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Abstract

The formation of the high temperature superconducting phase in Bi,_,Pb,Sr,Ca,Cu;0,
(x=0, 0.2, 0.4, 0.6, 0.8) with a superconducting transition temperature (T,) near 110 K is
studied as a function of sintering temperature and lead content. The optimum range of
sintering temperature is based on differential thermal analysis (DTA) results. DTA shows
two endothermic peaks near 1135 and 1155 K. The temperature difference between these
two peaks varies with lead content and is maximum at x =0.4. The x = 0.4 sample also
shows the highest fraction of high 7, phase based on X-ray diffraction (XRD) and
resistance measurements. Thus DTA, XRD and resistance measurements all independently
support the x = 0.4 composition as having a unique response which seems characteristic of
the high 7, phase. XRD and DTA results also suggest that the high 7, phase is formed by a
reaction between the low T, phase and the products of decomposition of Ca,PbO, which is
produced during the synthesis.

INTRODUCTION

The stabilization of the higher (about 110 K) superconducting transition
temperature (7,) phase Bi,Sr,Ca,Cu;0, (2223) in the Bi-Sr-Ca-Cu-O
system relative to the lower (about 80 K) T, phase Bi,Sr,CaCu,0, (2212)
has been the focus of numerous studies [1-47]. Different dopings or
substitutions have been tried with some success. Thus far, the most effi-
cient substituent seems to be lead oxide, though potassium [12] and
praseodymium [13] also give a significant improvement in the amount and
stability of the high 7, phase. Silver, when used as an additive with lead
oxide, has been shown to sharpen the superconducting transition tempera-
ture [14,15]. Antimony when used as an additive with lead oxide, has also
been reported to raise the transition temperature to about 130 K [16,17].
However, in lead-substituted 2223 superconductors, the solubility of anti-
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mony is very low and no increase in the transition temperature is observed
(18]. It has also been suggested that lead and antimony partially substitute
for bismuth and thereby promote the formation and stability of the high 7
phase [19]. Lead-free antimony-doped 2223 compounds are known to be
nonsuperconductors [20].

Various explanations have been proposed to rationalize the role of lead
oxide during the synthesis. It has been observed from differential thermal
analysis (DTA) that the endothermic reaction peaks and also the melting
point of lead-doped ceramics are shifted to lower temperatures as the lead
ratio increases [21-23). Therefore, PbO is suggested to be a flux assisting
the formation of the high 7, phase or to act as a catalyst [21,22]. A strong
dependence of the ratio of the high- and low-T; phases in this system upon
the lead content has been explained by competing processes between the
action of PbO as a flux and the formation of Ca,PbO, (21,24,25]. It has
been suggested that there may be a competition between the growth of the
2223 phase, Ca,CuO; and/or Pb,CuO, [26]. It has also been proposed
that the high T, phase and Bi,Sr,CuO, are obtained from a disproportion-
ation reaction of the low 7, phase [26].

The direct participation of lead atoms in the formation of the high 7,
phase by substitution in the bismuth layers has been observed by high
resolution analytical microscopy [28,29]. The resulting lead to bismuth ratio
is close to 1.9 indicating a partial substitution of bismuth by lead [30]. In
addition to the lead exchange in the bismuth layers, it is also reported that
the bismuth sites are 40% strontium substituted [30]. The effect of this
substitution is to stabilize the structure and facilitate its formation as a
relatively pure phase [31].

The principal results of previous studies on this lead-doped system show
that, like the lead-free system, the synthesis conditions and starting stoi-
chiometry play an important role in the formation of the high T, phase.
Thus far, zero resistance has been achieved at temperatures close to 110 K,
although magnetic susceptibility measurements mostly show the presence
of another superconducting phase with a lower 7. Contrary to the lead-free
system, a synthesis with an initial stoichiometry close to (Bi,Pb),
Sr,Ca,Cu;0, results in the formation of the high 7, phase with the 2223
composition.

Stoichiometric variations of the lead to bismuth ratio between 10 and 30
mol% lead to superconducting materials with 7, from 90 to 110 K. Even if
some discrepancies regarding the synthesis conditions remain, it appears
that outside a lead ratio of 10-30 mol% a second superconducting phase
with a lower 7T, and Ca,PbO, are formed [33,34]. Different optimum
sintering temperatures seem to result in more of the high 7, phase which is
preferentially formed for longer sintering times [35-39].

Here, the influence of the sintering temperature as well as lead content
on the properties of the Bi—Pb—Sr~Ca—-Cu~O system are studied by X-ray
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diffraction, resistance and DTA measurements. DTA is shown to deter-
mine the optimum sintering temperature.

