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ABSTRACT

Electromotive force (EMF) measurements of oxygen fugacities as a function of stoi-
chiometry have been made on the YBay;Cu30,, GdBagCu30,, NdBa;Cu3O, and bismuth
cuprate systems in the temperature range ~400-750° C by means of an oxygen titration tech-
nique with an yttria-stabilized zirconia electrolyte. The shapes of the 400°C i-sotherms as a
function of oxygen stoichiometry for the Gd and Nd cuprate systems suggest the presence of
miscibility gaps at values of x that are higher than those in the YBa;Cu3O, system. For a
given oxygen stoichiometry, oxygen partial pressures above GdBasCu30, and NdBayCu30,
are higher (above x=6.5) than that for the promising YBa3Cu3O, system.

A thermodynamic assessment and intercomparison of our partial pressure measurements
with the results of related measurements will be presented.
1. Introduction

This paper will present an overview of experimental studies that were carried out in the
Chemical Technology Division at Argonne National Laboratory to investigate the nonstoi-
chiometric and thermodynamic behavior of promising high-Tc cuprate superconductor oxide
systems as a function of oxygen partial pressure, oxygen stoichiometry, and temperature
via EMF measurements. The systems investigated include 1) the promising YBagCu30,
(Y-123) system, 2) related rare-earth systems, NdBagCu3O, (Nd-123), and GdBazCu30;
(Gd-123), and 3) the bismuth perovskite systems, Bi3SraCa;Cus0, (Bi-2212), and lead-
doped BizSryCa;Cu3zO, (Bi-2223). However, this paper will mainly emphasize the results
obtained with the Y-123, Nd-123, and Gd-123 systems.

It should be noted that renewed interest in the Y-123 system and related rare-earth

RE-123 systems has occured because of promising developments of coated conductors which
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can yield significantly higher current densities in Tesla-level magnetic fields than Bi-2212
and lead-doped Bi-2223 systems.

We have reported previous oxygen partial pressure measurements on the Y-123 and
Nd-123 systems [1,2,3,4]. In these studies the oxygen content was varied in well-defined
small increments by means of a coulometric titration technique, and the equilibrium partial
pressure (fugacity) above the sample was established from EMF measurements [5]. This
method is sensitive to detecting phase transformations, oxygen nonstoichiometry, and ther-
modynamic properties of Y-123 and RE-123 systems, where the single phase homogeneity
regions have a wide range of oxygen content in the condensed phase. It should be noted
that the coulometric technique has been utilized in promising bismuth-cuprate perovskite
systems, where the single-phase homogeneity regions have a very narrow range of oxygen
content [6,7,8].

The transition temperatures have been reported to be about 90 K for Y-123, 92 K for
Gd-123,and 96 K for Nd-123, where x is close to the value of 7.0, with an oxygen deficiency
x=~6.8. Note that ionic radii of trivalent Y, Gd, and Nd are 0.99, 1.02, and 1.10 A,
respectively [9], and that the transition temperature increases with increase of ionic radius.
Between x=6.5 and 7.0, the results of Veal et al. [10] for Y-123 showed two plateaus, one at 60
K and one at 90 K. It was postulated that the 60 K plateau (x=~6.63-6.80) characterizes the
ortho-II structure and the 90 K plateau (x=~6.80-7.0) characterizes the ortho-I structure.
The lower plateau was nearly absent for the case of Nd-123 [10,11].

It should be emphasized that unlike the Y-123 system, solubility of Nd in Ba and Gd
in Ba have been observed for the Nd-123 and Gd-123 systems. According to Wu et al. {12]
Gd-123 (solid solution) has a solubility limit of x=0.2 in air, and the solubility limit can be
reduced in low oxygen partial pressures resulting in precipitation of GdBayCuOs and CuO as
second phases. It is thought that these dispersed phases can enhance the Jc of RE-123 type

superconductors. However, compositional modulation between Nd and Ba sites in Nd-123 is

thought to be the promoter of improved flux pinning for large Jc, rather than the presence




of Nd-422 dispersed in the melt-processed Nd-123 matrix [13].

