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Stable superconductivity up to 114 K has been reproducibly detected in Bi-Al-Ca-Sr-Cu-O multiphase
systems without any rare-earth elements. Pressure has only a slight positive effect on 7.. These observa-
tions provide an extra material base for the study of the mechanism of high-temperature superconduc-
tivity and also the prospect of reduced material cost for future applications of superconductivity.

PACS numbers: 74.10.+v, 74.70.Ya

An avalanche of research activities has resulted from
the recent discoveries of the 30- and 90-K superconduc-
tivity, respectively, in the 2-1-4 single-layer ternar-
ies' (La;-xM,),CuO4-, (M =Ba, Sr, and Ca; 0 <x
<0.2; y<0.1) and the triple-layer 1-2-3 quaternar-
ies? ABa,Cu307—5 (4 =rare-earth element; § < 0.45).
Great progress has been made on the understanding of
their physical and chemical properties in both the normal
and superconducting states. At the same time, many
theoretical models® have also been advanced to account
for the observations. In spite of the extensive efforts, the
fundamental question concerning the mechanism respon-
sible for superconductivity at such high temperatures,
especially in the 90-K range and above, remains unset-
tled. One approach toward an answer to this question is
to search for new material systems with high supercon-
ducting transition temperatures 7. and thus to broaden
the material base for contrast and comparison. A new
high-T, system without the use of rare-earth elements
will reduce the material cost and will make even more
practical applications of superconductivity. In this
Letter, we report the observation by electrical and mag-
netic measurement of stable and reproducible supercon-
ductivity in compound systems with nominal composi-
tions represented by BiAl,—,CaSrCuO7-s BiAl - -
(Cal _xer)Cu207_5, and BizAl] —y (Ca1 _xer)ZCuz-
Og -5, where 0 <y =<0.3 and 0.4 < x < 0.95. The sam-
ples investigated survived repeated thermal cycling for
two weeks without any sign of degradation. A brief news
report of the observation of superconductivity in a Bi-
Sr-Ca-Cu-O system between 75 and 105 K appeared in
the Nippon Keizai Shinbun [Japan Economic News] on
22 January 1988. No details were given concerning
composition, processing, or structure in the report.

From our previous studies on the 60- and 90-K super-
conductors, at both ambient and high pressures, it is
rather clear® that atomic size and the valence state play
a crucial role in the formation of these high-7. oxide su-
perconductors, and both will dictate the final crystal

structures. In addition, no effort to date has succeeded
in the replacement of Cu atoms without the degradation
or complete destruction of superconductivity. Therefore,
we have focused our studies on trivalent-element oxide
compounds consisting of Cu. At the same time, we vary
the valence state of Cu and adjust the average atomic
size so that the elements will crystallize to a certain su-
perconducting form. Recently, Michel et al. did demon-
strate’ that Bi,Sr,Cu,07—5 becomes superconducting at
22 K. This was the first time that one obtained super-
conductivity above 20 K in oxides without the use of any
rare-earth element.

The samples investigated were synthesized by the stan-
dard solid-state reaction technique in the following steps:
calcination of pellets of a thoroughly ground mixture of
appropriate amounts of Bi,O3, SrCO3, CaCO3, and CuO
in air at 750-890°C in a platinum or alumina crucible,
rehomogenization of the calcinated pellets following
their crushing and regrinding, sintering of the pellets of
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FIG. 1. Effects of sample conditions on the superconducting
properties of BCSCO and BACSCO compounds: sample a,
BCSCO-1 (heat treated at 860°C); b, BCSCO-1 (885°C); c,
BCSCO-1 (901°C); d, BACSCO-1 (875°C, prolonged an-
nealing); e, BCSCO-2 (860°C); f, BACSCO-1 (885°C, slow
quenching); and g, BCSCO-1 (885°C, prolonged annealing,
slow quenching).
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TABLE I. Heat-treatment conditions for samples in Fig. 1.

Temperature Time
Sample (c0) (min) Quenching
a, BCSCO-1 860 60 Air cool (=10 min)
b, BCSCO-1 885 60 Air cool (=10 min)
¢, BCSCO-1 910 60 Air cool (=10 min)
d, BACSCO-1 875 300 Slow cool in furnace (=120 min)
e, BCSCO-2 860 60 Air cool (=10 min)
f, BACSCO-1 885 30 Slow cool in furnace (=120 min)
g, BCSCO-1 885 90 Slow cool in furnace (=120 min)

the rehomogenized material at the same temperature
range, and finally air quenching of the sintered pellets to
room temperature. The pellets were then cut into bar
samples of dimension =3x0.9%0.9 mm? for measure-
ments. Pt electrical leads were attached to the samples
by In contacts or Au paste. A standard four-probe tech-
nique was used to determine at 17 Hz the resistance R.
The magnetization M of the samples at ambient pressure
was measured after cooling in a field of 30 Oe with a
PAR model M 155 vibrating-sample magnetometer. The
high-pressure environment was provided by a Be-Cu
clamp, with silicone oil as the pressure medium con-
tained in a Teflon high-pressure cell. The pressure was
determined at low temperature by a superconducting Pb
manometer situated next to the sample. The magnetic
field effect on the superconducting transition was deter-
mined in a superconducting magnet up to 6 T. The tem-
perature was measured by a Chromel-Alumel thermo-
couple, a Au+0.07% Fe-Chromel thermocouple, a car-
bon glass thermometer, or a diode thermometer, depend-
ing on the type of measurements. All thermometers used
have been calibrated against each other and against the
published calibration tables of Au+0.07% Fe-Chromel
and Chromel-Alumel thermocouples.