EXPERIMENTAL SECTION

The lead-substituted samples were prepared by grinding in an agate
mortar appropriate amounts of PbO, Bi,0;, CaCO,, SrCO; and CuO to
constitute a Bi,_,Pb,Ca,Sr,Cu,0, stoichiometry (x =0, 0.2, 0.4, 0.6 and
0.8). The powdered mixture is heated at 1063 K for 20 h in air, then
reground and small pellets are pressed with a pressure of 11 X 10° kg m™?
(7 ton in.”2) and sintered by heating in air at 1123, 1133, 1143 or 1153 K
for 40 h. The samples were then reground, repelletized and siniered for an
additional 40 h at each temperature. Each sample is denoted by its lead
content, the temperature in kelvin at which the sintering step was per-
formed and the sintering time in hours at this temperature. For example,
Pb0O.4/1133 /80 has a Bi, (<Pb, ,Ca,Sr,Cu;0, initial stoichiometry and has
been calcined at 1063 K for 20 h and sintered at 1133 K for 80 h in two 40
h steps.

Powder X-ray diffraction (XRD) was performed on a D-5000 Siemens
diffractometer, using Cu K, radiation with nickel filters at 30 kV and 25
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Fig. 1. XRD for Bi,_,Pb,Sr,Ca,Cu;0, samples as a function of x in the 20 range 4-6.5°.
All samples were sintered in air at 1143 K for 80 h.
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Fig. 2. XRD for Bi,_, Pb,Sr,Ca,Cu;0, samples as a function of x in the 28 range 10-65°.
Full circles, 2212 phase; open circles, 2223 phase; full triangle, Ca,CuQ;; open triangle,
Ca,PbO,, open square, PbO,. All samples were sintered in air at 1143 K for 80 h.

mA. In the 2-10° range of 28 a step size of 0.1 deg s~ ! was used with 1 mm
divergence and scatter slits and a receiving slit of 0.1 mm. For the 10-70°
range of 26 a step size of 0.03 deg s~! was used with 1 mm divergence and
scatter slits and a 0.2 mm receiving slit.

TABLE 1
Relative peak intensities of the 2212 and 2223 phases and certain impurity phases in the

Bi,_,Pb,Sr,Ca,Cu,0, system sintered at 1143 K for 80 h *

x Phase Ca,PbO, Ca0Q, Ca,CuO; PbO, Phase
b b b

273 2212 178° 46.4 36.8 59.7 2223 2712

47° 57° 262 215°
0.0 5 100 0.0 - 13 - 5.7 100
02 14 100 0.8 34 15 7.9 6.3 100
04 84 100 18 4.2 17 9.2 24 100
06 24 100 72 4.6 12 15 8.7 100
08 14 100 19 6.4 9.2 19 7.1 100

2 The relative changes are only comparable vertically.
b 28 value in degrees.
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The resistances were measured using a four point contact method.
Platinum wires were connected to four small indium contacts pressed on a
piece of pellet. An alternating current of 130 uw A with a frequency of 17 Hz
is generated in the sample and the voltage drop is detected by a lock-in
amplifier.

DTA was performed using a Dupont 9900 thermal analyzer system.
Samples were run in platinum boats at a heating rate of 10 K min~! in an
atmosphere of air.

RESULTS
XRD

The growth of the superconducting 2212 (80 K) and 2223 (110 K) phases
was investigated as a function of lead doping and sintering temperature.
Figures 1 and 2 show the X-ray powder diffraction pattern for
Bi,_,Pb,Ca,Sr,Cu;0, (x=0, 0.2, 0.4, 0.6 and 0.8) sintered at 1143 K in
the 4-6.5° and 10-65° ranges of 260, respectively. Coexistence of the two
main superconducting phases 2212 and 2223 is observed. These samples all
show the dominant diffraction peaks that have been assigned to the 2223
phase (26 = 4.7°, 23.9°, 28.8°, 33.8°) and to the 2212 phase (28 = 5.7°, 23.2°,
27.5°) as well as peaks from Ca,PbO,, Ca,CuO; and CaO, [20,26,41,42].
Trace amounts of Bi,Sr,CuO, are also observed.

