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The influence of lead(Il) sulphide (PbS) on the formation and superconducting behaviour of (TI;.
Pbyx)Sr2CaCu207 (T1-1212) phase for x = 0.1, 0.3, 0.4. 0.5, 0.7 and 0.8 was investigated. The samples
were prepared using the solid-state reaction method. Lead(Il) sulphide was used as the source for Pb.
The XRD patterns showed majority T1-1212 phase along with other impurity phases including PbSOs.
The highest onset transition temperature, 7c-onset = 104 K was observed in the x = 0.8 sample. This is
higher than (Tlo.4Pbo.s)Sr2CaCur07 prepared using PbO where Tc.onset = 97 K. The average nanoscale
crystalline grain size calculated based on the Scherrer-Warren equation was in the range of 22-101 nm.
AC susceptibility measurements showed that the transition temperature, 7cy’ increased as PbS content
was increased. This works showed that diamagnetic PbS enhanced the electrical properties of individual
superconducting grains for Tl-1212 phase. The effectiveness of PbS versus PbO on the TI-1212
superconductor is also discussed in this paper.
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1. INTRODUCTION

Most studies of Pb substitution on the high temperature superconductor (HTSC) family have only
focused on PbO as the starting materials [for example, 1-5]. As for the thallium-based HTSC, PbO with
micron-sized and nano-sized powders were used as a source for Pb. Single substitution of Pb at the TI-
site of TISr2CaCu207 (T1-1212) phase has been studied due to the fact that Pb is next to TI in period VI
of the periodic table. Pb also possesses almost similar electronic configuration with Tl and is relatively
close in terms of their chemical properties.

In single substitution studies, PbO has been used as the starting materials for
Tlo.sPbo.sSr2CaCu207 where the transition temperature, 7¢ increases up to 85 K [1,2]. Pb substitution at
Tl-site of Tlo.4Pbo.sSr2CaCux0O7 showed 7. up to 97 K [3]. Nanosized PbO in Tlo4PboSr2CaCux07
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showed 7. at around 89 K [4]. A study of (Tlo.5sPbo 5.xMx)Sr2CaCuxO7 with M = Bi and Cr showed that
Pb and Bi are effective in enhancing the 7. and stabilizing the TI-1212 phase [5]. In
Tlo.5Pbo.sSr1.8Ybo2CaCux0O7, superconducting transition temperature up to 105 K has been recorded [6].
While in Tlo.¢Pbo.4(St,Ba)CaCu,07 sample, a single T1-1212 phase was achieved with 7 of 118 K when
heated at 970 °C [7].

Many studies have been conducted on the substitution/addition of metal oxide, compared to metal
sulphide as the starting materials of the copper oxide based HTSC. Metal sulphide is of interest since
sulphur is in the same group as oxygen in the periodic table. Sulphur also has almost similar electronic
configuration with oxygen.

Lead(Il) sulphide (PbS) is a diamagnet with narrow band gap of 0.37 eV in the IV-VI
semiconductor class and useful for optoelectronic devices [8]. In the past few years it has contributed
to solar cell applications [9] and thermophotovoltaics due to its optical [10], magnetic and electrical
properties [11,12]. PbS is also superconducting at around 5 [13] and 6.3 K [14].

There are few reports on the effects of PbS on the cuprate superconductors. In the YBa;Cu3O7.5
(Y-123) superconductor PbS has been used to study the metallurgical reactions and magnetic field
shielding phenomenon [15]. The study showed that Pb reacted with Ba and forming the BaPbO3 phase.
Partial substitution of PbS into YBa>Cu3.x07.5(PbS)3.x with x = 0 — 0.10 suppressed the superconducting
transition temperature, 7c. The study also showed that less porous microstructure was formed which
improves the magnetic field shielding properties and current density. Another report on YBa,Cus.,O7-
5(PbS)s.» superconductor found that the sintering time generally decreases with the increase in PbS
addition [16]. Hence, the synthesis process of YBa>Cus..O7.5 was improved which resulted in reducing
the voids.

A recent study of PbS addition on GdBa>Cu3O7.5 (Gd-123) with x = 0 - 0.5 showed that PbS
helped to maintain the Gd-123 phase [17]. However, PbS was found to suppress the inter-granular
coupling and reduced the flux pinning energy. The use of PbS in Tl-based high temperature
superconductors has not been reported extensively. PbS is of interest due to its excellent electrical
properties.

