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(pentyloxy)phenyl]acetylene, 129921-33-1; 1,2-bis[3-fluoro-4- 
(hexyloxy)phenyl]acetylene, 129921-34-2; 1,2-bis[3-fluoro-4- 
(heptyloxy)phenyl]acetylene, 129921-35-3; 1,2-bis[3-fluoro-4- 
(octyloxy)phenyl]acetylene, 129921-36-4; 1,2-bis[3-fluoro-4-(no- 
nyloxy)phenyl] acetylene, 129921 -37-5; 1,2-bis [ 3-fluoro-4- (decyl- 
oxy)phenyl]acetylene, 129921-38-6; 1,2-bis[3-fluoro-4-(decyl- 
oxy)phenyl]acetylene, 129921-39-7; 1,2-bis[3-fluoro-4-(dodecyl- 
oxy)phenyl]acetylene, 129921-40-0; l-[3-fluoro-4-(pentyloxy)- 
phenyl]-2-[4-(pentyloxy)phenyl]acetylene, 129921-41-1; 1-[3- 

fluoro-4-(hexyloxy)phenyl]-2- [4-(hexyloxy)phenyl]acetylene, 
129921-42-2; 1-[3-fluoro-4-(heptyloxy)phenyl]-2-[4-(heptyloxy)- 
phenyl] acetylene, 129921-43-3; 1 - [ 3-fluoro-4- (octyloxy)phenyl] - 
2-[4-(octyloxy)phenyl]acetylene, 129921-44-4; 1-[3-fluoro-4-(no- 
nyloxy)phenyl]-2-[4-(nonyloxy)phenyl]acetylene, 129921-45-5; 
I-[ 3-fluoro-4-(decyloxy)phenyl]-2- [4-(decyloxy)phenyl]acetylene, 
129942-72-9; I-[3-fluoro-4-(undecyloxy)phenyl]-2-[4-(undecyl- 
oxy)phenyl]acetylene, 129942-73-0; l-[3-fluoro-4-(dodecyloxy)- 
phenyl] -2- [ 4- (dodecyloxy)phenyl] acetylene, 129942-74- 1. 
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X-ray diffraction (XRD) and low-field microwave absorption (LFMA) have been measured for a series 
of Bi,,6Ph,,4Sr2CazCu30y superconducting samples prepared at different sintering temperatures that display 
zero resistance between 50 and 98 K. Multiphase formation is observed in all samples. XRD results suggest 
that the fraction of the high-transition temperature (T,) phase denoted as 2223 grows with increasing sintering 
time and temperature compared to the low-T, phase denoted as 2212, although the 2212 phase always 
predominates. Simultaneously, several impurity phases also increase. The 2223 phase and 2210 phase 
seem to be formed by the disproportionation of the 2212 phase. The incorporation of Pb in the lattice 
accelerates this disproportionation process. LFMA signals reveal the presence of two superconducting 
phases with T, close to 75 and 115 K. The intensity of the microwave absorption due to the low T, phase 
is 3-6 times higher than that of the high T, phase. This suggests that between the two transition tem- 
peratures, the magnetic shielding of the high T, phase is weakened by penetration of the magnetic flux 
in the bulk material through the low T, phase, when the latter becomes nonsuperconducting above its 
transition temperature. No electron spin resonance signal has been detected for this superconducting system 
above or below T,, which indicates the lack of paramagnetic impurity phases. 

Introduction treatment, and thermal c y ~ l i n g . ' ~ ~ ~ ~  Even without P b  
It is generally accepted that the two high-temperature 

superconducting phases in the BiSrCaCuO system have 
substitution, a Tc above 95 K has been 

nominal compositions of BizSrzCaCuzOy (2212) with T, 
near 80 K and Bi2SrzCazCu30, (2223) with T,  near 110 
K.1-5 The Bi2SrzCu0, phase (2201) is a low-temperature 
superconductor with a T, - 10 K. The 2212 phase for- 
mation is the most facile, and hence it always is the dom- 
inant species. It is more difficult to prepare the 2201 and 
2223 phases. It has been shown by Cava et aL6 that P b  
substitution for Bi promotes the formation of the 2223 
phase when the correct stoichiometric amounts of starting 
materials are used. A 10-30 mol % P b  substitution for 
Bi is reported to be the optimum ratio for 2223 phase 

Furthermore, lead substitution also appears 
to affect the speed of reaction so that similar material can 
be produced in a shorter time.l1JZ 