From the intensity of the 4.7° peak assigned to the 2223 phase relative to
the 5.7° peak assigned to the 2212 phase, the relative amount of the 2223
phase is found to be maximum for x = 0.4 (Table 1). A similar maxima is
obtained on comparing the relative peak intensities at 28 = 26.2° (2223
phase) and at 27.5° (2212 phase). However since the two intensities are not

TABLE 2

Relative XRD peak intensities for the Bi, ,Pb,¢Sr,Ca,Cu;0, system under various sinter-
ing conditions

Sample Phase Ca,PbO, CaO, Ca,CuO; PbO, Phase
2223 »niy 1787 464* 368° 597° 512
472 572 27.5¢%
Pb0.6 /1123 /40 100 28 12 6.9 100
Pb0.6 /1123 /80 5.4 100 17 4.9 8.0 14 100
Pb0.6,/1133 /40 9.1 100 18 6.1 10 14 100
Pb0.6/1133/80 173 100 11 4.6 6.8 6.6 100
Pb0.6/1143 /40 19.0 100 10 29 7.5 6.7 100
Pb0.6,/1143/80 384 100 72 20 6.6 8.9 100

2 260 value in degrees.
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Fig. 3. DTA at a 10 K min~! heating rate in air for ground mixtures of PbO, Bi,O,,
CaCOy, SrCO; and CuO in stoichiometric amounts needed to form Bi,_,Pb,Sr,Ca,Cu ;0,
samples.
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Fig. 4. DTA for Bi,O; and CaCO, at a 10 K min~! heating rate in air.
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well resolved, the quantitative trends obtained with the intensities at low
and high 28 values are not similar. The peak at 7.2° is assigned to a
semiconducting phase [24] and increases in intensity with increasing lead
doping. For the undoped sample (x =0) the peak at 5.23° could not be
matched with an impurity phase. The formation of Ca,PbO, (26 = 17.8°)
[25] increases substantially with x while Ca,CuO; (20 =36.8°) [23] is
detected in all the samples and decreases in intensity with increasing x.
A typical sample with initial stoichiometry of Bi, ,Pb, Ca,Sr,Cu,0, was
analyzed by XRD after each step in the synthesis. On the basis of the 4.7°
relative peak intensity, it is evident that initially only the 2212 phase is
formed (Table 2). The fraction of the 2223 phase increases with sintering
time and temperature. The impurity phases detected are Ca,PbQO,,
Ca,Cu0O,;, PbO, and CaO,. With increasing sintering time and tempera-
ture, the Ca,PbO, and Ca,CuO, intensities decrease. The peak at 4.7°
corresponding to the 2223 phase was found to grow in intensity only after
long periods of sintering. With long sintering periods the high 7, phase
may be formed from the low T, phase by atomic rearrangement. Refined
unit cell and structural parameters have shown that the 2223 phase is
nonstoichiometric and that its composition changes with annealing temper-
ature [42). Adding lead to the Bi-Sr—-Ca—-Cu-QO system increases the
formation rate and the proportion of the high T, phase possibly by
facilitating the atomic rearrangement process. Qur observations confirm

Bip-Pb,Sr2CazCu30y
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Fig. 5. DTA for Bi,_,Pb,Sr,Ca,Cu;0, samples at a 10 K min~! heating rate in air. The
samples were heated in air at 1063 K for 20 h but were not subsequently sintered.
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TABLE 3
DTA endothermic peak temperatures as a function of x in Bi,_,Pb, Sr,Ca,Cu;0,
X Endothermic peak temperature (K) AT
] 5 (X)
0.0 1149 1166 17
0.2 1135 1157 22
0.4 1127 1153 26
0.6 1128 1147 20
0.8 1127 1143 16

that the low T, phase is rather stable and it requires long periods of
sintering to produce the high 7, phase from the low T, phase [41].

DTA

Differential thermal analyses for the unreacted starting mixtures show
for each stoichiometry a number of endothermic peaks which are generally
shifted to lower temperatures as the lead content increases (Fig. 3). In
order to attribute these different heat absorptions to a decomposition or a
phase formation, Bi,O;, PbO, CaCO,, SrCO,; and CuO have been ana-
lyzed separately as well as in several mixtures of these oxides and carbon-
ates. After each run the mixtures were found to have reacted with the walls
of the platinum boats. The calcium carbonate to calcium oxide decomposi-
tion is easily detected in the mixtures (Fig. 3) and corresponds to the broad
peak at 993-1013 K (Fig. 4). In addition, a phase transition occurs in the
same temperature range for Bi,O; (Fig. 3) which could be the cubic to
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Fig. 6. Resistance versus temperature for samples Pb0,/1123/80, Pb0,/1133/80,
Pb0,/1143 /80 and Pb0 /1153 /80.
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Fig. 7. Resistance versus temperature for samples Pb0.2/1123 /80, Pb0.2,/1133 /80 and
Pb0.2 /1143 /80.

rhombic transformation [44]. SrCO, is found to decompose above 1273 K
and a phase transition or reduction to Cu,0O is also observed above 1273 K
for CuO. The endothermic peak at 1223 K has been assigned to the melting
point [46]. Therefore, the remaining unassigned endothermic peaks above
about 1073 K are attributed to the formation of other unknown phases.

