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Abatract. The high-T_ phase (110 K] of the Bi;_ Pb Sr.Ca Cu,D, aystém has been
aynthesised and the role of Bi/Pb substilulion has been studied axtensively using
w-ray diffraction stedies. elactrical resistivity and magnetisation measurements and
scanning electron microscopy. It was lound thal the best resulls were oblained for
x = 0.2-0.3 and that a 'step sintering process' is necessary for a batter control of

tha thermal procass.

1. Intreduction

Following the discovery by Bednorz and Miiller [1] of
a high transiion temperature (T)) in the sysiem
La,  Sr Cully with x = (L15 and the achievement of a
T.=9K by Wu e al [2Z] in the sysiem
REBa Cu,0, . where RE represents rare earth or Y,
Michel et al [3] reported a T, of 10 K for the system
Bi-Sr-Cu-0). The addition of Ca in the Bi-Sr-Cu-O
svslemn led Maeda er ol [4] to the discovery of bulk
supcreonductivity at 85 K and evidence of supercon-
ductivity at 110 K. We now know that there are three
superconducting phases having the general formula
Bi,SryCa, (Cu, 0, where n=1, 2. 3 and that these
phases have transition temperatures of 10, B0, 110 K
respectively

A common characteristic of these Bi-based super-
conductors is the presence of two Bi-O lavers which are
32 A apart and are shifted with respect 1o each other
{erystallographic shear) along the diagonal direction of
the perovskite subcell.

The structure of the 10 K (2202) phase is ortho-
rhombic with one laver of Culd, per formula umit and
a=5362 A b=5374 A ¢= 24622 A [5]. This phasc
additionally possesses  an  incommensurale  super-
structure along the a + b direction.

The structure of the 80 K (2212} phase i ortho-
thombic with a = 5413 A and ¢ = 30871 A [6]. The
structure contains one layer of Ca sandwiched between
two Culd,, two Sr{) and two Bi-0 layers. The phase
also has a supersiructure along the b direction

The # = 3 member (2223) of ihe series 15 equivalent
1o the (2212) member with the addition of one laver of
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Cu—0 and one Ca layer in the perovskite block of the
structure. Omne characteristic of the (2223} phase is the
presence of stacking faults [7]. It also possesses super-
structure along the b direction,

By substitution of Bi with T1, and Sr with Ba, a new
series of phases is formed with the general formula
TiyBa,Cu, ,Cu,0, where n =1, 2, 3 and T, = B0, 100,
120 K, respectively [8]. Unlike the phases with thal-
lium, which can be casily prepared for every n, the prep-
aration of phase Bi 5, Ca,Cu,0, with T, = 110 K_has
some difficulties. Partial substitution of Bi by Pb aids
the formation of the 110 K phase [9-14]. In order 1o
make samples having a large percentage of 110 K phase
with respect to the 80 K phase, we should heat treat the
material for a prolonged time close to its melting point
{=8R0°C). Recently, it was reported [15, 16] that the
substitution of Bi with Ph and Sh in the material, with
starting stowchiometry Bi, ,Pbg ,Shy (SrCa Cu, (O,
is capable of giving the 110 K phase when annealed for
three days at B50-865"C, compared to 10 days annecal-
ing time needed 1o prepare samples of the same quality
substituting Bi by Pb only.

In this paper we report in detal about the factors
which favour the formation of the 110 K phase. Specih-
cally, we report results obtained for the series
Bi; _ Pb SryCa;Cu,yCr, as o function of Pb substitution
and thermal treatment. which must be followed to
obtain an almost pure phase with TR = 0) = 103 K
Although many papers have dealt with this problem we
believe that our work. through a systematc study of
x-rays, magnetisation and resistivity measurements at
different x wvalues, will show the mechanism of 1rans-
formation of one phase (80 K to the other (110 K)



2. Experimental procadurs

A series of samples with starting composition
B, Pb,Sr;Ca Cuy0, (x =01, 0.2, 025, 03, 04 and
0.5) were prepared by conventional ceramic processing
by thoroughly mixing Biy0,, PbO,, SrC0,, CaCO,
and Cul) of at least 99.9% punty. The mixture of start-
iiig malerials was pressed into 2 cm diameter disc-shape
pellets with thickness 2 mm and calcinated at 770°C for
49 h. During this stage the samples were reground,
mixed and recompacted a number of times in order to
obtain good homogeneity. This preheating was neces-
sary to avoid partial melting in the next stages of the
thermal process, where the temperature 13 higher. In the
second stage of the thermal process the samples were
pressed intp 2 cm diameter pellets and underwent
siniering with durations and lemperaiures given in
table 1. All stages of the thermal process took place in
air (open furnace), The nitial stoichiometry, the thermal
process and the cooling process for all the samples are
given in table 1,

The x-ray diffraction measurements were made on a
Philips x-ray powder diffractometer using Co Kz radi-
atior. The magnetic properties of the samples were
studied n the range 4.2 to 300 K and in applied Gelds of
S0-100 G using a PARISS vibrating sample magnet-
ometer. The samples used for the magnetic mensure-
menis were in powder form.