Other methods reported to accelerate the formation of 
the 2223 phase are sintering under reduced oxygen partial 
p re s~ure ,~  modification of starting compo~it ion,~J~ careful 
control of sintering t e m p e r a t ~ r e , ~ , * J ~ J ~  antimonyl6 and/or 
vanadium17 substitution for bismuth, and partial re- 
placement of oxygen by fluorine.18 A reduction in oxygen 
content to enhance T, of the 2212 phase has been accom- 
plished by q u e n ~ h i n g , ~ ~ ~ ~ ~  argon, nitrogen, or hydrogen 
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Though it is well established that the volume fraction 
of the 2223 phase can be substantially increased, the 
mechanism for this is not understood. Pb  substitution for 
Bi is considered to increase the chemical stability of the 
2223 phase,22 while others consider that lead addition 
promotes the formation of a melt that is favorable for the 
growth of the high-T, phase.23 Higher concentrations of 
Ca2Cu0, impurity phases have been detected during the 
2212 phase fo rma t i~n , '~  while Ca2Pb04 is considered to 
play a important role in the growth of the 2223 phase.24 
Tarascon et al. suggest that the 2223 phase forms from the 
2212 phase through a nucleation process.25 All these 
investigations suggest the desirability for additional re- 
search aimed at  clarifying the actual role of lead in the 
formation of the 2223 phase in the presence of the 2212 
phase. 

In this paper, we present the results of the development 
of various phases grown from a matrix with the 
Bi,,6Pbo,,Sr,Ca2Cu30y stoichiometry. Our approach has 
been to carefully characterize polycrystalline multiphase 
samples to evaluate the possible mechanism for the for- 
mation of'the 2223 phase from the 2212 phase. Charac- 
terization by X-ray diffraction, resistance, scanning elec- 
tron microscopy, energy-dispersive microanalysis, low-field 
microwave absorption, and electron spin resonance (ESR) 
are carried out. Low-field microwave absorption (LFMA) 
has been shown to be an extremely sensitive diagnostic tool 
to study the local structure in such materials and to es- 
tablish the critical superconducting temperature (T,) ac- 
c ~ r a t e l y . ~ ~ - ~ ~  So far, only a few microwave absorption 
studies have been focused on the Bi-Sr-Ca-Cu-0 and 
Bi-Pb-Sr-Ca-Cu-0 systems. With the LFMA technique, 
it is possible to detect and compare the behavior of these 
two major superconducting phases. 

The detection of the intense microwave absorption near 
zero field, with a long tail stretching toward higher fields 
by a conventional ESR spectrometer, is of considerable 
interest.2638 The response not only has been observed for 

Cuuier et  al .  

the recently discovered copper oxide superconductors but 
has also been observed in superconducting granular alu- 
minum mercury,4O and lead spheres.41 Blazey et 
al. suggested that the absorption is a result of trapped 
magnetic flux in superconducting materials that show spin 
glass However, the spin glass model based on 
the work of Stroud et al. fails to account for the observed 
nonlinear effects under field modulation.43,44 It is generally 
agreed that the low-field response is related to intrinsic 
Josephson junctions in these materials. These occur where 
superconducting regions are separated by nonsupercon- 
ducting regions at  grain boundaries or internal grain de- 
fects. LFMA has been attributed to the circulation of 
Josephson currents induced by the applied microwave 
energy.45 Recently, Dulcic et alSG developed a line-shape 
model of the LFMA response based on the power absorbed 
in Josephson junctions in the surface of a superconductor; 
this model appears to satisfactorily explain the main ex- 
perimental results.47 The current LFMA investigations 
on a series of Bi,,6Pbo,4Sr2Ca2Cu30y samples are targeted 
toward the application of this unique response to multi- 
phase granular superconductors. 

Experimental Section 
The samples were prepared by solid-state reaction from PbO, 

Bi203, SrC03, CaC03, and CuO. These oxides and carbonates 
were ground with a Bi1,6Pb0,4Sr2Ca2C~3 stoichiometry and heated 
a t  1063 K for 20 h in air. The resulting material was reground, 
and pellets were pressed and heated a t  1133,1123,1143, or 1153 
K for 40 h. The samples were then reground, repelletized, and 
heated for an additional 40 h at  each temperature. All the samples 
were allowed to cool in the furnace after it was turned off. This 
corresponds to cooling from -1000 to -900 K in about 2 h and 
from -900 K to room temperature in about 6 h. Samples are 
named according to the sintering temperature in kelvin and the 
sintering time at  this temperature in hours. For example, Pb/  
1133/40 has been calcined at  1063 K for 20 h and sintered at  1133 
K for 40 h. A small piece of sample is cut from each pellet for 
a resistance measurement, and the rest of the sample is reground 
(particle size <25 pm) for microwave absorption experiments. 