Differential thermogravimetric analyses showed that
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FIG. 2. dc magnetization of samples a and g of BCSCO-1.
A small diamagnetic signal also persists up to =110 K.
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reactions of the ingredients occurred between =760
and =840°C and the final compound melted at
=890°C for the BiCaSrCuO;-; (BCSCO-1) and
BiCaSrCu3;07 -5 (BCSCO-2) compound. These temper-
atures set the window for synthesis temperatures. They
varied somewhat with the compositions in BiAl;—,-
CaSrCuO7 -5 (BACSCO- 1 ), Bi1A11 -y (Ca, —xSl‘x )'
Cu207 -5 (BACSCO-2), BizAh _y(Cal -xSI'x )2Cll2-
08—8 (BACSCO-3), and BiAll_y(Cal_xer)ZCu307_5
(BACSCO-4). The results also indicated that heating
the final compound up to its melting point did not pro-
duce a loss of oxygen as in the case of the 1-2-3 com-
pounds, suggesting possibly better stability of the new
compounds.

Our prepared compounds apparently can have up to
three transitions, depending on the synthesis conditions.
Preliminary x-ray powder diffraction results displayed
complex patterns which could not be fitted by either the
2-1-4 or 1-2-3 structure. However, lines similar to those
of Bi;SrCu,0¢—5 (2-1-2) appeared to be present in most
of the samples, which are clearly multiphase. It should
be pointed out that our Bi,SrCu;O7-5 superconducts at
=5 K and Bi,Sr,Cu;07_5 (2-2-2) does not. All samples
with nominal compositions given above were found to ex-
hibit similar superconducting properties, although the
sizes of the Meissner-effect signals were different. Un-
fortunately, the size varied in an unsystematic way be-
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FIG. 3. Pressure effect on R of BCSCO-1, sample g.
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FIG. 4. Pressure effect on T.’s of the two transitions.

cause of the accompanying change in the synthesis con-
ditions. Therefore, only results on some samples are
shown. The synthesis temperature and sintering time
were found to affect the superconducting properties of
various samples sensitively, as displayed in Fig. 1 (also
see Table I). The highest transition occurs at =114 K
and the lowest one at =81 K. Magnetization results
during field cooling at 30 Oe are given in Fig. 2 for two
BCSCO-1 samples. About 30% Meissner effect was ob-
served below =80 K and a small but clear Meissner-
effect signal was detected up to =110 K. Magnetic field
suppresses all transitions. It broadens the transition,
suggesting the percolative nature of the samples. With
use of the 50% R drop, the estimated upper critical field
at 0 K, H,.,(0), and the coherence length at 0 K, £(0),
are =113 T and =30 A, respectively, for the 80-K tran-
sition. The poor quality of the data prevents us from es-
timating the H,,(0) for the higher-T, transitions in these
compounds. The pressure effect on R(T") for BCSCO-1,
sample g, is shown in Fig. 3. R increases rapidly with
pressure in contrast to that for the 2-1-4 and 1-2-3 com-
pounds.® The pressure dependence of T, for the two
transitions is given in Fig. 4. Both 7,’s increase initially
at a rate of =0.3 K/kbar and then decrease with pres-
sure beyond 12 kbar. The similarity between the pres-
sure effect on 7T, with different values is in strong con-
trast to that’ for the 90- and 60-K EuBa,Cu30;—5 The
implication of this observation is currently under investi-
gation.

It should be pointed out that a small Meissner effect
(<0.1%) has also been detected in BCSCO-1, sample a,
shown in Fig. 1 above 130 K, the limit of our vibrating-

sample magnetometer, and the sample displayed a R
drop starting from 180 K. An oxygen-rich sample was
found to show a significantly large paramagnetic signal
at low temperature instead of superconductivity.

In conclusion, superconductivity up to 114 K has been
observed in a Bi-Al-Ca-Sr-Cu-O multiphase compound
system, with only a minor role for Al. Presently, the ex-
act stoichiometry and the crystal structure of the super-
conducting component, which appears to be different
from the 2-1-4, 1-2-3, 2-2-2, or 2-1-2 structure described
earlier, are being determined. The observations (1) will
provide an extra material system for contrast in unravel-
ing the superconducting mechanism in the unusually
high-T, oxides, (2) will reduce the material cost for fu-
ture full-scale applications of superconductivity, and (3)
may lead to even higher and stable T, in the near future.
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