Our EMF measurements on the Y-123 system will be reviewed in detail because the
results of these measurements served as as a basis for investigating other promising Hi-Tc
cuprate systems. Limited results of our unpublished measurements on the Gd-123 system
will be included in this overview paper.

2. EXPERIMENTAL

The electrochemical cell can be schematically represented by
Pt, M (p(0z2)) | ZrO2(Y203) | Air (p(O2)es = 0.21 atm), Pt

where M=the superconductor material under investigation. The equilibrium oxygen partial
pressures, p(Oz2), above the sample in the cell can be calculated by means of the Nernst
equation

#(02) = p(O2)res eap (—%9

where E is the EMF (open circuit potential) of the cell, F is the Faraday constant, T is the
absolute temperature and R is the gas constant.
The oxygen content of the sample under investigation can be varied by means of coulo-

metric titration and calculated from the relationship

It

where An(O3) = moles of oxygen transported, I is the controlled current (amps) flowing
through the cell for a time t (sec), and F is the Faraday constant. It should be pointed
out that yttria-stabilized zirconia has a high mobility of oxygen ions in the lattice of the
electrolyte.

The cell used in this study was based on the cell designs described by Tretyakov and
Rapp [5], except that soft glass was used as a sealant instead of Pyrex. Pure analyzed air
circulating over the cell served as the reference electrode. The cell EMF was measured with

a high-impedance electrometer and a Keithley digital voltmeter. Coulometric titrations




were performed with a Princeton Applied Research Model 173 Potentiosat/Galvanostat.
The stabilized zirconia electrolyte served as both an oxygen pump and sensor for EMF
measurements.
3. Results and Discussion
3.1 Y-Ba-Cu-O System

The samples used for EMF measurements were prepared by the Materials Science Di-
vision at the Argonne National Laboratory. The Y-123 sample was received in the form of
a ten mil thick sintered tape (~95% theoretical density). The transition temperature was
reported to be ~90 K [14]. X-ray examination showed only the orthorhombic structure;
oxygen analysis (iodometric titration) gave x=6.89140.005. The tape was broken up into

small granules (sample size, ~30 mg) for use in the EMF measurements.

The results of our EMF measurements are shown in Fig. 1, where equilibrium oxygen
pressures calculated for isotherms in the temperature range 400-750°C are plotted as a
function of x in YBa3Cu30O,. There is no apparent sign of a change in curvature at an
oxygen stoichiometry of x~6.5, where the formal valence of copper is two, and where the
O-T transition had been assumed to occur by various investigators during the early stages
of research on this material.

It is pertinent to point out that upon completion of the run shown in Fig 1, we calcu-
lated (based on coulometric titration) that the oxygen content of the residue in the sample
holder would be x=6.153. Oxygen analysis of the sample via iodometric titration gave
x=6.15210.005. This agreement gave us confidence in the reliability of the EMF method. In
addition, as expected, x-ray examination of the sample in the sample holder showed that the
original orthorhomic structure (where x=6.892) was completely transformed to tetragonal.

Of particular importance, the change in curvature of the lower temperature isotherms
above x=6.5 shown in Fig. 1 and an inflection around x=6.65 are consistent with the presence

of a miscibility gap at lower temperatures. Based on the excellent linear fit, of RT log p(O2)

versus T, we extrapolated values of log p(O3) versus x, below 400°C [2]. Results indicated




the presence of an orthorhombic-orthorhombic miscibility gap with a consolute temperature
of ~200 £50°C. For the terminal compositions extending between z = 6.55 to z = 6.75 we

estimated a temperature of ~35°C [2].

In addition, a relatively rapid increase of the partial molar entropy of solution of oxygen
in YBayCu3O; in the composition range x =6.75-6.55 (Fig.2) appears to reflect the proper-
ties of an orthorhombic-orthorhombic miscibility gap since the extrapolated measurements
appear to be completely within the orthorhombic phase field. The increase in AS(Q;) with
oxygen deficiency in YBayCu3O, at z <6.5 is related to the O-T transition and reflects
the differences between the distributions of oxygen atoms and vacancies in the relatively

disordered tetragonal structure and the more ordered orthorhombic structure.