Electrical resistance measuremenis as a function of
temperature were taken by a computerised system, in a
standard four-probe configuration using silver ink to
make the electrical contacts on the sample.

The microstructural characterisation was performed
using scanning electron microscopy (3EM) with a Philips
515. The compositional analysis of the samples was per-
formed with an energy dispersive x-ray EDAX 9900
system with a SiLi) counter of 155 eV (Mn Ka) energy
resolution and a Be window with a width of 7.5 pm.
The energy of the beam was 30 keV.

3. Resulls and discussion

A1, X-ray diffraction specira

In all the steps of the thermal procedure, except the last
one, the sample with x = 01 (B, oPby, ,5r,CayCuy0y)
did not show traces of the (2223) phase in the x-ray dil-
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fraction pattern unless [7] the temperature was raised
o BB0-BES "C.

For the samphe with x =02 (Bi, JPby 5r;Ca;-
Cu,0,) we can see the transformation of the (2212)
phase into the 2223 phase (figure 1). In conjunction with
table 1 we can conclude that in order to start the trans-
formation of the 2212 into the 2223 phase, it is neces-
sary to heat the sample at 860 °C for at least 3-4 days
figure 1{a)). A subsequent increase of the temperature
to 870°C and annealing for 7 days leads to a sample
with the 2223 and 2212 phases. The sample at this stage,
as in the prévious one, presenis strong preferred orien-
tation, thus making the extraction of conclusions
related to the percentage of each phase difficult. Further
increase of the temperature to 875°C leads, after § days,
to an improved 2223/2212 ratio and to an increase of
the width of the peaks in the x-ray spectrum (figire
ek

In figures Ha), (b) and () the transformation of the
2212 1o the 2223 phase for the sample with x = (.25
{Bij_TjPh{I_]g-sr]Ca](-“ ilﬂ.l} is shown. It can be seen that
a significant amount of the 2212 phase has been trans-
formed into the 2223 phase in figure a)l Further
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Figure 1. The x-ray difiraction patterns for sample
Bi, 4Py 5r;0a;0u,0, at different steps of the thermal
process. (a) At the ond of step 4, (b) al the end of step 5,
i) &t the end of step 6. The symbol i identifies the peaks
of 2223 phaso and the symbol W identifies the peaks of 2212
phasa.

Table 1. Nominal sioichiometry and the thermal process for all the compounds

Hominal inltkal Stap 1 Step 2 Step 3 Step 4 Step 5 Step &
composition

Tima T Tima T Time T Tima T Tirma T Tima T
Bi P S Ca Cu M "Gy {"Cy  (h) ")} () [ {"Cy (h) cy
19 [ R ] 2 2 3 40 70 46 B45 46 BES T4 BED 183 AT 192 B7E
1.8 o2 2 2 3 L] Tho 46 B45 46 BS5 T4 860 183 Bro e ars
.78 02 2 2 a KX TEE 40 ™ T2 BSE T4 BES 182 BTD 168 B75
1.7 03 2 2 3 40 TT0 46 BS 46 855 T4 850 183 e Ame BTS
1.6 04 2 2 - | 45 Tr0 46 B45 44 855 T4 860 183 B0 52 B7s
15 0.5 2 2 3 48 70 46 B4S 48 B5S T4 BEO 183 BTD 182 875
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Figure 2. The x-ray diffraction patterns for sample

Bi; 15Pbg 55SryCayCuy 0, al differant staps of the thermal
process, (&) Al the end of step 4, ib) at the end of step 5,

fc) at the and of step & The symbol @ identifies the peaks
ol 2223 phase and the symbal W identifies the peaks ol 2212
phasa

anncaling at 870 °C for 7 days and at 875°C for B daws
gives a sample containing nearly all 2223 phase,

The x-ray patterns for the different stages of the heat
treatment of the sample with x = 0.3 (Bi, Pby, Sr,-
Ca;Cuy0d,) are shown in figures 3a), (h) and (c). For the
previous two samples at the final stage we have a
sample with & large amount of the 2223 phase.
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Figure 3. The x-ray diffraction patterns for sample

