
JOURNAL OF SOLID STATE CHEMISTRY 79, 157-168 (1989) 

Superconducting properties and Structural Study of 
BiZ-xPb,Sr2CaI-xYxCuZ08 (0 I x I 1) 

R. RETOUX, V. CAIGNAERT, J. PROVOST, C. MICHEL, 
M. HERVIEU, AND B. RAVEAU 

Laboratoire de Cristallographie et Sciences des Mate’riaux, ISMRa, 
Boulevard du Mar&ha1 Juin, F-14032 Caen Ce’dex, France 

Received December 1, 1988 

A solid solution has been prepared by coupled substitution of lead for bismuth and yttrium for calcium 
in the Bi2SrzCaCuzOs cuprates. Pure phases Bi2-,Pb,Sr,Cal~,Y,CuzOs were obtained from x = 0 to x = 
1. The superconducting properties of the samples vary with X: I”, remains close to 85 K up to x = 0.5 
and then decreases drastically. The variation of the cell parameters has been studied: the oxides 
possess an orthorhombic cell with a = 5.385 A, b = 5.424 A, and c = 30.316 A, with a space group 
Pnam for x = 1. The electron diffraction patterns are complex; several types of satellites have been 
observed and were correlated with distortions, twins, and short-range order phenomena. Local varia- 
tions of the Bi/Pb ratio most likely occur and could be responsible for the change in T,. D 1989 Academic 

Press. Inc. 

Following the observation of supercon- since it cannot be synthesized from the ox- 
ductivity at 22 K in the Bi-Sr-Cu-0 sys- ides and carbonates in appropriate stoichio- 
tem (I) and intensive investigation of bis- metric proportions. Endo et al. (9) have 
muth cuprates led to the discovery of demonstrated that an excess of calcium and 
superconductors with higher critical tem- copper oxides, and addition of PbO, are es- 
perature. In addition to the 22 K supercon- sential to obtain the “2223” phase without 
ductor Bi&-,CuOs, two other cuprates are impurities. In recent papers (II, 12) we 
now known: Bi#rzCaCuzOs, called “2212” showed that it is possible to replace copper 
(2-7), and Bi2Sr2Ca2Cu30i0, called “2223” by iron in the “2212” and “2223” phases, 
(&ZO), which superconduct below 80 and leading to the oxides Bi2Sr2CaFe209, Bi2Sr3 
110 K, respectively. The structure of these Fe209, and Bi&-4Fe3012, which are not su- 
three phases may be described as an inter- perconductors. Substitutions of yttrium 
growth of triple-distorted rock-salt-type and lanthanides for calcium in Bi2Sr2Ca 
layers and multiple oxygen-deficient Cu208 were extensively studied by Taras- 
perovskite layers according to the general con et al. (13). These authors found that 
formula [(Bi0)2Sr01[SrCa,-lCu,02,+11 superconductivity disappeared for approxi- 
with m = 1, 2, 3 for the “2201”, “2212”, mately 75% of substitution whereas I’, re- 
and “2223” superconductors, respectively. mained approximately constant up to a 25% 
Among these compounds, the latter is the substitution level. The mechanism of super- 
most difficult to obtain as a pure phase conductivity in these oxides is far from be- 
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ing understood. However, the replacement 
of divalent calcium by trivalent yttrium or 
lanthanide, which involves an excess of 
oxygen with respect to the stoichiometric 
formula can explain the disappearance 
of superconductivity in the substituted 
compounds; it indeed involves a decrease 
of the mean valence of copper or a lack of 
the bidimensionality of the structure, if ex- 
cess oxygen is located at the lanthanide 
level (or yttrium). 

We report here on the coupled substitu- 
tion of lead for bismuth and yttrium for cal- 
cium in the “2212” cuprate, i.e., on the ox- 
ide Biz-,Pb,SrZCal -xYxCu20s . 