It is interesting to compare the effectiveness of PbS versus PbO in stabilizing the T1-1212 phase.
PbS may form a more favourable environment between the superconducting grains where better
electrical contacts may occur. Furthermore, PbS has a slightly higher melting point (1118 °C) than the
sintering temperature (1000 °C) which can affect the formation of TI-1212 phase. The objective of this
work was to investigate the effects of PbS on (Tl1..Pbx)Sr2CaCux07 superconductor with x = 0 - 0.80.
Results from X-ray diffraction (XRD), field emission scanning electron microscope (FESEM), energy
dispersive X-ray analysis (EDX), electrical resistance measurements and AC susceptibility
measurements are discussed in this paper.

2. EXPERIMENTAL DETAILS

Samples with nominal starting composition (Tli.xPby)Sr2CaCuxO7 with x = 0.1, 0.3, 0.4, 0.5, 0.7
and 0.8 were synthesized using the solid-state reaction method. Appropriate amounts of high purity
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(99.9+%) powders of SrO, CaO and CuO were mixed and ground in an agate mortar. The powders were
heated for 48 h at 900 °C with several intermittent grindings to obtain homogenous powder. Appropriate
amounts of T1>03 and PbS were then added to the precursor and completely mixed. Due to the volatility
of TIO3 at high temperature, excess 10% T1,O3; was added to compensate for thallium loss during
heating. The powders were then pressed into pellets with 13 mm diameter and 2 mm thickness. The
pellets were then put in an alumina boat and placed in a preheated tube furnace at 1000 °C in flowing
oxygen for 4 min followed by furnace cooling to room temperature.

Powder X-ray diffraction method using Bruker model D8 Advance diffractometer with CuK,
radiation source was used to determine the phase. The lattice parameters were measured by employing
the Pawley method. The Scherrer—Warren equation [18,19] with formula,

D=0.9411/f cos 6p
where D is the grain size, 4 is the wavelength of X-ray (1.5406 A), B is the FWHM (full width at half
maximum) of the highest intensity peak, and @ is the corresponding angle of the peak was used to
calculate the nanoscale crystallite size.

Field emission scanning electron microscope (FESEM) micrographs were recorded by Merlin
Gemini scanning electron microscope to determine the microstructure of the sample. The grain size was
measured by using ImageJ software via the average grain size based on 100 different grains. The
elemental composition of the samples was characterized by the Energy Dispersive X-Ray analysis
(EDX) using an Oxford Instrument Analyzer.

The DC electrical resistance versus temperature measurements from 25 to 300 K were carried
out using four-probe method with silver paste contacts in conjunction with a closed cycle refrigerator
from CTI Cryogenics Model 22 and a temperature controller from Lake Shore Model 330. A constant
current source between 1 and 100 mA was used throughout the measurements.

The AC susceptibility measurements from 20 to 120 K were performed by an AC susceptometer
from Cryo Industry model number REF-1808-ACS. The samples were cut into bar shape for this
measurement. The frequency used for the AC signal was 295 Hz and the applied magnetic field was Hac
=5 Oe. The intergranular critical current density at the peak temperature of ¢, J.(7,) was calculated
using the Bean model [20] with formula,

Jo(Tp) = Hao (Iw)'?
where Hac is the applied field, / and w are the dimensions of the cross section of the bar-shaped sample.

3. RESULTS AND DISCUSSION

The powder X-ray diffraction patterns of (Tli.xPb,)Sr2CaCu,07 are presented in Figure 1(a) for
x=0.1,0.3 and 0.4 and Figure 1(b) for x = 0.5, 0.7 and 0.8. The x = 0.1 — 0.5 samples exhibited major
T1-1212 phase and other minor phases including TISr2CuOs (TI-1201), Cag3Sro.7CuO,2 (CSCO) and
Sr(SO4). TI-1212 phase showed tetragonal structure (space group P4/mmm). TI-1201, CSCO and
Sr(SO4) are orthorhombic with space group Pmmm (47), Cmcm (63) and Pbnm (62), respectively. As
for x = 0.7 and 0.8 samples, PbSO3 phase with monoclinic structure (space group P21/mm (11)) was also
found together with the four phases. The reflection peaks from T1-1212, T1-1201, CSCO, Sr(SO4) and
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PbSOs3 phases are indicated with (kkl), (L), (C), (S), and (A), respectively. Other unmarked peaks
observed in x > 0.3 samples may be caused by unreacted starting materials.