Bi, ;Pby ySr;Ca,0u,0, at diterent steps of the thermal
process, (@) Al the and of step 4, (D) at the and of step 5,

{) at the and of slep &, () 100 h ahter the beginning of slep
B. The symbol @ identifies the peaks of 2223 phase and the
symbol W identifies the peaks of 2212 phasa,
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Figura 4. The x-ray difiraction patterns for sample

Bi, 4Pby 45ryCa,Cu,0, at diferent steps of the thermal
[Process. p}ﬂﬂnanﬂdlllpl (i) &t the end of step 5,

{c) at the end of step & The symbol @ identifies the peaks
ol 2223 phase and the symbol W identifies the peaks of 2212
phase.

In figures 4a), (b) and () the x-ray patterns, at dif-
ferent stages of the heat treatment, for the sample with
x =04 (Bij4Pby SrCa;CuyQ) are shown, It is
apparent for x = 04 Pb that the conditions for the
preparation of the 2223 phase become very difficult. In
figure 4{a) the existence of a small amount of phase 2223
together with the main 2212 phase is shown. The final
sample also contains a significant amount of the 2212
phase (figure 4{c)L. As the concentration of Pb increases
to x = 0.5 (Bi, ;Pby, ,8r,Ca,Cu,0,) the preparation of
the 2223 phase becomes more difficult (figure 5(hjL The
2212 phase dominates over the 1223 phase even on
stage 5 of the heat treatment and only on stage 6 does
the percentage of 2223 phase become comparable to the
percentape of the 2212 phase (figure Hc))

The lattice constanis, determined from the x-ray dia-
grams, are constant within experimental error for all the
Ph concentrations considered in this study (tahle 2).

3.2, Resistivily measuremenis

Resistivity wersus temperature for all samples was
measured at & current of 10 mA. The current densaty

Table 2. Crystallographic lattice parameaters for the
Bi;_Pb SrCa Cu,0 series. The indexing corresponds to
the M/mmm space group. The a and ¢ for x = 0.0 wers
taken from the wark of Tarascon of al [7].

x sk e
0o X ar.io
02 am 36,95
025 am aror
0.2 B2 arar
[i I ] am a7.20
05 am a4
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Figure 5. The x-ray diffraction patterns for sample
B, sPby oSy Cay 0,0, at different steps of the thermal
process, () Al the end of step 4, (b) &t the end of step 5,
e} at the and of step 8. The symbol @ identifies the peaks
ol 2223 phase and the symbol W identifies the peaks of 2212
phase.

was estimated to be about 166 mA cm ™ ? in the sintered
sample. Figure 6 shows the resistivity wversus tem-
perature plot for the samples with x = 0.1, 0.2, 0.25, 0.3,
0.4 and 0.5. All samples have a T, onsei ai about 110 K.
Zero resistivity for temperatures above 100 K was
observed in the samples with x =02, 0.3, 0.4 The
sample with x = (1.5 (figure 6) has a significant fall in
resistivity around 105 K and zero resistivity below
TTK.

The sampbe with x = 0.25 in figure 6 has a wide tran-
sition with T, onset at 110 K and zero resistivity around
96 K. This result is very strange because the sample has
approximately 900% 2223 phase and vet the transition
in resistivity has two steps. Another fact worth mention-

]

Easistivity im0l ool
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Flgure &. Resistivity against temparature for the series
Bi,_,Pb,8r Ca Cu,0, with x = 0.1, 0.2, 0.25, 0.3, 0.4 and 0.5.
The curve with 0.3 (») shows the resistivity of the sample
with x = 0.3, 82 h before the end of step & The rest of the
maasuramants were laken at the end of the thermal
process.
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ing is the small resistivity of the x = 0.1 sample above
110 K compared with the other samples. The percent-
age of the 110 K phase in this sample is very small.

A correlation between the TR =0) and the per-
centage of Pb which substitutes Bi cannot be made
hecause the micrastructure of the material (size, manner
of grain contact etc) should be taken into account.

The resistivity at the normal state for all the samples
increases Hinearly with temperature, indicating a metal-
lic behaviour. In figure 6 we can see the two different
resistivity curves for the Bi; ;Pb, ;5r;Ca;Cu,0, sample
sintered for two different time intervals at 875°C (100
and 192 h respectively). A remarkable decrease in resis-
tivity with increasing sintering time has been observed.