The presence of a miscibility gap at low temperatures due to two orthorhombic structures
has been suggested by a number of theoretical studies. Curtiss et al. [15] postulated a phase
diagram based, in part, on semiempirical molecular orbital theory, which suggested two
orthorhombic structures in the region ¢ >6.5. They speculated that one of the structures
would have fully occupied oxygen chain sites (01), while the other would have partially
occupied chain sites. Khachaturyan et al. [16] estimated a phase diagram based on a
mean field model and experimental data for the T—O transition. Their calculated diagram
predicts a peritectoid decomposition into two phase fields below ~190°C, namely, O' (where
z =6.5) + Oz, or O' + T. Wille et al. [16] have calculated a phase diagram by application of
the cluster variation method to an asymmetric two-dimensional Ising model with interaction
parameters selected to guarantee the stability at = =6.5 of the experimentally observed
double cell structure. However, their calculated phase-diagram is not consistent with our
measurements. Goodenough and Manthiram [17] Jhave suggested that interchain ordering

of the oxygens can give rise to several discrete Magneli-type orthorhombic structures.

3.2 Nd-Ba-Cu-O System

As in the case of Y-123, from plots of equilibrium oxygen pressures versus x, no sign

of a change in curvature was obtained at an oxygen stoichiometry of x=6.5, where copper



is divalent, and where the the O-T structural transition had been thought to occur. The
results are shown in Fig. 3. The shape of the 400°C isotherm suggests the presence of a
miscibility gap at lower temperstures, at values of x that are higher than those in the Y-123
system. The shifts in the location of the miscibility gaps are consistent with the changes
of the composition of Tc with ionic radii for Y and Nd in Y-123 and Nd-123. For a given
oxygen stoichiometry, partial pressures above Nd-123 were found to be higher than those
for Y-123 as reflected in the calculated partial molar quantities AS(O2) and AH(O2). Our
results appear to explain the two plateaus in measured values of Tc as a function of oxygen
stoichiometry in orthorhombic Y-123, and appear to be consistent with the less pronounced

Tc plateaus found for the Nd-123 system at higher values of oxygen stoichiometry.
3.3 Gd-Ba-Cu-O System

Fig. 4 shows a plot of partial pressure of oxygen as a function of temperature and
oxygen stoichiometry for Gd-123. It should be noted that extensive. EMF measurements
were initially made at 600°C in order to establish whether the measurements were reversible
with varying oxygen content. As in the case of the Y-123 and Nd-123 systems, the EMF
(and thereore the calculated oxygen partial pressures) showed reversible behavior for oxygen
absorbtion and desorbtion over the composition range investigated. Temperature depen-
dency measurements of oxygen partial pressure for selected compositions obtained from the
coulometric titrations at 600°C were also carried out. The results are included in Fig. 4
(for the 400, 450 and 500°C isotherms). A typical example of the reversible behavior of
the temperature dependency of oxygen partial pressure for a‘given oxygen content is shown
in Fig. 5 for x=6.33. Fig. 6 shows an overview plot of the temperature dependencies of
oxygen partial pressures for various oxygen content values in the condensed phase of Gd-123
derived from our EMF measurements. It is readily seen that cooling these compositions at
a fixed oxygen partial pressure increases the oxygen content of the condensed phase. Note
that the absence of breaks in the temperature dependency plots indicate that Gd-123 is

stable below the CuO/Cu;0 diphasic equilibrium line based on our measurements in the




temperature range investigated. Oxygen partial pressures above coexisting pure CuO-Cuz0
phases [19] are included in the figures as broken lines. The EMF measurements of Bormann
and Nolting [20] show that lead-free Bi-2212 and Y-123 generally decompose very close to
the CuO/Cuz0 boundary. Our results with Bi-2212 and lead doped Bi-2223 also indicate
decomposition close to the CuO/CuzO diphasic boundary [6,7,8]. It should be noted, how-
ever, that the TGA measurements of Feenstra et al. [21] on Y-123 thin films indicate that
the material is stable to at least one order of magnitude lower pressure than the diphasic
CuO/Cuz0 system.

