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We have demonstrated the presence of a single-phase solid solution for the Bi2Sr3 —„Ca„-
Cu208+g superconductor, in the 1.25~x «2.0 range. The lattice parameters and melting points

vary monotonically with x, both increasing towards the Sr-rich composition. This monotonic vari-

ation of the lattice parameters extends into the 0.8~x~2.2 range, but the material is multi-

phased outside the 1.25~x~2.0 limit. Superconducting onsets in the ranges of 70-89 and

108-118 K have been obtained; however, the exact results are very sensitive to processing param-
eters. Magnetization measurements indicate high intragranular current densities (J,) at 5 K of
-5X10s A/cm2. The actual transport J, is low (=70 A/cm~ at 4 K) and exhibits a strong field

dependence similar to the behavior of the YBa2Cu307 superconductor.

Following the discovery of superconductivity in the Bi-
Sr-Ca-Cu-0 system,

' the identification of the supercon-
ducting phase raised the possibility that Bi, Ca, and Sr
form a solid solution Bi2(BiSrCa)3Cu20s+s in this materi-
al. In an earlier report, single-phase material of the
Bi2Sr3-„Ca„Cu20s13 composition was obtained in the
1.25 ~ x ~ 1.75 range. However, the expected continu-
ous change in the lattice parameters with composition
(due to the different Sr and Ca ionic radii), was not ob-
served. The purpose of this work was first to demonstrate
the presence of a Sr-Ca solid solution, and second to mea-
sure some of its thermodynamic and transport properties.
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powder diffraction patterns using Cu Ka radiation to a
tetragonal unit cell. A plot of the a and c axes as well as
the computed unit-cell volume are shown in Fig. 1. As
shown, in the 0.8 ~ x ~ 2.2 range the lattice parameters
and cell volume increase monotonically towards the Sr-
rich composition consistent with the larger Sr ionic radius.
Single-phase material was obtained only in the 1.25&

MATERIALS PREPARATION
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The samples for this study were prepared from nitrate
precursors. Stock solutions of the Bi, Ca, and Cu salts
were made by dissolving the nitrates in dilute nitric acid
while SrNO3 was dissolved in water. The desired compo-
sitions were mixed by volume, and then spray-dried using
a Buchi mini spray dryer. The efluent gas stream from
the dryer (containing particles =10@m in diameter),
was directed into a heated quartz tube in which tur-
bulence was induced by a bafIIe. The turbulence
enhanced the deposition of the particles on the furnace
walls, where decomposition of the nitrates occurred.
When a desired amount of material was collected, the
quartz tube was removed and the powder scraped off the
furnace walls. On a laboratory scale, this technique can
generate 1-2 g of calcined, highly homogeneous material
in about 20 min.
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CRYSTALLOGRAPHIC AND THERMODYNAMIC DATA

The existence of the solid solution Bi2Srs —„Ca„Cu2-
08+z can be shown unambiguously by measuring the lat-
tice parameters as a function of x. Lattice parameters of
the Bi-Sr-Ca-Cu-0 system were obtained by fitting x-ray
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FIG. 1. The a and e lattice parameters and unit-cell volume

of Bi2Sr3 —„Ca„Cu208+q as a function of x.
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FIG. 2. Thermogravimetry (TG) of BiqSr~ 5Ca~, 5Cu20s+& at 2'C min ' in oxygen and approximately 10 ppm 02 in N2.

x ~ 2.0 range. The processing temperature ranged from
885 to 840'C for the x 1.25 to x 2.0 compositions, re-
spectively. Above the x 2.0 limit some Ca2Cu03 was

present, while below x 1.25 a distinct set of peaks near
28 30' became apparent. The amount of these extra
phases depends strongly on the processing temperature;
thus, the exact value of x outside the 1.25 ~ x ~ 2.0 range
is unclear. The continuous variation of the lattice param-
eters beyond the single-phase region, shown by the dotted
lines in Fig. 1, may indicate that the solid solution can ex-
ist outside the 1.25~ x ~ 2.0 range. Materials prepared
at the compositions x 0.6 and x 2.5 did not have the
characteristic x-ray pattern of the superconducting phase,
implying that the solid solution definitely does not exist at
these compositions.

The melting point and oxygen contents of the samples
were obtained from differential thermal analysis (DTA),
and thermogravimetric (TG) data. The TG curve for
Bi2Sr~ 5Cai 5Cu20s+q is shown in Fig. 2. The inset in Fig.
2 shows the heating and cooling of a sample in oxygen.
The oxygen loss starts at =900'C; not all the oxygen is

picked up in the cooling stage possibly due to a partial
decomposition and perhaps evaporation of some bismuth.
A sample was then heated in = 10 ppm Oq (curve a),
where oxygen loss begins at =700'C. Upon cooling, the
weight remained constant since no oxygen was added.
The oxygen-deficient sample was then reheated and
cooled in oxygen and most of the initial weight was re-
gained (curves b and c). Both the loss and gain of oxygen
appear to occur in a stepwise manner. The loss in nitro-
gen is about 2.5 greater than that in oxygen at 980 C.
Depending upon the actual value of 8 in the starting ma-
terial this corresponds to a loss of about 0.5-1.4 atoms of
oxygen per formula weight, respectively.