A3 Magnetic measuremenis

The magnetic measurements on all samples were taken
in the ficld cooling mode (Messmer effect) and the
samples used were in powder form. In figure 7 the no
susceptibility curves for all the Bi, , Pb,SryCa,CuyO,
samples with x = 0.1, 0.2, 0.25, 0.3, 0.4, 0.5 are present-
ed. The T, onsets are around 110 K, in agreement with
the resistivity measurements. The sample with x = 0.1 is
dominated by the 2212 phase and consequently the
major diamagnetic contribution comes from a 77 K
iransition. The magnitude of the change in the dia-
magnctic signal in this temperature range can be associ-
ated qualitatively to the percentage of the 2212 phase.
Specifically we can find the percentage of Pb for which
we have the smaller change in the diamagnetic signal,
and consequently the smaller amount of the 2212 phase.
From figure 7 we can see that the smaller change of the
diamagnetic signal is for x = 0.25 and 0.30. The above
results agree with results from the x-ray patterns.

14. Scanning electron microscopy studies

The morphologies of the superconducting compounds
are shown in the scanning electron micrographs in
figure 8. The micrographs shown correspond (o com-

Suscapbbidity fimd g7 07

Temperature (K]

Figure T. 0C susceplibility against temperature in a
field-coaling mode lor the series Bi,_,Pb 5r,Ca Cu,0, with
x o= 01,02 025 0.3, 04 and 0.5 All the measuramants
were taken al the and of the thermal process.
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pounds with x = 0.1, 0.2, 0.25, 0.4 and 0.5 from a frac-
fured surface of the sintered maierial, The Erming are
plate-like. In figure B we can observe a gradual increase
of the sie of the plate-like grams from x = (L] to (4.
There s also a certain degree of preferred orientation
among the lamella crystals although it 15 far from
|u:rr.:|.-: ."'|.|'|.||}'¥|'H. of the w[-:lll.'hiun:u:ll[.' _|.'.i'.-1.':\ results VETY
close to the nomimal stoichiometry although the Bi or
Phb concentration is very diflicult o estimate separately
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Figure B. 5EMm micrographs (secondary elactrons) showing
the morphology of Pb doped nominal Biy  Pb Sr,Ca,Cu,0,

compounds. ) x =01, (b)r =02 (c)x = 025, |gd)x = 0.4,
(&) x 0.5, One bar corresponds to 10 gm

The gquantitative values for Epax analyvsis have to be
taken rather cautiously because of o lnck of good stan-
dards

4, Conclusions

We have stuwdied the role of Pb concentration i the
synihesis of the 2223 high-T, superconducior in samples



with nominal stoichiometry Bi, ,Pb Sr,Ca,Cu,0, for
x =01, 0.2 0.25 0.3, 04, 0.5 and investigated the condi-
tions for growth of the high-T. phase by controlling the
sintering time and lemperature.

The best sample was obtained by sintering in air for
350 h and at temperatures between B60-875°C, for x
values between 0.2 and 0.3 (sce table | and figures 1-5)
Sintering for longer than 100 h in step & does not
change the form of the x-ray diffraction patterns.

The thermal process of the first three stages is
needed for the calcination, homogenisation and trans-
formation of the whole material into the 2212 phase,
which in the following steps will be transformed into the
2223 phase.

It is worth noticing that sintering at 865 °C leads to
partial melting of the sample, which attacks the Al,O,
crucible resulting in the deterioration of the initial
chemical composition of the material. With the ‘step
sintering” process this difficulty is avoided and it is pos-
gsible to obtain the best control over the thermal process
because transformation of the material into the 2212
phase has occurred; hence the phases with a lower
melting point of 875°C are minimised and therefore the
possihility of the material to melt while sintering at
H60-875°C at the final stage is reduced.

The growth rate of the 2223 phase in the samples
with some Pb in the place of Bi is faster than the rate in
samples with Bi only, and slower than the growth rate
in samples with some (Ph, Shj in the place of Bi [15].

We did mot see any change in the crysiallographic
constants of the 2223 phase, within the limin of the
resolution of our nstrument. No  straightforward
relationship can be obiained beiween the value and
shape of the electrical resistivity curve as a function of
temperature and the amount of Pb which substitutes
the Bi. Prolonged annealing time makes the system
mare metallic ke,

Finally, the omagnetic behaviour of the
Biy_ Pb,Sr,Ca,Cu,0, sumples is related directly to the
ratio 22232212, and this ratio closely depends on the
percentage of Ph.

Praparation of 110 K Bi, Pt Sr;Ca,Cu,0, supsrconducton
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