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INTRODUCTION

The Bi-Sr-Ca-Cu-O system does not contain any rare earth
element and is environmentally more stable than its predece-
ssor, the Y-Ba-Cu-O system1. Three superconducting phases
exist in the Bi-based superconducting oxide family. A lot of
interest has been focused on the phase with the highest Tc
(110K) in the system, namely Bi (2223) phase2. Doping of the
HTS materials can play an important role in understanding
the complex properties of the superconducting materials3. It
has been reported that the addition of Pb greatly facilitates Bi
(2223) phase formation by conventional route starting from
oxides and carbonates4. For system Bi2-xVxSr2Ca2Cu3Oy (x =
0-1), the high-Tc (2223) phase is reported to increase with an
increase in concentration of vanadium at the expense of the
low-Tc phase (2212)5. For Bi2Pb1-xSnxSr2Ca2Cu3Oy (x = 0.0-
0.3), Sn helps the forma-tion of high-Tc phase and  a minor
elevation in Tc, at lower concentration range x < 0.1. However
at higher Sn contents (0.1 ≤ x ≤ 1), Sn does not significantly
affect the formation of 2223 phase6. It has been suggested that
the replacement of Bi3+ by Pb2+ draws electronic charges out
of the CuO2 layers and increases the oxygen hole (charge carrier)
in these layers7. A lead-tin combination is reported to be effec-
tive in promoting the 110 K phase as compared to the Pb or
Sn doped Bi (2223) systems8. The position of the diffraction
peaks in the high-Tc phase is reported to shift to lower diffrac-
tion angles with an increase of V2O5 contents. This observation
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suggests that by increasing V2O5 content the lattice parameters
are increased owing to incorporation of V ions at the interstial
site in the unit lattice rather than their substitution for copper,
Bi3+ or Pb2+ ions9. Addition of TiO2 in (BiPb)2 Sr2Ca2Cu3.O10-δ

results in the formation of SrTiO3 and a decrease of the amount
of the Bi (2223) phase10. Increase in Nb concentration at Bi and
Cu-sites in (BiPb)2Sr2Ca2Cu3.Oy system results into a decrease
in Tc(0)

11.
In the present study, a series of Bi2-xTlxPb0.4Sr2Ca2Cu3Oy

samples having different thallium content (x = 0.0-0.35) were
prepared by the simple solid state technique12. The values of
Tc(0), Tc(onset) and transition width (∆T) were obtained from the
measurement of dc electrical resistivity. The ac magnetic
susceptibility was measured to determine the phase transition
and to estimate the presence of different phases. The lattice
parameter and the percentage of high Tc-phase were deter-
mined by X-ray diffraction (XRD) technique. The scanning
electron microscopy (SEM) was used to observe the morpho-
logical structure of materials.

EXPERIMENTAL

The samples with the nominal composition
Bi2-xTlxPb0.4Sr2Ca2Cu3Oy (x = 0.00, 0.05, 0.15, 0.25 and 0.35)
were prepared by the conventional solid-state reaction
method12. The stoichiometric amounts of high purity Bi2O3

(99.9 %) PbO (99.9+) and SrCO3 (99.9 %) supplied by Aldrich
and CuO (> 99 %), CaCO3 (99.9 %) Tl2O3 (> 99 %) supplied



by Fluka were used as starting materials. The required quan-
tities of the materials were weighed, mixed and ground for 1 h
in an electrical grinder (Retch RM100). The mixtures were
first calcined in air using a temperature programmed muffle
furnace (Vulcan 3-130) initially at 790 °C for 24 h and then
800 °C for 24 h at optimized heating rates13 of 14 °C/min. The
resulting powders were ground and pelletized at 50 kNm-2

pressures by a Paul-Weber (PW-30) pellet press. These pellets
were sintered in air at 850 °C for 84 h, 845 °C for 12 h, 850 °C
for 24 h and then at 860 °C for 24 h in the muffle furnace at
the heating rate of 14 °C/min. The samples were allowed the
natural furnace cooling. The ac susceptibility of the samples
was measured with a laboratory-built ac susceptometer using
a lock-in amplifier Stanford (SR-830). The electrical resistivity
was measured with a conventional dc four point-probe method14

employing Janis Research module (VPF-100) combined with
a temperature controller (Lakeshore 321). High conductivity
silver paint (Agar Scientific) was used for resistivity measure-
ments. Powder X-ray diffraction (XRD) patterns of the samples
were obtained with an X-ray diffractometer (JEOL JDX-60PX)
which uses CuKα radiation source of 40 kV and 30 mA with a
step of 0.02° over the range of 2-70° and with a scan speed of
8° min-1. The volume percentages of the Bi-2223 and Bi-2212
phases were estimated by measuring the integrated peak
intensities of the major XRD peaks15.