Powder X-ray diffraction (XRD) was performed on a D-5000 
Siemens diffractometer, using Cu Kcu radiation with nickel filters 
a t  45 kV and 40 mA. The instrument was calibrated by using 
quartz as an external standard. In the 2-70' range of 20, a step 
size of 0.03' s-l was used with 2-mm divergence and scatter slits 
and a 0.2-mm receiving slit. A computer program implementing 
the procedure of Appleman and Evans, developed by Garvey4s 
is utilized for the least-squares unit cell refinements of the powder 
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Table I. Relative XRD Peak Intensities and Impurity Phases Detected for the Bi,,,Pbo,,Sr2Ca2Cu30y System under Various 
Sintering Conditions 

phase 
2223, 2212, 2223, 2212, CazPb04, Ca2Cu03, BizSrsO,, CaO,, 

samde treatment 4.7' 5.7O 23.9' 27.5O 17.7O 36.8' 16.7O 64.6O other phases 
Pb/1123 K/40 h 100 
Pb/1123 K/80 h 17 100 3.8 

Pb/1133 K/40 h 16 100 4.5 
Pb/1133 K/80 h 20 100 6.9 

Pb/1143 K/40 h 21 100 5.7 

Pb/1143 K/80 h 22 100 10.8 

Pb/1153 K/40 h 52 100 32 
Pb/1153K/80h 78 100 40 

100 5.0 
100 5.0 

100 4.2 
100 5.0 

100 4.2 

100 

100 
100 

4.6 

2.3 

4.1 

5.8 

4.0 
3.3 

3.5 
3.4 

4.1 

2.8 

5.2 
5.7 

4.2 

3.3 

3.6 

UNRE ACTED L I 

Pb/1063K/20 h 

Figure  1. XRD for unreacted and Bil,,Pbo,4Sr2Ca20y samples 
Pb/1063/20, Pb/1123/40, Pb/1123/80, Pb/1113/40, and Pb/  
1113180 as a function of sintering temperature and time in the 
28 range 2-70'. 

diffraction data. 
Resistance measurements were performed using a standard 

four-probe method with a constant ac current of 130 pA a t  a 
frequency of 17 Hz. The voltage drop was detected by a lockin 
amplifier. 

A Bruker ER 300 electron spin resonance (ESR) spectrometer 
equipped with an Oxford Instruments helium flow system was 
used to record low-field microwave absorption (LFMA) and ESR 
signals with a 10-G modulation amplitude and a microwave power 
of 2 mW. Each sample (5 mg) was placed in Suprasil quartz tubes 
that were evacuated and sealed. External coils were mounted 
on the poles of the magnet to compensate for the residual magnetic 
field and to enable sweeping from a negative magnetic field. The 
range -10 to 250 G through 0 G was scanned at  each temperature 
after about 10 min was allowed for the temperature to equilibrate. 
It was found necessary to  scan initially two or three times to get 
reproducible LFMA intensities. The temperature was increased 
in steps of 5 K from 4 K upward. The temperature a t  the sample 
position was monitored by an external thermocouple directly in 
contact with the sample tube in the microwave cavity. 

A scanning electron microscope (SEM) from Cambridge In- 
struments (Model 250 MK3) was used to characterize the samples 

BiSr30,, Bi2Sr3Cu20, 
BiSr30,, Bi2Sr3Cu20z 

BiSr,O,, BiZSr3Cu20z 
BiSr30,, Bi2Sr3Cu20z 

Bi2.12Sr1.87CU1.030x 

Bi2.12Sr1.87CU1.030r 
Bi2.12Sr1.87CU1.030yi 
Bi2SrsCu20, 
PbOz, Bi2Sr3Cu20,, 
BiSr30, 
PbO,,BiSr?O,, 

Ld 

Pb/1153 K /80  h 

28  
Figure  2. XRD for Bi,,6Pbo,4Sr2Ca20, samples Pb/  1143/40, 
Pb/1143/80, Pb/1153/80, Ph/1153/40, and Pb/1153/80 as a 
function of sintering temperature and time in the 20 range 2-70'. 
and examine crystallite formation as well as grain size distribution. 
Electron probe microanalysis of the sample was carried out on 
a 140-10 EDAX, energy-dispersive absorption of X-rays. 