Figure 1(a)
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Figure 1. XRD patterns of (Tl;-+Pb,)Sr.CaCu,0O7 for (a) x = 0.1 - 0.4 and (b) x = 0.5 - 0.8. Peaks with
T1-1201, CSCO, Sr(S0O4) and PbSOs; phases are indicated with (L), (C), (S) and (A), respectively



Int. J. Electrochem. Sci., 16 (2021) Article Number: 211015 6

XRD patterns (Figure 1) shows that PbS with higher melting point (1118 °C) than the sintering
temperature (1000 °C) stabilized the T1-1212 phase, but other phases were also observed. This result is
in agreement with the study of PbS-doped Y-123 phase where further addition of PbS formed four other
different phases. The phases were identified to be Y-123, Y-211, BaPbO3 and CuO, respectively [15,16].
In this work, higher amounts of PbS (x = 0.7 and 0.8) resulted in the formation of PbSO3 phase and
decreased in the TI-1212 phase. A previous study showed that PbS addition maintained the Gd-123
phase in the GdBa;Cu3O7.5(PbS), samples with x =0, 0.2, 0.3, 0.4 and 0.5 [17].
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Figure 2. FESEM micrographs of (T1;Pb,)Sr2CaCu,O7 for (a) x =0.1, (b) x=0.4, (c) x=0.5and (d)
x=0.8



Int. J. Electrochem. Sci., 16 (2021) Article Number: 211015

357\\””\”\\ 1
Minimum size: 1.9 um ]
Maximum size: 6.5 um
Average size: 3.3 um 7]
100 grains
X
~
()
(@)
@
=
c
[}
=
[}
o
14 21 28 35 42 49 56 6.3 7
Grain size / um
(a)
I
1F
¥
8- & 1
4
: .
> - ¢ x=07
© - = x=08
~ o
0] 06 - e .
] n
cC °
% ” : s
o . =’
‘— L u L™
a : 3 ol Fra ]
o) 04 o s ]
] Su
x r :l 8 06 | o
c b
= g "
| .. g 04 ;u
& 0 s
0.2 - om X o, ..'.' —
) i
T NN R
r # 50 60 70 80 90 100 110 120
r g Temperature / K
0 . L v

100 150 200 250

($1)
o

Temperature / K
(b)



Int. J. Electrochem. Sci., 16 (2021) Article Number: 211015

30 —
Minimum size: 0.9 um -
Maximum size: 3.9 um
25 L Average size: 2.3 um |
100 grains
s 2
~
(]
(@] L
g 15
c L
[}
o
[0 L
o 10
. L
o L
0.5 1 1.5 2 2.5 3 3.5 4 45
Grain size / um
1L
08 -
:E - * x=07
[
o L = » x=08
0] 0.6 :' B
O L]
C r . :
8 = . o
@ o 3 el
i) 04 F oo g # 1
D: r :.l 8 06 ':.
[ % s
.l 2wl i
[ 4
02 - [ .."..,' =
o S
[ ﬁ. 0 ..w-"f‘ . . . .
r ‘ 50 60 70 80 90 100 110 1201
j Temperature / K
0 \ L

100

150

200

Temperature / K

(d)

250

Figure 3. Grain size of (T1;-«Pb,)Sr.CaCu,0O7 for (a) x=0.1, (b) x=0.4, (c)x=0.5and (d) x=0.8
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The nanoscale crystalline grain size measured using on the Scherrer-Warren equation, was found
to increase as the PbS content was increased, i.e. up to 101 nm (x = 0.7) and then decreased to 26 nm for
0.8 sample (Table 1).