In agreement with the results obtained with the Y-123 and Nd-123 systems [1,2], no
apparent change in curvature or discontinuity was observed at an oxygen stoichiometry of
x=6.5 where the formal valence is two, and where the orthorhombic-tetragonal transition
had been assumed to occur by various investigators during the early stages of research on
Y-123 compositions.

Fig. 7 shows a comparison of oxygen partial pressure values as a function of oxygen
stoichiometry for Y-123, Gd-123, and Nd-123 cuprate systems at 400°C. For a given oxygen
stoichiometry, oxygen partial pressures above Gd-123 and Nd-123 are higher (above x=6.5)
than that for the Y-123 system, which appears to reflect the effect of the solubility of the
rare earth atoms, Nd and Gd in Ba. According to Shaked et al. [22], the repulsion energy of
oxygen atoms in O1 and O3 lattice sites in Nd-123 (and therefore also in Gd-123 O1 and O5
lattice sites) is smaller than in Y-123. This lower repulsion energy apparently stabilizes the
orthorhombic structure at higher values of x in Nd-123 and Gd-123 compositions compared
to Y-123 as indicated in Fig. 7.

3.4 Bi-Sr-Ca-Cu-O Systems

It should be noted that the Bi-2212 system is important, not only because of its rela-

tively high superconducting transition temperature (ranging from ~ 80-90 K), which makes

it attractive for silver-clad composite-type conductors for high-field applications, but also

because it serves as an important precursor for the preparation of lead-doped Bi-2223 (Tc




~ 110 K). Key findings of our measurements on bismuth cuprate systems are (1) single-
phase stability regidns have a narrow range of oxygen non-stoichiometry and (2) solid state
decomposition of lead-free Bi-2212, lead-doped Bi-2212, and lead-doped Bi-2223 can all be
represented by the diphasic CuO-Cuz0 system [6,7,8].
SUMMARY

This paper presents thermodynamic properties that can be used to estimate the con-
ditions of stability of the Y, Nd and Gd-123 systems as a function of temperature, oxygen
partial pressure, and oxygen stoichiometry of the condensed phases. The results of these
measurements can serve as a basis for the optimized preparation and susbsequent behavior
of the subject systems. It should be emphasized that control of oxygen content can be an
important factor for achieving pinning properties that can result in increased Jc values. Key
findings of our measurements are (1) single phase stability regions have a wide range of
oxygen stoichiometry for isotherms in the temperature range 400-600°C. (2) For a given
oxygen stoichiometry, oxygen partial pressures above Gd-123 and Nd-123 are higher (above
x=6.5) than that for the Y-123 system. (3) In contrast to the BiStCaCuO system and in
general accord with the Y-123 system, our measurements show that Gd-123 is stable below
the CuO/Cuz0 diphasic equilibrium line at low oxygen partial pressures in the temperature
range 400-600°C.
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FIGURES .

Fig. 1. Variation of oxygen partial pressure with oxygen content and temperature in YBagCu30..

Fig. 2. Partial molar entropy of solution of oxygen in YBagCu30;.

Fig. 3. Variation of oxygen partial pressure with oxygen content and temperature. in NdBa;Cu30,.

Fig. 4. Variation of oxygen partial pressure with oxygen content and temperaturein GdBazCu3 0, ..

Fig. 5. Temperature dependence of partial pressure of oxygen for x=6.33 in Gd-123. (Note
reversible behavior).

Fig. 6. Temperature dependence of partial pressure of oxygen with oxygen content (overview
plot-GdBaCu3 O, system).

Fig. 7. Partial pressure of oxygen as a function of oxygen stoichiometry above Gd-123, Nd-123,
and Y-123 systems at 400°C.
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