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A New High-Temperature Superconductor: significantly. Powder x-ray diffraction re- 
vealed that most products were multiphase Bi2Sr3-,C~,CU~O~+, containing unreacted CuO, mixed oxides of 
Ca, Sr, and Cu, as well as a new phase 

M. A. SUBRAMANIAN, C. C. TORARDI, J. C. CALABRESE, having a characteristic reflection with a d- 
J. GOPALAKRISHNAN, K. J. MORRISSEY, T. R. ASKEW, R. B. FLIPPEN, value of -15.4 A in the powder pattern. 
U. CHOWDHRY, A. W. SLEIGHT The Meissner effect was particularly strong 

whenever the 15.4 A d-value in the x-ray 
A new superconductor that displays onset behavior near 120 K has been identified as pattern was predominant. Chemical analyses 
BizSr3-xCaxCuz08+y with x ranging &om about 0.4 to 0.9. Single crystal x-ray on samples showing the strongest flux exclu- 
diffraction data were used to determine a pseudo-tetragonal structure based on an A- sion indicated that of the total copper pre- 
centered orthorhombic subcell with a = 5.399 A, b = 5.414 A, and c = 30.904 A. The sent about one-third is cu3+ and two-thirds 
structure contains copper-oxygen sheets as in LazCu04 and YBazCu307, but the is cu2+. 
copper-oxygen chains present in YBazCu307 do not occur in BizSr3-,CaXCuzO8+,. The Single crystals of the superconducting 
structure is made up of alternating double copper-oxygen sheets and double bismuth- phase were grown from a Bi:Sr:Ca: 
o gen sheets. There are CaZ+ and S? cations between the adjacent Cu-0  sheets; Cu = 2:2: 1 : 3 oxide mixture in a gold cruci- 
S y +  cations are also found between the Cu-0 and Bi -0  sheets. Electron microscopy ble. The mixture was heated to 850" to 
studies show an incommensurate superstructure along the a axis that can be approxi- 900°C, held for 36 hours and cooled at the 
mated by an increase of a factor of 5 over the subcell dimension. This superstructure is rate of 1°C per minute. Plate-like crystals 
also observed by x-ray difli-action on single crystals, but twinning can make it appear that exhibited cleavage in the basal plane 
that the superstructure is along both a and b axes. Flux exclusion begins in our samples were predominant in the melt. They were 
at about 116 K and is very strong by 95 K. Electrical measurements on a single crystal mechanically separated and used for further 
of Bi2Sr3-,CaxCuz08+y show a resistivity drop at about 116 K and apparent zero characterization and structure determina- 
resistivity at 91 K. tion. Both flux exclusion and electrical resis- 

tivity measurements on the single crystals 

M ICHEL ET AL. (1) REPORTED SU- acting Bi203, CaC03, Sr02/Sr(N03)2, and revealed a sharp superconducting transition 
perconductivity in the Bi/Sr/Cd CuO in various proportions at 700" to at Tc - 95 K (Figs. 1 and 2). In these single 
0 system with a transition tem- 900°C in air for 12 to 36 hours. Black, plate- crystals the T, onset occurs at about 116 K. 

perature (T,) in the 7 to 20 K range. like, and needle-shaped crystals were found This suggests that it is unlikely that two 
Although they presented some unit cell di- in many preparations. F l u  exclusion mea- distinctly different structures are responsible 
mensions, they did not report a structure for surements showed superconductivity for T,'s near 116 K and 95 K. 
the compound they designated as Bi2Sr2 around 85 to 95 K in many of the samples Single crystal x-ray diffraction informa- 
C U ~ ~ ~ + ~ .  On 22 January 1988, there was a but never in samples prepared at 700°C. tion is summarized in Table l. Many crystals 
report from Maeda et al. (2) that a Tc onset Most of our samples were slowly cooled, show superstructure along the a and b axes, 
near 120 K can be obtained in the Bi/Sr/Cd However, quenching the samples directly characteristic of twinning. Axial oscillation 
CdO system. This result was immediately into liquid nitrogen did not lower the Tc photographs of a crystal showed a super- 
reproduced by others (2). Chu and co- 
workers (2) subsequently announced super- 
conductivity in the BilSrlCdCulAVO system 1.6 

but indicated that the A1 was not important. 
Although some characterization of phases in g 
the Bi/Sr/CdCdO system has been reported b 1.2 

