystallization was induced by slow
cooling. Also the low-melting eutectic [82] of 90 mol% Bi,0;/10 mol% CuO
(T.,.=600°C) was used for crystallizing Bi-cuprate phases [75]. Usually,
very thin plates of a few millimetres lateral dimensions were obtained in the
solidified mass. Mechanical separation has limited so far the size of the
“free” crystals. These crystals generally are not single phase, as they contain
stacks of various layer compounds, a case of “chemical polytypism”.

Alternative attempts at crystal growth were carried out using the “travel-
ling solvent float zone” [79] and the Bridgman methods [72]. Schneemeyer et
al. [70] and Katsui [73] used KCl, and alkali chlorides in general, as
high-temperature solvents for Bi-cuprates: advantages were reduced corro-
sion of (Pt) crucibles and crystal separation by dissolving the flux in water.
First attempts at liquid-phase epitaxy from either non-stoichiometric melts
[83,84] or from alkali halide solvents [85] have been reported.
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CONCLUSIONS

Knowledge of the specific phase diagrams can be summarized as follows.
The system (La,_,Sr,),CuO, is reasonably well understood, and allows
growth of relatively large crystals. The system YBCO-BaCuQ,-CuO is only
partially understood; the primary crystallization field of YBCO and its
liquidus surface especially need to be determined. The eutectic compositions
and temperatures for the binary system BaCuQO,-CuO in air and in oxygen
need to be confirmed and the actual liquidus temperatures determined. The
ternary eutectic of the system YBCO-BaCuO,-CuO should be established
in order to find the lowest melt-assisted preparation temperature for YBCO.

Practically no phase data exist for the Bi- and Tl-based cuprate supercon-
ductors. Congruent or incongruent melting behaviour of some of these
compounds in the temperature range 850°C to 930°C merely were re-
ported. Large, free and structurally pure crystals of these interesting com-
pounds have not been achieved as yet.

The slow progress in knowledge of the phase diagrams of the new
superconductors hampers the synthesis of high-purity compounds and sig-
nificant developments in crystal growth and epitaxy. Mastering the materials
problems is necessary also for applications of HTSC in the form of thin
films and of polycrystalline wires and tapes. The difficulties in the phase
studies result from the complexity and from unforeseen difficulties as
explained in the above section on experimental aspects and problems. The
pace of careful phase-diagram determination could not in any case follow
the rapid developments and discoveries of HTSC compounds, so that work
in one typical system may be “out of date” when HTSC compounds with
improved T, and properties are found.

Sufficient knowledge of the phase relations of high-temperature supercon-
ductors should be supplemented by physico-chemical studies of melts and
solutions and by determination of the thermodynamic data of compounds
and reactions. These experimental results could then be utilized for a “full”
theoretical description of the phase relations of the cuprate superconductors:
a challenge for years to come.
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