Results 
XRD Analysis. The powder diffraction patterns for 

the unreacted, ground, stoichiometric material and after 
each heat treatment step are shown in Figures 1 and 2 in 
the 20 range 2-70'. The heated samples show the domi- 
nant diffraction peaks that have been assigned to the 2212 
phase (20 = 5.7', 23.2', 27.5') and to the 2223 phase (20 
= 4.7', 23.9', 28.8', 33.8') as well as peaks from PbOz, 
Ca2Pb04, CazCuOs, CaO,, SrPbO,, Sr2Pb04, BiSr,O,, 
Bi2Sr,Cu20,, and Bi212Sr187C~1030t.49-55 
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Table 11. Unit Cell Dimensions for the 2212 and 2223 Phase 
Determined as a Function of Sintering Time and Temperature 

(Standard Deviations in Parentheses) 
unit cell data 

2212 2223 sample 
treatment a, A e, A v ,  A3 a, A c ,  A u, A3 

Pb/1063 5.351 (1) 30.895 (4) 885 

Pb/1123 5.391 ( 2 )  30.785 (2) 895 5.421 (3) 37.176 (4) 1093 

Pb/1123 5.387 (4) 30.773 (3) 893 5.420 (3) 37.208 (2) 1093 

Pb/1133 5.393 (1) 30.825 (2 )  896 5.426 (1) 37.008 (2) 1090 

Pb/1133 5.394 ( 2 )  30.793 (1) 896 5.427 (2) 37.022 (3) 1090 

Pb/1143 5.3900 (1) 30.780 (2) 894 5.421 (3) 37.047 (2) 1090 

Pb/1143 5.386 (4) 30.743 (3) 892 5.420 (3) 37.176 (2) 1092 

Pb/1153 5.383 (1) 30.733 (2) 891 5.422 (2) 37.160 (1) 1092 

Pb/1153 5.395 (2) 30.714 (1) 894 5.431 (3) 37.081 (1) 1092 

K/20 h 

K/40 h 

K/80 h 

K/40 h 

K/80 h 

K/40 h 

K/80 h 

K/40 h 

K/80 h 

Since the starting composition for all the samples is 
Bi, ,Pbo,4Sr2Ca2Cu30,, one would not expect only the 2212 
phase (T,  - 80 K) or the 2223 phase (T,  - 110 K) unless 
all the P b  is incorporated in the Bi sites in the 2223 
structure. The predominant phase in all our samples is 
the 2212 phase. The relative growth of the supercon- 
ducting 2212 and 2223 phases can be compared from the 
intensities of the 4.7' peak assigned to the 2223 phase 
relative to the 5.7' peak assigned the 2212 phase. The 
intensity of the peak assigned to the 2223 phase is found 
to increase with increasing sintering time and temperature 
(Table I). A similar trend is also obtained on comparing 
the relative peak intensities at  20 = 23.9' (2223 phase) and 
at  27.5' (2212 phase). However since these two intensities 
are not well resolved, they do not agree quantitatively with 
the more accurate trend obtained with the intensities at  
low 20 values. The formation of CazPb04 (20 = 17.7') 
decreases with increasing sintering time, while with Ca2- 
C u 0 3  (20 = 36.8') no particular trend is observed. I t  is 
generally observed that even though with increasing sin- 
tering temperature the fraction of the 2223 phase increases, 
the bismuth-related impurity phases also increase (Table 
I). 

A least-squares refinement program by Garvey4s was 
utilized, assuming a pseudo-tetragonal cell, to calculate the 
cell parameters for the 2212 and the 2223 phases (Table 
11). Since the composition of the sample is assumed not 
to change greatly, the analysis obtained should indicate 
true changes due to sintering time and temperature. The 
peaks corresponding to the 2212 phase are indexed with 
a tetragonal unit cell with a = b = 5.395 A and c = 30.714 
A while the 2223 phase is also indexed with a tetragonal 
unit cell with a = b = 5.431 A and c = 37.081 A. With 
increasing sintering time and temperature a slight ex- 
pansion of the a = b axis occurs while the c axis decreases 
in the 2212 crystal system. In contrast, the 2223 crystal 
system does not show much variation for the a = b axis 
while the c axis appears to slightly expand. This probably 
suggests different amounts and location of Pb substitution 
for Bi in the two types of superconducting phases. Var- 
iations of oxygen content with annealing temperature 
might also contribute in some degree to the unit cell 
changes of the phases in Table 11. The slight lattice 
variation could also be due to the small Bi and Pb defi- 
ciency due to losses during preparation. 