(3), none of the structures of the various 3 
phases in the system have been revealed. We 8 
have explored these systems and discovered 3 60 

a superconducting phase best described as 
Bi2Sr3-xCaxC~20s+y 3 

Many compositions (about 300) in the Y 40 

BiiSr/CdCdO system were prepared by re- 5 
f Fig. 1. Magnetic flux exclusion of a 

0 
few randomly oriented single crys- 

Central Research and Development Department, E. I. du tals of Biz,%-,CaxCu208+, super- 
Pont de Nemours and Company, Experimental Station, 50 60 70 80 90 100 110 120 130 140 150 by an ac sus- 
Wilmington, DE 19898. TEMPERATURE (K) ceptometer. 
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Fig. 2. Resistivity curves for Bi2Sr,-,CaxCu208+, superconductor. 

Fig. 3. Structure of Bi2Sr3-,CaXCu2Os+, show- 
ing the Cu02 layers. Metal atoms are shaded and 
only Cu-0 bonds are shown. Oxygen atoms for 
the Bi layers are idealized. 

structure along the a axis only. An initial 
model for the 5.4 by 5.4 A subcell data was 
obtained by the direct phasing method (4), 
and was further developed by Fourier and 
least-squares cycles to yield the gross ~ i ~ + ,  
sr2+,  ca2+,  and copper-oxygen sheet coor- 
dinates (Table 2). The crystallographic re- 
peat unit consists of one Bi, Sr, and Cu each 
on mirror-related sites, the Ca(Sr) on an 
inversion center, and two oxygens on two- 
fold rotation axes. The resulting structure 
yields square-planar Cu, cubic Ca(Sr), and 
octahedral oxygen coordination geometries. 
A mixed stoichiometry of the "Ca layer" was 
approximated as Sr:Ca = 1 : 1 from an ex- 
amination of the thermal coefficient of the 
Ca as a function of the ratio of the Sr and Ca 

scattering factor curves. The oxygen atom 
structure of the bismuth bilayer could not, 
however, be completely determined with the 
subcell data. Presumably, the superstructure 
includes oxygen ordering within this region 
of the structure. Partially occupied oxygen 
atom coordinates obtained from difference 
maps lowered the agreement indices 
(R = 0.071,RW = 0.061). Least-squares re- 
finement on a large superstructure cell is in 
progress to obtain the ordered model which 
may be monoclinic. Elongation of the 
heavy-atom thermal ellipsoids along the a 
axis is also consistent with the superstruc- 
ture in this direction. 

The structure can be described as contain- 
ing double sheets of corner-sharing approxi- 

mately square-planar Cu04  units oriented in 
the (001) plane (Fig. 3). The Cu-Cu separa- 
tion between the sheets in the double layer is 
3.25 A. Calcium and strontium ions are 
located between the C u - 0  sheets with 
Ca(Sr)-0 bond lengths ranging between 
2.45 and 2.55 A. This structural feature also 
exists in the RBa2Cu307 phases where the 
copper-oxygen sheets are separated by 3.3 A 
with trivalent rare earth cations. C u - 0  bond 
distances within the sheets of Bi2Sr3-,Ca, 
C U ~ O ~ + ~  are 1.91 A. Strontium cations 
reside just above and below the Cu-0  dou- 
ble sheets. These Sr-Cu-Ca(Sr)-Cu-Sr slabs 
alternate with a double bismuth layer result- 
ing in a layer repeat sequence of . . .Bi-Bi- 
Sr-Cu-Ca(Sr)-Cu-Sr . . .. This structure is 
related to that of BizB~.lSro,9Ta209 (5), 
which has double layers of corner-sharing 
TaOh octahedra with Sr ions situated be- 
tween the layers. However, the double lay- 
ers in the tantalum compound connect di- 
rectly to a double bismuth layer giving a 
layer repeat sequence of . . .Bi-Bi-Ta-Sr- 
Ta . . .. That is, the additional strontium 
layers present in the copper compound are 
missing in the tantalum phase. This explains 
the close relationship in the orthorhombic a 
and b lattice parameters 1-5.4 A (Cu) ver- 
sus -5.5 A (Ta)] and the large difference in 
the c parameter [30.9 A (Cu) versus 25.1 A 
(Ta)] of the two compounds. 