DTA was also performed for the samples heated in air at 1063 K for 20
h (Fig. 5). Increasing lead content changes the difference between the two
overlapping endothermic peaks observed in the temperature range 1093-
1193 K (Table 3). An interesting point is that the two peaks are best
resolved at x=04. For x=0 and x=0.2, a large exothermic peak is
obtained around 1198 K (Fig. 5).
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Fig. 8. Resistance versus temperature for samples Pb0.4,/1133 /80, Pb0.4,/1143 /80 and
Pb0.4 /1153 /80.
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Fig. 9. Resistance versus temperature for samples Pb0.6,/1123 /80, Pb0.6/1133 /80 and
Pb0.6,/1143 /80.

Resistance measurements

The resistance versus temperature characteristics were measured for
each sample. For sintering temperatures from 1123 to 1153 K, the lead-free
samples show quite low high-7, phase contents (Fig. 6). The sample
sintered at 1123 K shows a resistance drop corresponding to the low T
phase only. The resistance drop at 110 K increases with increasing sintering
temperature but remains modest even at 1153 K. The temperature of zero
resistance attainment and the commencement of the resistance drop for
the high 7, phase is maximized in the sample that is sintered at 1143 K.

08
5 Pb0B/1123/80
06+ \
v L
Q
8 L
s 04
|0 of -
~
- -
x L PbO.8/1133/80
02
- fe——PbOB/1143/80
O } 1 i i
25 50 75 100 125 150

TEMPERATURE (K)

Fig. 10. Resistance versus temperature for samples Pb0.8,/1123 /80, Pb0.8/1133/80 and
Pb0.8,/1143 /80.
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Substitution of 10% of the bismuth by lead (x = 0.2) has a large effect on
the development of the high T, phase (Fig. 7). At a sintering temperature
of 1133 K and above, a large resistance drop occurs near 100 K. The
sample displaying a drop at the higher temperature of 110 K is obtained
after sintering at 1143 K. However, the resistance does not drop to zero in
this temperature range. For samples sintered at 1153 K, the resistance drop
at 110 K was not significant and the resistance tail increased.

Further increase of the lead content (20% Pb substitution for x = 0.4)
gives a material that shows zero resistance close to 100 K (Fig. 8). Above a
sintering temperature of 1123 K, the second resistance drop close to 65 K
slowly disappears and for 1143 K sintering, the sample attains zero resis-
tance at 98 K. If the sample is sintered above 1153 K, the low T, phase
appears again.

For greater lead substitution (x = 0.6 and 0.8) a resistance drop at 110 K
is observed but it does not drop to zero. The samples only reach zero
resistance between 50 and 77 K (Figs. 9 and 10).

DISCUSSION

Though lead addition significantly raises the zero resistance in the
Bi—Sr—Ca-Cu-0O system, the synthesis conditions remain very critical.
Even a modest temperature gradient inside the muffle furnace greatly
affects the qualities of the superconductors as measured by resistance. A
second batch of Pb0.4/1143 /80 was prepared and pellets were placed in
several crucibles at different positions in the same furnace but always at
the same horizontal level. For some of the sintered pellets, zero resistance
was obtained close to 100 K, but others displayed a large resistance drop at
a lower temperature with zero resistance at 60 K. This exireme sensitivity
to sintering temperature could explain why so many different optimum
sintering conditions and diverse conclusions on the possible mechanism
have been reported in the literature for this compound [21,24,27,28,33—
37,45-48].

Nevertheless, these results are consistent with previous studies where it
has been shown that outside a certain temperature range, a second super-
conducting phase with a lower T, is produced [22,33,34,37,47,49,50]. Also,
the optimum lead-to-bismuth substitution ratio agrees with the 10-30
mol% reported by other groups [21,23,28,34,36,45,47,48].