Resistance Measurement. A distribution of zero re- 
sistance temperatures ( To) has been obtained depending 
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Figure 3. Resistance versus temperature profile for samples 
Pb/1133/40 ,  Pb/1133/80 ,  Pb/1143/40 ,  Pb/1143/80 ,  and Pb/ 
1153/80. 

Table 111. Resistance at 280 K and Percent 2212 and 2223 
Phases Detected by LFMA Measurements for 

Bil,6Pb,,4SrzCaz0, Samples as a Function of Sintering Time 
and Temperature 

resistance, 5% 2212 % 2223 
samDle type mQ/cm phase Dhase 

Pb/1123 K/40 h 64.2 

Pb/1133 K/40  h 45.2 
Pb/1133 K/80  h 43.2 
Pb/1143 K/40 h 42.3 
Pb/1143 K/80 h 40.3 
Pb/1153 K/40  h 80.4 
Pb/1153 K/80 h 175.2 

Pb/1123 K/80 h 55.4 
100 
100 
93 7 
85 15 
93 7 
73 27 
86 14 
65 35 

upon the synthesis conditions (Figure 3). At a sintering 
temperature of 1133 K, a large resistance drop occurs near 
100 K while the zero resistance is attained only close to 
80 K. Our best sample (Pb/1143/80) displays a resistance 
transition onset close to 110 K and a To of 98 K. Sintering 
at  higher temperature (1153 K) shows a prominent tail 
indicating residual resistance. The step expected in the 
resistance vs temperature curve corresponding to the two 
distinct phases with different Tc)s (80 and 110 K) is not 
very distinct. This could be due to a distribution of grains 
of high-T, phase in the granular matrix corresponding to 
the lower-?', phase. Also this suggests that the resistance 
arises from intergranular behavior and not from agglom- 
erated particles of grains corresponding to isolated high-T, 
and lower T, phases. 

A longer sintering time decreases the normal state re- 
sistance of the sample (Table 111). This behavior might 
be expected due to better intergranular contact due to 
compaction and for samples with larger grain size, since 
the resistance may be dominated by grain boundary ef- 
fects. Thus, an increase in grain size is expected in samples 
with additional sintering temperature and time. In Pb/ 
1153/40 and Pb/ 1153/80 samples the nonsuperconducting 
impurity phases increase. Thus, these samples show a 
large resistance at room temperature and do not attain zero 
resistance when cooled below the expected transition 
temperature. 

Scanning Electron Micrographs. A decrease in po- 
rosity and a increase in grain size is generally observed by 
SEM for each sample with increasing sintering time. 
Typical SEM micrographs for samples Pb/113/40 to 
Pb f 1133180 and for samples Pb11143140 to Pb/1143/80 
are shown in Figures 4 and 5, respectively. I t  is observed 
that with both increasing sintering time and temperature 
there is diminution in the number of grains, indicating a 
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Figure 4. SEM pictures for samples Pb/ 1133/40 (bottom) and 
Pb/1133/80 (top). 

decrease in the number of intergrain contacts. For samples 
Pb/1143/80 and Pb/ 1 lfj3/80 the grain size reaches nearly 
10 pm and exhibits a platelike morphology as already 
observed for this type of ceramic. 

Energy-Dispersive Absorption of X-rays. The 
EDAX analyses were measured on unpolished surfaces of 
the samples, and thus errors in the bulk composition are 
expected and observed on account of the dispersion of the 
X-ray beam from the uneven surface. However, the 
average composition of the  bulk sample is 
Bi2Pbo.3Sr2Ca2.2C~2.9. The microanalyses confirm the 
formation of a multiphase system. The various compo- 
sitions that could be identified correspond to the 2202, 
2212, 2223, and 2220 phases. 

In the Bi series of superconductive materials, the sub- 
stituted amount of Pb  has to be controlled in each phase. 
All the phases detected showed Pb  substitution. On 
comparing the 2212 and the 2223 phases a larger (-30%) 
Pb substitution is observed in the 2212 phase. In the 
calcium- and copper-rich phases no P b  substitution was 
observed. This suggests that probably the P b  substitutes 
for Bi or Sr. However no particular structure directing 
trends for Pb  could be observed. 