Electron microscopy of BizSr3-,Ca, 
C U ~ O ~ + ~  shows platy~~rystals with diame- 
ters ranging from a few micrometers up to 
30 p,m and thickness less than 0.5 pm. The 
lamellar structure of these dates is shown in 
Fig. 4. The tendency of these micaceous 
crystals to delaminate can easily be appreci- 
ated from Fig. 4 (bottom). Microanalysis of 
these plates indicates that the value of x in 
BizSr3-,CaxCu208+y ranges from about 0.4 
to 0.9. Elongated needle-like crystals up to 
50 pm in length are also present in this 
sample but constitute a small fraction of the 
total volume. Microanalysis of the needles 
indicates that thev are &or in bismuth ( 6 ) .  

4 L \ r 

Some micrometer-sized equiaxed particles 
were also evident in the sample. These have 
been identified by microprobe analysis to be 
unreacted copper oxide. 

Because the platy crystals were found to 
be high T, superconductors, they were 
picked out with the aid of an optical micro- 
scope for further examination. The (001) 
plane of the plates was observed in samples 
irepared by mounting crystal fragments on 
carbon grids. To observe (100) and (010) 
planes, samples were microtomed. Both a 
Philips CM12 and JEOL 2000EX were used 
in this study. Electron diffraction from the 
face of the plate (Fig. 5) indicates a 5.4 by 
5.4 A subcell with a superstructure along 
one axis. This superstructure may be ap- 
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proximated with cell dimensions a = 27.0 A 
and b = 5.4 A in reasonable agreement with 
those from Michel tt al. ( I )  for "Bi2Sq 
Cu207+,". The c axis of 31.0 A was also 
confirmed by means of elcaron ditli-action. 

The compound Bi2Sr3-XCaXCu208+y is 
fairly stable in the presence of the elcctron 
beam. Its lamellar nature and tendencv for 
the thin sheets to bend complicates 60th 
electron W c t i o n  and structure imaging. 
Our examination of scvcral aydl i tes  thus 
far indicates a propensity for twinning, 
stacking fiults, and dislocations in this mate- 
rial. 

T h m  arc now three copper-oxygen- 
based s t r u m  that exhibit high-tempera- 
ture suynductivity: La2-Ji.'+ cu04  
where A + is Ba, Sr, or Ca, RBa2Cu3@ 
w h m  R is nearly any rare earth; and 
Bi2Sr3-x@Cu208+y. In all three cases, 
there arc copper-oxygen sheets whm the 
copper is in essentially square-planar coordi- 
nation. In La2Cu04, there are, in addition, 
two more oxygens bound to copper to form 
a highly distorted octahedron. The shea 
copp"' in the YBa2Cu30, st- has a 
6fth oxygen with a longer Cu-0 distance to 
fbrm a square pyramidal coordination for 
copper. In BizSr3-,CaxCu2G+,, t h m  arc 
n& oxygens between the adjacent sheets; 

Table 1. Summvy of a y d l o g q h i c  infoma- 
tion fw the compound Bi#r3-x&cu208+y (hr 
x = 0.5). The data werc taken with an Enaf- 
Nonius CAD4 -r t h t  used Mo-Ka 
monoduomatic radiation. The insaumcnt was 
operated in the o scan mode ova a 20 range of 0 
to 50 degrees. The absorption correction was - *caUy. 
Dimensions (mm) 0.10 x 0.07 x 0.01 
Formula weight 912.1 
Cry-' sr~tan Orthochombic 
space P P  Amaa (no. 66 - Cccm) 
Ccll constants a = 5.399(2) (A) 

b = 5.414(1) (A) 
c = 30.904(16) (A) 

Calculated dcnsiy 6.70 g/an3- 
Ocants HKL, HKL 
Abmqion d a e n t  578.5 an-' 
Total dections 2064 
Independent reflections 231 (I > 317) 
Datalpammems 8.00 
It (data merge) 0.031 (185 dupl~cates) 
R 0.099 
R w  0.088 

Table 2 Positional (z, y, e) and thermal (B) 
ppnmeters h r  the atom of Bi#r3-,- 
c u 2 0 8 + Y .  
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thus, drc copper coordination is tbur or five. 
A common hture of all copper oxide 
based superconductors is the mixed oxida- 
tion states Cu"-cuU'. 