Table 1. Teonset, Te-zero, ATc, Tey, Tp, Je (Tp) and nanoscale crystalline grain sizes of (T1iPb,)Sr2CaCu07

(x=0.1-0.8)

X Teonset!  Tezero/ ATc/K T /K Tp/ K J(Tp)/  Crystallite
K K A cm? size / nm

0.1 34 27 7 25 - 20 22

0.3 93 52 41 48 39 16 48

04 76 40 36 59 43 16 49

0.5 89 49 40 66 50 16 48

0.7 102 61 41 70 - 18 101

0.8 104 54 50 81 - 17 26

Figure 2 shows FESEM micrographs of (T1;.xPbx)Sr2CaCuxO7 samples with x = (a) 0.1, (b) 0.4,
(¢) 0.5 and (d) 0.8. The microstructure of the samples showed plate-like, granular-like and close-packed
rod-like structure. The histograms based on 100 grains were plotted to determine the grain size of the
samples (Figure 3). The average grain size was 3.3, 3.4, 2.3 and 0.6 pm for x = 0.1, 0.4, 0.5 and 0.8
samples, respectively (Figure 3). The grain size is consistent with the crystalline grain size calculated
by the Scherrer-Warren equation. PbS changed the microstructure of the sample (Figure 2). In
GdBaxCuz07.5(PbS), samples, the microstructure was also found to change from plate-like to oblique-
like structure [17]. Higher amounts of PbS (x = 0.8) showed less porosity and voids. This provided
better electrical contact between the grains which is necessary to obtain higher superconducting
transitions. In YBaxCu3.xO7.5(PbS);.» and GdBaxCuzO7.5(PbS)x superconductors, lower porosity and a
close-packed structure due to PbS was also observed [15-17].

The EDX spectra for (Tli-xPbx)Sr2CaCu207 for x = 0.1, 0.4, 0.5 and 0.8 samples along with
approximate elemental atomic and weight percent are presented in Figure 4(a), 4(b), 4(c) and 4(d),
respectively. The peaks of Tl, Sr, Ca, Cu and O were observed in all samples. EDX spectra in Figure 4
also confirmed the presence of Pb and S.
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Figure 4. EDX spectra of (Tl;-+Pbx)Sr2CaCu,0O5 for (a) x =0.1, (b) x=0.4, (c) x=0.5and (d) x=0.8.
Insert shows the atomic and weight percentage of the related elements
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Figure 5. Electrical resistance versus temperature of (T1i..Pbx)Sr.CaCu,0O7 for (a) x = 0.1 - 0.5 and (b)
X =0.7 - 0.8. Insets show the electrical resistance of the samples for temperature between (a) 20
K - 120, and (b) 50 K - 120 K.
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The normalized electrical resistance versus temperature curves of all samples is shown in Figure
5(a) and 5(b). A metallic normal state behaviour above the onset temperature, 7c-onset Was observed in all
samples except for x = 0.7 and 0.8 which showed a semiconductor like behaviour. There was a
significant variation in T¢-onset (34—104 K) and zero-resistance temperature, 7czero (27-61 K). Te-onset Was
highest for x = 0.8 (104 K). This is much higher than (Tlo4Pbo.c)Sr2CaCux07 with Tconset = 97 K where
PbO was used as the source of Pb [3]. These results indicated that PbS enhanced the transition
temperature of individual superconducting grains. Although the x = 0.8 sample showed the highest 7¢.
onset, the normal state was not optimized as shown by the semiconducting behaviour. This sample also
showed another transition at 90 K.

Double superconducting transition was observed in the x = 0.3, 0.4, 0.5 and 0.8 samples (Figure
5). This was due to the presence of another superconducting phase T1-1201 and other impurity phases
such as CSCO, Sr(SO4) and PbSO3; that weakened the coupling strength among grains. In this work,
superconducting transition temperature up to 104 K (x = 0.8) has been observed by using PbS in the TI-
1212 superconductor. However, the use of PbO enhances the formation of the TI-1212 phase [1-4]. This
indicated that PbO provided better environment between the structural blocks of the thallium cuprates
where lattice mismatch may occur. However, the highest transition temperature for samples prepared
using PbO was only 97 K. Our result indicated that PbS did not enhance the formation of TI-1212 phase,
but it enhanced the transition temperature to 104 K for the x = 0.8 samples.

Te-zer0 1s dependent on the T1-1212 phase, homogeneities and the intergranular characteristics
[21,22]. PbS did not enhanced the formation of the T1-1212 phase. Further amounts of PbS resulted in
weak links and worsened the connectivity between the grain boundaries [23,24]. By comparison, Bi
substitution in T1-1212 showed some improvements in the superconducting phase formation [25].