The large, broad, platelike structures observed in Figures 
4 and 5 correspond to the 2223 phase, while the thin, 
smaller slabs correspond to the 2212 phase as revealed by 
microprobe analyses. Some of the 2212 and 2223 phases 
appear to be Ca poor or both (Bi, Pb) and Sr poor. The 
smaller, rounded structures correspond to the 2202 phase. 

Figure 5. SEM pictures for samples Pb/ 11 43/40 (bottom) and 
Pb/l143/80 (top). 

Thus each grain appears to be a single crystallite. Some 
samples showed white fluffy regions enriched in Ca and 
P b  with significant amounts of Sr and Ri. 

Low-Field Microwave Absorption. The LFMA re- 
sponses recorded for this set of lead-substituted samples 
are similar in shape to those obtained for the Ri-Sr-Ca- 
Cu-0 ~ y ~ t e m . ~ ~ - ~ ~ ~ ~ * ~ ~  All samples were cooled in a 3-kG 
magnetic field from room temperature to 4 K, and the 
LFMA signal was recorded from -10 to 250 G through 0 
G for increasing temperatures. The LFMA response as 
a function of temperature is similar when the sample is 
cooled in 0-G or 3-kG fields. A typical LFMA response 
as a function of temperature for Pb/1153/80 is shown in 
Figure 6. The maximum of the signal as a function of the 
external magnetic field is defined as (dx”/dH),,,ax. The 
peak-to-peak amplitudes, defined as the perpendicular 
distance between the minimum and maximum in the 
(dx”/dH) versus H signal in the scan from -10 through 0 
to 250 G, for the samples subjected to different sintering 
times and temperatures are shown in Figures 7-9. 

The peak-to-peak amplitude measured in this way is 
useful to determine the onset transition temperature and 
to estimate the intensity of the LMFA response. All 
samples display two maxima around 40-65 and 90-115 K, 
suggesting the presence of two superconducting phases in 
these samples. A rough estimate for the relative amounts 
of superconducting phases formed can be evaluated from 
the ratio of the peak heights corresponding to the two 
phases from Figures 7-9 (Table 111). The intensity of the 
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Figure 6. Example of the low-field microwave absorption of 
Pb/1153/80 as a function of temperature. 
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Figure 7. Intensity of the LFMA signal maximum versus tem- 
perature for samples Pb/1133/40 and Pb/1133/80. 

absorption due to the low-T, phase is 3-5 times larger than 
that of the high-T, phase, which agrees with the X-ray and 
resistance measurements that indicate that the samples 
contain a greater amount of the low-T, phase. The effect 
of an increasing sintering temperature for a constant sin- 
tering time is to shifts to higher temperatures the position 
of the two maxima in Figures 7-9. In contrast, an increase 
of the sintering time at a constant temperature shifts these 
two peaks to lower temperatures but also increases the 
overall intensity of the microwave absorption. 

From these microwave absorption signals, it is possible 
to estimate the transition temperature onset of the two 
superconducting phases detected. The temperature onset 
for the high-T, phase is generally close to 118-120 K. A 
transition temperature onset of 75 K for the low-T, phase 
is obtained by extrapolation. 

Electron Spin Resonance. No major ESR signal has 
been detected for this set of samples above or below the 
transition temperature (Figure 9). This indicates the lack 
of paramagnetic impurity phases.29 The weak line around 
3250 G is produced by a contaminant present in the ESR 
cavity. The small oscillations observed at 90 and 30 K are 
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Figure 8. Intensity of the LFMA signal maximum versus tem- 
perature for samples Pb/1143/40 and Pb/1143/80. 
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Figure 9. Intensity of the LFMA signal maximum versus tem- 
perature for samples Pb/1153/40 and Pb/1153/80. 

due to periodic temperature fluctuations in the helium flow 
system. The recording of the ESR signal between 130 and 
6000 G reveals an unusual feature around 1000 G. A t  this 
magnetic field, the microwave absorption signal displays 
a minimum that appears at  90 K and also below 30 K. 
This particular behavior has not yet been reported for a 
superconducting ceramic material. 