T h m  has been considerable speculation 
about the role of copper-oxygen chains in 
the YBa2Cu307 structure because such 
chains are apparently required to achieve 
high-temperature superconductivity in this 
structure. One c ~ u e n c e  of the chains is 
that they lower the symmeay of drc struc- 
ture from mragonal to orthorhombic. For 
the La2Cu04 structure, distomon of the 
afpper-oxygensheetsalsoseenstobeessen- 
tial for superconductivity. Again for 
Bi2Sr3-xCaxCu20s+, we find an ortho- 
rhombic distortion of dK pseudo-mragonal 
sheets. It is therdbre tempting to condude 
that lowering the symmeay of the copper- 
oxygen sheets is essential for high T,. Fur- 
thermore, it appears that the bismuth-oxy- 
gen sheets may play a role in this distortion. 
In fact, there could well be drain-like charac- 
ter to the Bi-0 structure. 
There is an even greater separation be- 

tween certain copper-oxygen layers in the 
Bi~Sr3-~Ca~Cu~0~+, structure than in ei- 

Fig. 4. Ekcmm micrographs of uystaUits of 
Bi2Sr3-xCaXcu~Oa+y showing platy mqblogy 
and tendency to delaminate. 

F i g . S . E l ~ ~ o n p a t n m O f ~ b a s a l  
plane of a platy crystal- 

ther the La&u04 saucturr or the RBa2 
Cu307 structure. Thus we might cxpca 
even more anisotropic properties in this 
lamellar structure. 'This expectation is fur- 
ther supported by the exnrme tendency of 
this platy material to delaminate. This de- 
lamination behavior makes it very difficult 
to obtain reliable electrical data perpendim- 
lar to the sheets. 

Unlike the aystals of the RBa2Cu34 
materials, aystals of Bi2Sr3-xCaxCu2G+y 
readily exhibit strong flux exdusion behav- 
ior without the need for extensive annealing 
in oxygen. Either the crystals fbnn initially 
with adequate oxygen, or the oxygen is very 
rapidly absorbed on cooling in air. Thus, we 
expect much easier ceramic procasing of 
this material because a final oxygen anneal 
may be u n n v .  A &culty with both 
L~-J~.'+CUO~ and RBa2Cu30, is their 
reactivity with humid air. Prdiminaryobscr- 
vations on the Bi2Sr+xCaxCu2G+y phases 
indicate a much greater stability in this 
rrgard. 

Superconductivity is also known in the 
bismuth based oxide system Ba(Pb,Bi)03 
(7). Furthermore, the T, of 13 K o b e d  
forthisphaseishigherdrancxpectedbased 
on traditional Bardecn-Cooper-Schri& 
(BCS) theory; thus, this oxide has also been 
regarded as a high-temperature supercon- 
ductor. However, it is unlikely that bismuth 
plays a direct role in any conduction mccha- 
nism for Bi2Sr3-xCaXCufi+y phases unless 
some of the bismuth is oxidized to ~i'. Our 
chemical analysis indicates that this is very 
unlikely. Furthemore, the structural analo- 
gy ktw- Bi29ao.lsr0.9Ta209 (5) and 
Bi2Sr3-xCaXCu2G+y indicates that Bi" 
rather than BiV predominates in both 
phases. Further speculation on this question 
must await the detailed s t r u d  analysis 
that is in progress. 

N O f z d ~ i n ~  Furcherrehement 
of the subcell structure has improved the 
agrcmmt factor to R = 0.055 and indi- 
cates x = 0.67 in the tinmula. 
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