The AC susceptibility versus temperature for all samples are shown in Figures 6(a) and 6(b). The
AC susceptibility onset transition temperature of bulk superconductivity, 7cy- is indicated by the sudden
decrease in the real part, ¢’ of the complex susceptibility (y =y’ +1%”). The curves show the transition
from the paramagnetic state to diamagnetic shielding of the samples. Two peaks should be observed in
the imaginary part of the susceptibility %~ which indicates AC losses. A narrower peak at high
temperature indicates the intrinsic losses (intragrain coupling) while a broad peak at low temperature
represents the intergrain coupling losses. There are no intrinsic peaks in Figures 6(a) and 6(b) due to the
relatively low applied fields used in this measurement.



Int. J. Electrochem. Sci., 16 (2021) Article Number: 211015 15

1 L
¥
0.8 & s
- i
:? :- ° x=0.7
A I - = x=08
© 06 - o .
[&] n
C r °
8 - .
N2 °n 5
(7] e 5 o8
) 0.4 | o= A ; .
m fl 8 06 .;'.
[ E J--.
.. D os ;
g 2 ;
0.2 - om o ol _."'_' —
o et
- ‘ 50 60 70 80 90 100 110 120 4
r Temperature / K
0 !J Loy I
50 100 150 200 250
Temperature / K
(@)
TS
L J
L f 4
1]
+foa1 .
i —

-0.01

T e e

-0.02

AC Susceptibility / a.u.
XI

-0.03
H=50e
f=295Hz -

-0.04 |

C | L L L il
20 30 40 50 60 70 80 90

Temperature / K
(b)

Figure 6. AC susceptibility versus temperature of (Tl;..Pby)Sr2CaCu2O7 for (a) x =0.3-0.5and (b) x =
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The highest 7c,» was observed in the x = 0.8 sample which was 81 K. In general, T¢y increased
with increase in PbS content (Figure 6). The peak temperature (7,) of the imaginary part of the
susceptibility, " shifted to higher temperature and was narrower for x = 0.3 to 0.5 (Figure 6(a)).
However, T, was not observed in x = 0.1, 0.7 and 0.8 samples within the measured temperature range,
20to 120 K (Figure 6b). The T}, of the samples might be below 20 K which signified a weak intergranular
coupling and suppressed flux pinning force in certain samples. These results are in a good agreement
with the FESEM micrographs that showed a smaller grain size in x = 0.1 and 0.8 samples as shown in
Figure 2(a) and 2(d), respectively. Previous study also indicated that PbS addition weakened the
intergranular coupling of GdBa,;CuzO7.5 superconductor [17].

In general, the magnitude of the applied magnetic field, Hac is equal to the penetrated flux at 7).
Thus, the intergranular critical current density, Jc at T, can be measured by using Bean model [20]. The
Jo(Tp) for (T11Pb,)Sr2CaCur07 samples lies within 16 - 20 A cm™. The Te-onset, Te-zero, ATe, Ty, Tp, Jo(Tp)
and nanoscale crystalline grain sizes of (T1;«Pbx)Sr2CaCu207 are shown in Table 1. Our results showed
that PbS suppressed the magnetic properties more than the electrical properties based on the comparison
between Tc-onset, 1c-zero With 7. Further increase of PbS (x = 0.7 and 0.8) weakened intergranular coupling
and lowered the flux pinning energy.

In conclusion, the effect of PbS on the formation of (Tli.Pb,)Sr2CaCu07 (x = 0 - 0.8)
superconductor have been studied. In general, Tc-onset, Tczero and Ty increased with PbS content. The
highest Tc-onset as observed in this work using PbS was 104 K, while in previous works where PbO was
used, the highest Tc.onset Was 97 K. This work showed that PbS resulted in higher 7t onset compared to
PbO. PbS provided better environment between the superconducting grains hence, enhancing the
electrical properties. However, PbS suppressed the magnetic properties by weakening the intergranular
coupling and flux pinning energy although the microstructure was improved. Effects of other metal
sulphide such as CdS, ZnS and FeS on the Tl-1212 phase are interesting materials for further studies.
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