Discussion 
The samples are multiphase according to XRD, LFMA, 

and EDAX analyses. The 2223 phase appears to increase 
significantly with sintering time and temperature (Table 
I). Several impurity phases also increase. This is likely 
due to the formation of the 2223 phase and a 2210 phase 
by disproportionation from the 2212 phase as in eq 1. 
3Bi2Sr2CaCu20, - 2Bi2Sr2Ca2Cu30, + BizSrzCa02 (1) 

However, the 2210 phase was not observed by EDAX 
measurements, especially in samples that show significant 
amounts of the 2223 phase. It could be that the byproduct 
Bi2Sr2CaOz undergoes further reaction with other phases 
and finally forms Bi-Sr-enriched phases such as BiSr30,, 



The Bi,,6Pbo,4Sr,Cu,0, Superconductor 

Bi2.1SrI.8C~1,030z, and Bi2Sr3Cu20z. All these impurity 
phases are more prominent in the samples that show larger 
fractions of the 2223 phase (Table I). Since all these 
phases are nonsuperconducting and their volume fraction 
increases with an increase in sintering temperature, the 
samples should exhibit a residual resistance as is observed 
for the Pb/1153/80 sample (Figure 3). 

I t  has been shown earlier that  in the Pb-free 
BiSrCaCupOy system the 2223 phase is optimized only after 
prolonged sintering conditions. Adding Pb  to the Bi-Sr- 
Ca-Cu-0 system increases the formation rate and the 
proportion of the high-T, phase, possibly by facilitating 
the disproportion of the low-T, 2212 phase as mentioned 
above. It has been suggested earlier that the high-T, phase 
is probably formed by the reaction between the low-T, 
phase and the products of decomposition of Ca2Pb04, 
which is produced during the synthesis process.24 In the 
present systems the X-ray diffraction intensities corre- 
sponding to CapPb04 decrease with increasing sintering 
time (Table I) and are not detected for samples showing 
a large fraction of the high-T, phase. By either reaction 
pathway the 2223 phase could be formed. It seems that 
the formation of a multiphase product is an inherent 
property for the BiPbSrCaCuO system. 

For sample Pb/1143/80 To is close to 100 K, which 
suggests that a significant amount of high-T, phase is 
present, but the LFMA results indicate that most of the 
microwave absorption takes place in the 40-80 K range, 
corresponding to the low-T, phase. Since the recorded 
signal is the derivative versus magnetic field of the mi- 
crowave absorption, these two maxima are at temperatures 
for which the LFMA changes the most rapidly as the 
magnetic field is scanned. These temperatures can be 
related to decoupling temperatures where the intergranular 
coupling in the bulk sample is r e d ~ c e d ~ ~ , ~ ~  or to critical 
temperatures for which flux depinning occurs.58 For both 
LFMA models, the LFMA responses can be associated 
with characteristics of inter- and intragrain  junction^.^ 
This may account for differences in the broadness of the 
absorption peaks for samples Pb/1133/80, Pb/1143/80, 
and Pb/1153/40 in Figures 6-8. An increase of the sin- 
tering temperature should produce a narrower distribution 
of grain characteristics. For sample Pb/1153/80 the 
sharpess of the absorption peak is not prominent as the 
overall LFMA response is weak. 

The difference in intensity of (d//dH),,, between the 
high- and low-T, phases for sample Pb/1143/80, for ex- 
ample, can be explained in terms of differential magnetic 
flux penetration into the sample as a function of tem- 
perature. Below 20 K, the sample is mainly in a super- 
conducting state, and the superconducting grains are 
connected by direct intergrain contacts. Thus, the mi- 
crowave radiation is efficiently excluded from the material. 
As the temperature increases, the first critical state asso- 
ciated with the 75 K phase is reached (Le., first maximum 
in Figure 7). Above this temperature, grains of the low-T, 
phase will change to a normal state while the high-T, phase 
grains remain in a superconducting state. Therefore, be- 
tween the two transition temperatures, the microwave 
radiation is able to penetrate the bulk of the sample 
through regions of the low-T, phase. And the magnetic 
shielding properties of the material will be reduced as the 
temperature is increased above 75 K. This results in a 
greater variation of the microwave absorption from the 
low-T, phase than for the high-T, phase as the external 
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magnetic field is increased. As the amount of high T, 
phase increases with a longer sintering time (i.e., from 
sample Pb/1143/40 to Pb/1143/80), the intensity of the 
peak due to the high-T, phase increases to 27 % of the total 
intensity (Table 111). For samples Pb/1153/40 to Pb/  
1153/80 the intensity of the peak due to the high-T, phase 
increases to about 35% of the total intensity. In sample 
types Pb/1153/40 and Pb/1153/80 the X-ray results 
suggest that the impurity phases increase. Under such 
conditions, the magnetic shielding properties of the ma- 
terial should decrease. This should result in greater pen- 
etration of the microwaves. However, the response de- 
creases with further sintering time as the nonsupercon- 
ducting components increase. Although the heights of the 
maxima cannot be directly related to the relative amounts 
of the two superconducting phases, the increase of the 
high-T, phase contribution to the signal coincides with an 
augmentation of the high-T, phase fraction measured by 
XRD. The trend for the volume fraction of the 2212 and 
2223 phase determined by the peak heights from the 
LFMA results (Table 111) is similar to that obtained by 
X-ray analysis (Table I). 