RESULTS AND DISCUSSION

Fig. 1 represents the XRD patterns of Tl-doped samples
(Bi2-xTlxPb0.4Sr2Ca2Cu3Oy, where x = 0.0, 0.05, 0.15, 0.25 and
0.35). The characteristic reflection peak intensities and their
corresponding miller indices (hkl) are listed in Table-1. All
the prepared samples consist of mainly a high-Tc (2223) phase
and a low-Tc (2212) phase. For an undoped sample, the
characteristic peak H (002) for Bi-2223 phase appears at 2θ =
4.62o (d = 19.111 Å). For the doped samples (x = 0.05 and x =

0.15) the intensity of the lower angle peak decreases gradually
and for the sample with x = 0.25 this peak splits into two at 2θ
= 4.72o (d = 18.627 Å) and 2θ = 5.68o (d = 15.546 Å) represen-
ting the high-Tc Bi-(2223) and low-Tc Bi-(2212) phase,
respectively. For sample x = 0.35, peak intensity corresponding
to the high-Tc phase disappears and only a single peak is
observed at 2θ = 5.9o (d = 14.967 Å) that represents the low-
Tc phase. As has been observed in our samples, peaks corres-
ponding to the high- and low-Tc phases at lower angle have
been reported previously16. The variation in XRD peak intensity
and lattice parameter “c” provides information of inter-atomic
distance of Cu-O and Bi-O layers which are intimately involved
in the superconductivity17.

TABLE-1 
COMPARISON OF 2θ, d-VALUES, CHARACTERISTIC- 

PEAK INTENSITIES, H (hkl) AND L (hkl), f(v) OF  
Bi2-xTlxPb0.4Sr2Ca2Cu3Oy (0 ≤ x ≤ 0.35) SAMPLES 

Tl content 
x 2θ d-value Characteristic 

peak intensities 
Phase 
(hkl) 

0.0 
  4.6 
28.8 
33.0 

19.11 
  3.10 
  2.71 

270 
659 
805 

H(002) 
H(117) 
H(200) 

0.05 
  4.8 
29.0 
33.2 

18.27 
  3.08 
  2.69 

250 
862 
911 

H(002) 
H(0012) 
L(200) 

0.15 
  4.6 
28.6 
32.9 

18.24 
  3.12 
  2.72 

203 
732 
718 

H(002) 
L(018) 
H(200) 

0.25 

  4.7 
  5.7 
27.5 
28.8 
33.1 

18.63 
15.55 
  3.25 
  3.10 
  2.71 

129 
110 
576 
506 
841 

H(002) 
L(002) 
H(116) 
H(117) 
H(200) 

0.35 

  5.9 
27.7 
31.2 
33.4 

14.97 
  3.22 
  2.96 
  2.68 

153 
1164 
766 
663 

L(002) 
L(115) 
H(1011) 
H(0112) 
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Fig. 1. (a-e) XRD patterns of thallium doped samples Bi2-xTlxPb0.4Sr2Ca2Cu3Oy where (x = 0.0, 0.05, 0.15, 0.25 and 0.35)
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Fig. 2 shows the temperature dependence of dc electrical
resistivity of Bi2-xTlxPb0.4Sr2Ca2Cu3Oy samples containing
different thallium concentrations x = 0.00, 0.05, 0.15, 0.25
and 0.35. The electrical resistivity of these superconducting
materials, starts to decrease below room temperature (298 K),
they show metallic character in the normal state region and
attain a state of zero electrical resistivity at the critical tempe-
rature Tc(0) (Table-2). The room temperature resistivity of the
samples has been determined in the range of (0.012-0.020)
ohm-cm. A sample with x = 0.25 shows value of ρ(RT) = 0.0116
and a sample with x = 0.05 exhibit the highest value of ρ(RT) =
0.020 (ohm-cm) (Table-2). The addition of thallium in the
range of (0.15 ≤ x ≤ 0.35) results in lowering the value of ρ(RT)

whereas a minor change in the values of ρ(RT) is observed for
the samples containing thallium concentrations of (0.00 ≤ x ≤
0.05). The slope of the electrical resistivity curves in the normal
state region decrease almost in a regular order and show lower
values of residual resistivity ρo (RT) in the former set of samples
compared to the latter set of samples. It can be inferred from
these results that all the doped samples exhibit comparable
[ρ(RT)] values and addition of thallium to the bismuth based
superconducting materials helps in lowering the room tempe-
rature electrical resistivity, improves the metallic behaviour
in the normal state regime and also decreases the normal state
residual resistivity ρo(RT). The cause of decrease in room tempe-
rature with increase in thallium content can be formation of a
uniform phase, better grain connectivity and increase in the
charge carrier concentration due to the overlapping of Tl(6s)
and Cu-O conduction bands.
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Fig. 2. Electrical resistivity versus temperature curves of thallium-doped
samples Bi2-xTlxPb0.4Sr2Ca2Cu3Oy where (0 ≤ x ≤ 0.35)