Determination of the oxygen content of the samples by
reduction in hydrogen is more difficult for these materials
as compared with the Y-Ba-Cu-0 system due to the rela-
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FIG. 3. The melting temperature of Bi2Sr3-„Ca Cu208+~ as
a function of x, in 02 and approximately 940 ppm 02 in N2, re-
spectively.

tively high vapor pressure of Bi above =700'C. Prelimi-
nary results show that the oxygen content is significantly
greater than 8.0 atoms per unit cell throughout the solid
solution range. This implies either the presence of some
Cu+ ions, ' or as claimed for the YBa2Cu307 system,
the presence of 0' ions. '

The melting point of the materials is readily obtained
from DTA data. The variation of the melting point as a
function of composition, determined from the extrapolat-
ed onset of the melting endotherm at 10'C min ', is
shown in Fig. 3, for high and low oxygen pressures. The
melting point decreases monotonically towards the calci-
um rich end. The oxygen pressure dependence of the
melting point suggests that by processing the material at
oxygen pressures ) 1 atmosphere, the melting tempera-
ture can be raised above 900'C. It may also be that the
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FIG. 4. Diamagnetic and Meissner effects of Bi2SrCa2-
Cu208+~ using a squid magnetometer. The inset shows the on-
set of the transition above 100 K.

reactivity can be enhanced by initially firing in a low oxy-

gen pressure to increase ionic mobilities, and then at a
higher oxygen pressure to achieve proper oxidation.

MAGNETIC AND TRANSPORT DATA

The Meissner and diamagnetic effects were measured
with a SQUID magnetometer (Quantum Design). Sam-
ples were first cooled in zero field, the field was then set to
20 Oe and the diamagnetic effect was recorded by heating
to 130 K. The sample was then cooled in the presence of
the field to record the Meissner effect. An example of
such a trace is shown in Fig. 4 for the Bi2SrCa2Cu20s+s
composition processed at 860'C for 4 h. Based on the
sample size, the diamagnetic signal at 40 K implies that
=70% of the material is superconducting. The inset in
Fig. 3 shows the onset of the high-temperature transition.
It should be pointed out that although significant resistivi-
ty changes above 100 K are observed routinely, we have
not yet obtained pronounced Meissner signals above 100
K, as reported elsewhere. Superconducting onsets in the
ranges of 70-89 K and 108-118 K have been obtained;
however, the exact results are very sensitive to the process-
ing parameters. The highest onsets have been obtained
from partially melted samples, hence, the exact composi-
tion is unknown. Further work to clarify the issue is
currently underway.

The magnetization of the samples was measured using a
vibrating sample magnetometer (VSM). Data taken on a
bulk piece of the Bi2Sr2CaCu208iq composition at = 5
K, and on the same weight of a ground powder sample,

FIG. 5. M-H loops of Bi2Sr2CaCu20s+g using a vibrating
sample magnetometer. The solid curve is for a bulk sample
while the dashed curve is the powdered material.

are shown by the solid and dotted curves in Fig. 5, respec-
tively. Since the magnetization curves in the two mea-
surements are insignificantly different (by a factor of only
about 2), the signal arises from currents within the indivi-
dual grains in the material (the difference in the two mea-
surements could arise from a reduction in the average
grain size during the crushing). Based on an average
grain size of = 10pm, the critical current J, within the
grains is =5X 106 A/cm2 at 5 K (at a field of 9 kG).
This result is consistent with recent transport measure-
ments on thin epitaxial films of the Bi-Sr-Ca-Cu-0 com-
pound, s as well as with VSM measurements on single
crystals.

Just as in the YBa2Cu307 superconductor, the high in-
tragranular J, is not reproduced in bulk transport mea-
surements, most likely due to weak links along grain
boundaries. A transport measurement on the Bi2Sr2Ca-
Cu20s+s composition (processed at 890'C for 8 h) at 4 K
indicates a low J, of about =70A/cm in zero field. At a
magnetic field of 100 G, J, drops by about a factor of 2.
Removal of the field and remeasurement of the critical
current shows memory effect similar to that observed in
the Ba-Y-Cu-0 system. ' Measurements of transport J,
at 77 K from a similar Bi2Sr2CaCu20s+s compound
showed a J, of = 5 A/cm in zero field, and strong field
dependence (0.1 A/cm at H 1000 G). Further
research is required to understand the cause of the low J,
and the severe field dependence ("weak-link" problem) in
this system.
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