Similar LFMA experiments have been reported by 
Calestani et al. a t  temperatures down to 77 K.34 I t  is 
important to note that since the transition temperature 
onset measured by LFMA for the low-T, phase in this 
ceramic is near 70-75 K, any estimation of the high-T, 
phase component based on the absence of the low-T, phase 
peak34 is probably not valid. 

The LFMA technique has been shown to be highly 
discriminatory and sensitive toward multiphase granular 
supercond~ctors .~~ A related technique exploiting the 
microwave absorption response has also been In 
this technique magnetic-field-induced changes in the 
microwave resistance of the sample are observed as a 
function of temperature. By both techniques the ampli- 
tude of the microwave response scales directly with the 
mass.62,63 The volume fraction that is superconducting 
has been shown to be semiquantitatively comparable by 
LFMA and Meissner  measurement^.^^ 

Although some characteristics of the LFMA responses 
have been correlated to the grain size by Dulcic e t  al.,64 
such a dependence is not established for the present sam- 
ples because of the slow formation of superconducting 
phases as the grain size increases with longer sintering 
times. Nevertheless, it is clear from Figures 4 and 6 that 
as the grain size increases, the sizes of the interstices in 
the sample also increase. This should result in a greater 
penetration of the magnetic flux into the bulk sample. 

In contrast to the Bi-Sr-Ca-Cu-0 system for which an 
ESR line is usually detected above the transition tem- 
p e r a t ~ r e , ~ ~ ~ ~ ~ , ~ ~  the lead-substituted samples do not show 
any significant ESR ~ i g n a l . ~ ~ , ~ *  From the observations 
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Figure 10. ESR signal between 130 and 6000 G for sample 
Pb /  1143/80 a t  various temperatures. 

made on sintered Bi-Sr-Ca-Cu-0 samples, the para- 
magnetic resonance is generally attributed to Cu2+ species 
of a nonsuperconducting impurity phase.66 Therefore, the 
absence of ESR for the lead-doped system implies that no 
major impurity phase with ESR-active Cu2+ ions remains 
after the synthesis. This does not exclude the presence 
of other impurities such as CuO, which is known to be ESR 
i n a c t i ~ e . ~ , ~ ~  Our results agree with observations made by 
Yuan et al.,65 but instead of considering an increasing 
conversion of Cu2+ to Cu3+ species with lead addition, we 
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suggest a structural stabilization of the superconducting 
phase leading to delocalization of the unpaired electron 
of Cu2+. The particular behavior of the microwave ab- 
sorption signal for magnetic fields greater than 200 G 
(Figure 10) remains unexplained. The negative slope of 
the responses at  100, 70, and 50 K may be attributed to 
the persistence of the microwave absorption a t  high 
magnetic fields. But the minimum at 90 K near 100 G is 
not presently understood. 

Conclusions 
The amount of high-T, phase formation appears to be 

dependent on sintering time and temperature. The low-T, 
phase probably undergoes a conversion process to the 
high-T, phase by disproportionation. Multiphase forma- 
tion seems to be an inherent property of the Bi-Pb-Sr- 
Ca-Cu-0 system. 

The low-field microwave absorption technique permits 
one to detect the presence of a low-T, phase diluted in a 
material having a higher transition temperature, even 
though resistance measurements show no transition for the 
low T ,  phase. Thus, it is important to  make both LFMA 
and resistance measurements when characterizing new 
preparations. The relative amounts of superconducting 
phases formed can be compared by the LFMA technique, 
and similar trends are obtained by X-ray diffraction 
analysis. The penetration of the magnetic flux into the 
bulk of the sample as the temperature is raised to tran- 
sition temperatures between those of high- and low- T, 
phases shows an anomalous amount of microwave ab- 
sorption in the low-T, temperature region. 
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