Experimental 

The Bi2-xPb,Sr2Cat-xYxCu20s series 
were prepared by reacting Bi203, CuO, 
PbO, Y203, SrC03 and CaC03 in stoi- 
chiometric proportions. Powders were 
mixed and ground, then pressed into pellets 
which were placed in alumina boats and 
heated in air, with the following thermal 
procedure: a heating rate of 50°C hr-’ up to 
800°C; a dwelling time of 36 hr at this tem- 
perture, then 6 days at 865°C; lastly, cool- 
ing to room temperature at a cooling rate of 
50°C hr-‘. 
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Samples were analyzed by powder X-ray 
diffraction and the diffractograms recorded 
on a Philips goniometer using CuKo radia- 
tion. 

Electron diffraction studies were per- 
formed on a JEOL 120 CX microscope, 
fitted with a eucentric goniometer (?60”). 

The superconducting properties were 
studied by resistance measurements, using 
the classical four-probe method, and by flux 
expulsion, using a SQUID magnetometer. 

Results and Discussion 

The X-ray analysis shows that the simul- 
taneous replacement of calcium by yttrium 
and of a part of bismuth by lead is possible, 
and that a continuous solid solution exists 
from Bi2Sr2CaCu208 to BiPbSrzYCuzOs . 
Ail the reflections of the X-ray powder dif- 
fraction patterns can be indexed in an 
orthorhombic cell with parameters close to 
those observed for Bi2Sr2CaCuZ08 (a = 
5.404 A, b = 5.406 A, c = 30.78 A from our 
measurements). The cell parameters are 
plotted in Fig. 1 as a function of the substi- 
tution x. From this figure, it can be seen 
that the introduction of lead and yttrium 
into the “2212” superconductor leads to a 
sharp decrease of the c parameter and to a 
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FIG. 1. (a-b) Evolution of the cell parameters (in A) as a function of x for the oxides Bi2-,Pb,Sr2 
Ca,+,Y,Cu208. 
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FIG. 2. Superconducting properties of the series Biz-,Pb,SrzCa,_,Y,Cu20R: (a) resistivity measure- 
ments for some x values, (b) variation of T, at R = 0 as a function of x. 

large increase of the orthorhombic distor- 
tion for high x values (x > OS), as shown, 
for example, for the limiting compound 
BiPbSr2YCuJ08 (a = 5.385 A, b = 5.424 A, 
c = 30.316 A). 

The superconducting properties of the 
different oxides of the series BiZ-,PbXSrZ 
Cal-XYXCuZOs have been studied. Some of 
the resistivity measurements are plotted in 
Fig. 2a. Up to x - 0.5, p300K remains ap- 
proximately constant and exhibits metallic 
behavior. For higher x values, p increases 
with increasing x, and semiconducting be- 
havior is observed. For example, for x = 
0.8, the resistivity at room temperature is 
about 20 times larger than for x = 0.5. No 
resistance transition is measured for x > 
0.7. T, at p = 0 remains close to 85 K up to 
x = 0.5, and then decreases drastically (Fig. 
2b), whereas T at the top of the resistivity 
downturn seems to have a constant value (T 
- 90 K) all over the series where the super- 
conducting transition is observed. The 
magnetization measurements allow dia- 
magnetism to be observed up to x = 0.8 
(less than 1% of diamagnetism at 4.2 K for 
this composition). The magnetic behavior 
of the limit composition BiPbSrzYCuZOs , 
which exhibits antiferromagnetic order be- 

low 20 K, is quite similar to that observed 
by Fukushima ef al. (14) for Bi2Sr2YCu208. 
The change in T, offset is to be compared 
with the results obtained by Tarascon et al. 
(13) on the members of the series Bi2Sr2 
Cai-xLnxCuZOs+y (Ln = Tm, Eu, Er, Ho). 
In these latter compounds, T, remains con- 
stant up to x - 0.25, then decreases toward 
zero for x = 0.75. Correspondingly, the 
mean oxidation state for copper decreases 
from 2.15 (x = 0) to 2.07 (x = 1). 