TABLE-2 
COMPARISON OF ROOM TEMPERATURE RESISTIVITY (ρRT), 

CRITICAL TRANSITION TEMPERATURE (Tc(onset)), ZERO 
RESISTANCE TEMPERATURE (Tc(0)) AND TRANSITION 

WIDTH (∆T) OF Bi2-xTlxPb0.4Sr2Ca2Cu3Oy WHERE (0 ≤ x ≤ 0.35) 

Thallium 
content (x) 

ρ(RT)  
(ohm-cm) 

Tc(onset) (K) Tc(0) (K) ∆T (K) 

0.0 0.014 117 105 12.0 
0.05 0.020 114 104 10.0 
0.15 0.012 114 105 9.0 
0.25 0.012 114 109 5.0 
0.35 0.012 112 109 3.0 

 
Except for the undoped sample, the value of Tc(onset) of all

the doped samples containing different amount of thallium

are in the range of (112-114) (Table-2). These values are deter-
mined by the temperature versus resistivity graphs given in
Fig. 3. The samples with (x = 0.05, 0.15 and 0.25) exhibit
Tc(onset) value of 114 K but a sample with higher Tl content, x
= 0.35 shows the Tc (onset) = 112 K. The critical transition
temperature, Tc(onset) is identified as the transition of the isolated
grains to the superconducting state in granular supercon-
ductors18. Its constant value for samples with x = 0.05, 0.15
and 0.25, suggests that the grains are insensitive to the change
in dopant concentration in a certain concentration limit. The
value of Tc(onset) depends not only on the relative volume fraction
of the superconducting phases but also on the quality of their
inter-granular coupling that can be affected by the presence
of impurity phases in the grain boundaries and also by micro
cracking in the samples. The minor decrease in the value of
Tc(onset) for sample with x = 0.35 might possibly be due to the
reasons described above.

The zero resistivity temperature Tc(0) for samples (0 ≤ x ≤
0.35) lies in the range of (104-109) K (Table-2). Sample with
x = 0.25 and 0.35 have value of Tc(0) = 109K while a sample
with x = 0.05 exhibits a Tc(0) = 104K. It can be noted from the
range of Tc(0) that overall a high-Tc (2223) phase predominates
over the low-Tc (2212) phase in samples containing thallium
contents of (0 ≤ x ≤ 0.35). The largest value of Tc(0) = 109 K
for samples with thallium contents of x = 0.25 and 0.35 corres-
ponds to the comparable volume percentage of the high-Tc
(2223) phase in both samples. The increase in Tc(0) with increase
in thallium concentration from x = 0.0 to 0.25 suggests that
thallium enters into the crystal structure that helps overlapping
of thallium (6s) with Cu-O conduction bands and thus enhances
the overall charge carrier concentration. This ultimately becomes
the cause of increase in Tc(0) with increase in thallium-content
in certain concentration range.

The transition width, ∆T for sample containing Tl-contents
of (0 ≤ x ≤ 0.35) has been calculated in the range of (3-12) K
(Table-2). For un-doped sample, the value of ∆T is 12 K and it
decreases gradually with increase in Tl-content i.e. (0.05 ≤ x
≤ 0.35). A regular decrease in the value of (∆T) suggests that
thallium not only increases the Tc(0) but also improves the
quality of samples and helps in the uniform phase formation
and grain connectivity.

Plots of ac susceptibility of various Tl-doped samples
measured at different temperatures are shown in Fig. 3(a-e).
The magnetic manifestation of zero resistivity is that a material
is a superconductor if it exhibits perfect diamagnetic shielding;
that is, its susceptibility χ is exactly-1. The sample containing
Tl-contents of (0 ≤ x ≤ 0.25) show almost similar temperature
versus susceptibility curves with some difference of sharpness,
broadening and diamagnetic saturation level. The patterns
indicate that all the samples consist of high-Tc (2223) phase
as a major constituent of the samples along with some impurity
phases and low-Tc (2212) phase. A smooth and sharp transition
in the susceptibility curve of a sample with x = 0.25 determines
its better quality in terms of phase formation and grain connec-
tivity. The sample with x = 0.35 also exhibits sharp transi-
tion before saturation. This trend indicates that the high-Tc
(2223) phase dominates over the low-Tc (2212) phase in this
sample.
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Fig. 3. (a-e) Temperature versus ac magnetic susceptibility curves of thallium-
doped Bi2-xTlxPb0.4Sr2Ca2Cu3Oy samples where (0 ≤ x ≤ 0.35)

Fig. 4(a-c) represents the scanning electron micrographs
of various thallium-doped samples i.e. Bi2-xTlxPb0.4Sr2Ca2Cu3Oy

containing different thallium contents x = 0.05, 0.15 and 0.35.
It has been observed that all the samples consist of both low
and high-Tc phases, however the phase formation improves
with increase in thallium-content. The sample with x = 0.35
has shown a comparatively better phase formation, most
probably  consisting of high-Tc (2223) phase.

Fig. 4. (a-c) Scanning electron micrographs of thallium-doped
Bi2-xTlxPb0.4Sr2Ca2Cu3Oy samples where (x = 0.05, 0.15 and 0.35)
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