The high T, phase is formed at a lower sintering temperature compared
to the lead-free system which is consistent with the shift to lower tempera-
tures of the heat evolution peaks in the DTA as the lead ratio increases
(Table 3). The splitting of the two DTA peaks observed near 1143 K is
most pronounced for the Bi, (Pb,,Ca,Sr,Cu;0, stoichiometry and corre-
sponds to the approximately 100 K zero resistance sample. X-Ray results
also show the maximum fraction of the 2223 phase to be present for the
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same stoichiometry (Table 1). The optimum synthesis temperature is con-
sidered to be located between these two endothermic peaks. It is reason-
able to associate one of the two peaks to a new phase formation and the
other to the partial melting of the sample [22] or to the formation of a
liquid phase [27] which could act as a flux. DTA curves have been observed
earlier for lead-doped Bi,Sr,Ca,Cu;0O, phases [21,22,32,49]. However, all
the endothermic peaks have not been assigned [32,49,51] and in some
cases, only single peaks have been observed due to the melting of the
sample [21]. In the BiSrCaCu,O, system, we too observed a single DTA
peak at 1170 K [52]. However, on careful evaluation, an additional weak
peak at 1153 K is observed. This weak peak is most intense and best
resolved at x = 0.4 which corresponds to the optimization of the 2223
phase. In Fig. 5, the sharp exothermic peak near 1200 K observed for x =0
and x = 0.2 could be due to the reaction of the material with the walls of
the platinum cup used for the DTA experiments.

The X-ray analysis in Table 1 suggests that the formation of Ca,PbO,
increases with lead content. Niva and co-workers have observed that this
impurity is produced at temperatures lower than 1023 K during the
synthesis process [25]. Ca,PbO, decomposes around 1095 K to form CaO
and a liquid phase. Since calcium is integrated into Ca,PbO, below 1023
K, the formation of superconducting phases will proceed in a more cal-
cium-deficient environment as the lead content increases. The growth of
the lower 7, phase has been observed below the Ca,PbO, decomposition
temperature of 1095 K. This suggests that the high 7, phase may be formed
by the action of CaO produced during the decomposition of Ca,PbO, on
the low 7, phase. The decrease in the X-ray diffraction intensity for the
Ca,PbO, phase with increasing sintering time and the simultaneous growth
of the 2223 phase (Table 2) support this suggestion. It has also been
suggested that there is a competition between the growth of the 2223 phase
and Ca,CuQ, [40] rather than between the 2223 phase and Ca,PbO, as
suggested by others [21,24,25]. The observation that the X-ray peak corre-
sponding to Ca,CuO, (26 = 36.8°) is a maximum for the stoichiometry
x =0.4 does not agree with the Ca,CuQ,; involvement even though its
intensity decreases with increasing lead content (Table 1) and with increas-
ing sintering time and temperature (Table 2).

An attempt has been made to identify the phase formation peaks seen
by DTA above 1023 K (Fig. 3) in order to envisage a synthesis route
involving intermediates formed from different combinations of the starting
carbonates and oxides. Mixtures of Bi,O;, PbO, SrCO,; CaCO; and CuO
gave numerous endothermic peaks between 1023 and 1123 K, but too many
effects such as eutectic formation or flux action are involved to definitely
assign all peaks.

The resistance profiles reflect differences in the amounts of the high 7
superconducting phase. Zero resistance at 98 K means that at this tempera-
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ture the current can percolate through a path constituted by a high T
phase. This implies that there is a high probability of finding several islands
of high 7, material in contact with each other. Although the resistance
versus temperature measurements are not too quantitative, a sample with a
two-step resistance drop such as Pb0,/1153 /80 (Fig. 6) is interpreted to
contain less of the high T, phase than one with a one-step resistance drop
at 110 K such as Pb0.4 /1143 /80 (Fig. 8). Resistance measurements can fail
to detect the presence of a minor quantity of a low 7, phase diluted in a
higher 7, material. Therefore, although the electrical properties of the
Bi-Sr-Ca-Cu-0O system have been improved by lead addition, one must
not rule out the presence of a lower 7, superconducting phase even though
resistance measurements show a single resistance drop for certain samples.

CONCLUSIONS

Zero resistance close to 100 K has been achieved in the
Bi,_,Sr,Ca,Cu;0, superconductor for x =0.4. The resistance measure-
ments indicate that the high 7, phase fraction is optimized for x = 0.4 in
comparison with higher or lower x values. XRD results also show that the
x = 0.4 composition has the greatest fraction of the high 7, superconduct-
ing phase. DTA and XRD results also suggest that the high 7, phase is
formed by the action of Ca,PbO, decomposition products on the low T
phase. DTA shows two endothermic events near 1135 and 1155 K. The
temperature difference between these two peaks appears to be dependent
on the ratio of the high 7, to low 7, phases and is largest for x = 0.4. The
optimum synthesis conditions for the high T, phase are found to be close to
30 mol% lead substitution (x = 0.4) with a sintering temperature near 1143
K. The strong dependence of the zero resistance temperature upon the
lead content could be due to the available amount of calcium left after the
formation of the Ca,PbO, intermediate phase:
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