From the electron diffraction investiga- 
tion of BiPbSrzYCuZOs samples, it appears 
that the limiting composition exhibits a 
mica-like morphology, similar to that previ- 
ously mentioned for Bi2Sr2Cu06 (I), Bi2Sr2 
CaCulOs (7, 15-l@, and Bil,sPbO,zSrzCa 
Cu208 (19). An example is shown in Fig. 3, 
where the splitting of the crystal is clearly 
visible. Two important points emerge from 
this study: 

-The highly complex features observed 
especially in [OOl] ED patterns which will 
be further discussed, 

-the reciprocal space analysis per- 
formed on several microcrystals shows that 
the space group is no longer Amau, as ob- 
served in Bi2Sr2CaCu208 (3-7). The condi- 



FIG. 3. [OOl] image of BiPbSr2YCu208: mica-like 
morphology. Note the splitting of the crystal in thin 
slices. 
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tions of systematic reflections are: hkl, n3 
cond, Okl, k + 1 = 2n, h01, h = 2n involving 
the space group Pnam. Three ED patterns, 
[loo], [OIO], and [110], are shown in Fig. 4. 
The h01 reflections with 1 = 2n + 1 are 
clearly visible; 001 reflections with 1 = 2n + 
1 arise from double diffraction phenomena. 

A detailed observation of the X-ray dif- 
fraction diagram showed that no extra lines 
resulted from this change in symmetry. 
Moreover, all the reflections-except one 
observed for 28 = 16.60” whose relative in- 
tensity is less than l/100 of the largest 
peak-can be indexed in an F space group. 

In order to check the isomorphism of 
both limiting compositions, Bi2Sr2CaCu208 
and BiPbSr2YCu208, a powder structure 
study of the latter compound was under- 
taken. 

FIG. 4. Electron diffraction patterns: (a) [OlO], (b) [loo], (c) [llOl, registered for BiPbSr,YCu,O,. 



Because of the weak set of reflections, 
and taking into account the above consider- 
ations, this study was carried out in the 
space group Fmmm which corresponds to a 
smaller number of possible diffraction lines 
with respect to Amaa. Calculations were 
performed with the first 23 visible intensi- 
ties, i.e., 56 hkf. In order to limit the num- 
ber of variables, and because of the small 
value of the scattering factor of oxygen rel- 
ative to those of the metallic elements, the 
isotropic thermal factor of the oxygen at- 
oms was arbitrarily fixed at 1.0 A2. The na- 
ture of the Bi(Pb)-0 layers was assumed to 
be of rock-salt-type. To take into account 
the mica-like character of the oxide, a pref- 
erential orientation parameter G along [OOI] 
was included in the calculations. After suc- 
cessive refinements of the positional pa- 
rameters of all elements, of the preferential 
orientation parameter, and of the thermal 
factor of the metallic constituents, the dis- 
crepancy factor, R = XII,, - Z,llZZ,, was 
decreased to 0.069 for the values presented 
in Table I. Interatomic metal-oxygen dis- 
tances are shown in Table II. 

These results confirm the possibility of a 
partial substitution of lead for bismuth, cou- 
pled with a complete substitution of yttrium 
for calcium in Bi&CaCu208 (Fig. 5) with- 
out any drastic change of the structure, de- 
spite the observed drastic decrease of the c 
parameter with increasing x, in this series; 

TABLE I 

STRUCTURAL DATA FOR BiPbSr2YCu20s IN SPACE 
GROUP Fmmm (R = 0, 069; G = 0.4) 

Cation Site x y Z B (A’) 

Bi, Pb 8i 0.0 0.0 0.2018 (6) 1.2 
Sr 8i 0.0 0.0 0.6147 (9) 2.3 
Y 4b 0.0 0.0 0.5 1.2 
CU 8i 0.0 0.0 0.0554 (13) 1.3 
O(1) 16j l/4 l/4 0.049 (2) 1.0 

WV 8i 0.0 0.0 0.686 (4) 1.0 
O(3) 8i 0.0 0.0 0.133 (5) 1.0 

TABLE II 

INTERATOMIC DISTANCES (A) 
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Bi, Pb-O(2) 
Bi, Pb-O(2) 
Bi, Pb-O(2) 
Bi, Pb-O(2) 
Sr-O(1) 
Sr-O(2) 
Sr-O(3) 
Sr-O(3) 

2.73 x2 Y-O(l) 2.40 x8 
2.75 x2 
3.40 Xl cu-O(1) 1.92 x4 
2.07 xl cu-O(3) 2.37 xl 
2.78 x4 
2.16 x2 
2.77 x2 
2.75 x2 

this parameter, for x = 1, remains greater 
than that observed for Bi2Sr2YCu20s+S (13, 
14). Such a decrease of the c parameter has 
already been observed in the thallium cu- 
prate TlBa2YCu207 (20) relative to the 
“1212” thallium superconductor T1Ba2Ca 
C&07. 

The above structural determination can- 
not be considered accurate because of the 
small number of data and the large errors 
concerning the oxygen positions. However, 
the following features can be considered 
significant: 

(i) The relatively small B value obtained 
for the Bi(Pb) atoms shows that, contrary 
to the case of Bi&$aCu20s, these atoms 
are not displaced from the “ideal” posi- 
tions. The distance along c between two ad- 

FIG. 5. Structure of the superconductor Bi2SrzCa 
cu*o* . 
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FIG. 6. Variation of the intensity of the extra spots of the P space group with respect to the F space 
group. 

jacent Bi(Pb) layers (2.9 A), is slightly 
smaller than in the “2212” superconductor 
(d - 3.1 A), but remains large enough to 
explain the mica-like character of this ox- 
ide. Such behavior, and especially the val- 
ues of those distances, can be attributed to 
the stereoactivity of the 6s2 lone pairs of 
both cations Bi(II1) and Pb(I1) and confirm 
their respective oxidation states. 

(ii) The distance between the oxygen at- 
oms of two successive [CuO& layers (d = 
2.91 A) is shorter than that observed in 
Bi2Sr2CaCu208 (d = 3.01 A), leading to Y- 
O(1) distances smaller than the Ca-0 dis- 
tances in the superconducting oxide. Such 
a phenomenon, which tends to lead to cubic 
symmetry in the YOs polyhedron, as com- 
pared to the CaOs polyhedron has already 
been observed in TlBa2YCu207 (20). At the 
same time the O-O distance along c be- 
comes smaller, the Cu-Cu distance be- 
comes larger: dcUXU = 3.36 A, compared to 
3.27 A in the pure bismuth cuprate, leading 
to copper displaced by about 0.2 A toward 
the center of the Cu05 pyramid. This dis- 
tance remains too short to permit insertion 
of oxygen atoms at the level of yttrium. 
Thus, it seems that the three phenom- 

ena-the decrease of the O-O distance, the 
increase of the Cu-Cu distances between 
two successive adjacent layers, and the de- 
crease of the tetragonal distortion of the 
Y08 or CaOs group-are closely related to 
each other and involve a decrease of T,, 
leading to the disappearance of supercon- 
ductivity. 

As already mentioned, the [OOl] ED pat- 
terns exhibit various and complex features. 
the most striking are: 

(i) The intensities of the h&3 reflections 
relative to the basic spots of the F subcell 
vary from one crystal to another. Very faint 
spots are observed in Fig. 6a, whereas 
many strong spots are present in Fig. 6b; 
but, whatever their relative intensities may 
be, they are always observed. Some of 
these ED patterns show a splitting of the 
reflections (Fig. 7) characteristic of twin- 
ning; the twin plane is [OIO], i.e., [I IO], 
plane of the perovskite subcell. 

(ii) Contrary to the situation in B&St-&a 
cu208, crystals which exhibit satellites 
along the A axis are rare. Two examples are 
shown in Figs. 8a and 8b: in both cases, 
they occur in incommensurate positions. 
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FIG. 7. Splitting of the reflections characteristic of the twinned crystals. [OOI] Electron diffraction 
pattern. 

This feature is similar to that observed in ever, different from that of pure Bi phases. 
Bi2Sr2CaCu208 (7, 15-28) but in the present Note that they are observed as well in pat- 
case, the satellites are always weak; we ob- terns where the relative intensity of the hkO 
served generally only the satellites of first extra reflections of the P group is weak, as 
order. The q value close to 5.25 is, how- in patterns where this relative intensity is 

FIG. 8. (a) Examples of satellites along the A direction. The q value is close to 5.25. This type of 
crystal is rare. (b) The satellites arise only near the strong reflections (F group). This feature can be 
correlated with the existence of different regions in the crystal. 
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FIG. 9. (a) Weak satellites can be observed in slightly tilted (001) planes. (b) Corresponding images 
showing the existence of local modulations (indicated by arrows). 

strong (Figs. 8a and 8b, respectively). 
However, in the latter case the extra spots 
have no satellites: this can be interpreted as 
a superposition of both types of patterns. 
Indeed, weak satellites can be observed in 
slightly tilted h01 planes (Fig. 9a). The cor- 
responding bright field image shows the ex- 
istence of modulations similar to those ob- 
served in the pure Bi oxides (D-18,22-24), 
but only in small regions of the crystals. 
This suggests that the rare crystals (or crys- 
tal areas) which exhibit this phenomenon 
would correspond to a ratio Bi/Pb greater 
than that of the nominal composition. 

(iii) Other types of incommensurate satel- 
lites are shown in Figs. 10a and lob. They 
arise from the superposition of disoriented 

lamellae. Such features were previously re- 
ported in Bi1.8Pb0.2Sr$ZaCu208 (19) and 
Tl~.~Pb&3r~CaCu~O~ (20). Both compo- 
nents are clearly visible in Fig. lOa, where 
the subcell reflections appear as the stron- 
gest spots; the weakest spots correspond 
either to the extra reflections of the P space 
group or to multiple diffraction phenomena, 
as previously reported (25). The angles 4 
between the axis of the different compo- 
nents are quite constant from one crystal 
to the other, as is also observed for 
Tl~.~Pb&3r~CaCu207. In the BiPbSr,Y 
Cu2Og crystals, $I is close to 99.9”; the 4 
value, which is reproducible, is significant 
and points to a structural feature as the ori- 
gin of the misorientation. 
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FIG. 10. Examples of satellites arising from misoriented areas in the crystals. 

(iv) Still other types of satellites are ob- 
served. It should be noted that these differ- 
ent features can occur in the same crystal. 
A spectacular example is shown in Fig. 11 
where five types of ED patterns are ob- 
served in different regions of the same crys- 
tal: 

-satellites in incommensurate posi- 
tions (q = 6.25) set up along a direction 
roughly parallel to [210], i.e. [310], of the 
perovskite subcell; a schematic drawing is 
shown next to the micrograph (Fig. lla); 

-misoriented areas with C#I = 99.9” 
(Fig. 1 lb); 

-satellites which arise along 110 (i.e., 
[IOO], of the perovskite subcell) with q = 
3.65 (Fig. 11~); 

-the above satellites, which have dis- 
appeared, but have streaks remaining along 
the [ 1 IO] direction (Fig. 11 d); 

-multisplitting of the spots and modu- 
lations with first-order satellites as shown 
in the enlargement; they are indicative of 
small variations of parameters, distortions, 
and microtwins (Fig. lle). 
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FIG. Il. [OOl] Electron diffraction patterns observed in different areas of one BiPbSrzYCuzOa crys- 
tal: (a) satellites set up along a direction roughly parallel to [210], (b) satellites arising from multiple 
diffraction phenomena in two misoriented areas (4 = 99.9”). (c) satellites along [l 101 direction, (d) 
satellites have disappeared but streaks remain along the [100] direction, (e) multisplitting of the h/&l 
reflections arising from small variations of parameters and microtwinning. 

In conclusion, these results show clearly pound indicates once again that the bismuth 
that bismuth can be replaced by lead over a bilayers are involved in the modulation. 
wide homogeneity range, in agreement with The introduction of lead involves new com- 
the stereoactivity of the 6s* lone pair of plex phenomena, in agreement with those 
both cations Pb(I1) and Bi(II1). The disap- previously reported for T10.5Pb,&-#Za 
pearance of the systematical satellite spots Cu207 (25). A local variation of the compo- 
along A observed for the substituted com- sition, i.e., of the Bi/Pb ratio appears most 
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likely and could be responsible for the vari- 
ations in T,. An HREM investigation of this 
system is in progress. 
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