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Abstract The (Bij_xPby)2Sr;CaCuzO, (x = 0.2, 0.4)
films were obtained directly on silver substrates by the
sedimentation process. The temperature dependencies of the
AC susceptibility of the films and bulk materials were mea-
sured and analyzed. The critical temperatures of the grains
Tce as well as the Josephson junctions T¢y of these films
were obtained from the dispersion part of AC susceptibility
and they are Tz, = 106.5 K, T¢y = 100.2, T, = 106.1 K,
and Ty = 97 K, respectively. The thickness of these films is
of the order of a hundred micrometers. The critical currents
were derived from the absorption part of AC susceptibil-
ity using the Bean’s critical state model. The temperature
dependencies of the critical currents were analyzed using
the Ginzburg—Landau strong coupling limit approach.

Keywords Bismuth-based superconductors -
Superconducting film - Sedimentation process - Critical
current density

1 Introduction

The high-temperature superconductor (HTS) films are very
important for large-scale applications including electrical
motors, generators, power transmission cables, transform-
ers, magnets, superconducting magnetic energy storage
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devices, and others. Extensive investigations of the films
have also been connected with optimization of the fabrica-
tion and processing techniques of HTS wires and tapes.

Silver is typically used as a substrate for superconduct-
ing material in superconducting tapes and wires of yttrium
[1, 2], thallium [3, 4] and bismuth-based [5, 6] hightemper-
ature superconductors. The direct deposition of supercon-
ducting films on silver substrates without any buffer layer is
one of the promising and low-cost methods of production of
the superconducting tapes [7]. Silver turns out to be the only
metal on which superconducting materials can be deposited
without buffer layers because it does not react with them
and can fill the pores and empty spaces between the grains
[8-10].

In this paper, the results of AC susceptibility measure-
ments of the BSCCO bulk materials as well as the films
deposited directly on silver substrates using the low-cost
sedimentation process are presented. From the temperature
dependencies of the absorption part of AC susceptibility the
critical current densities were calculated using the Bean’s
critical state model.

2 Experimental

Polycrystalline (Big.6Pbg.4)2Sr2CazCuz Oy and (Big gPbg 2)2
SrCayCuz O, samples were prepared by the standard pow-
der solid-state reaction technique. Appropriate amounts
of highly pure BiyO3z, CaCO3, CuO, PbO, and SrCOj3
powders were thoroughly ground up in the agate mor-
tar and calcinated at 820 °C for 30 h, then reground and
sintered at 850 °C for 160 h. The grounding and sinter-
ing steps were repeated twice. Before the last sintering,
the samples were pressed with the pressure of 0.4 GPa
into the shape of pellets. After, the thermal treatment
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the pellets were reground and the powder obtained was
mixed with the isopropanol alcohol in a glass vessel and
ultrasonicated. The polished silver substrates were placed
at the bottom of the glass vessel. After evaporation of
the alcohol the powder deposited on the silver substrates
was pressed against the substrate with the pressure of 0.4
GPa. The films were put together into the furnace and
sintered at 840 °C for 2 h and then cooled down slowly
to the room temperature. The thickness of the films was
measured using XRF spectrometer and they were found
to be 137 wm for (Big.cPbg.4)2Sr2CazCuzO, and 195 um
for (Big.gPbg.2)2Sr2Ca;CuzOy. The thickness of the bulk
(Bioing0_2)28r2Ca2Cu3Oy and (Bio,GPb0_4)2Sr2Ca2CU3Oy
samples in the form of pellets was measured by the
micrometer screw gauge and they are 1.80 and 1.74 mm,
respectively. The x-ray diffraction (XRD) measurement
of the powder sample was carried out with the Empyrean
Panalytical diffractometer (CuKe radiation). The data were
collected at 300 K in the angular range 2-100° (260) with
steps of 0.016°. The diffractogram was analysed using
FULLPROF computer program based on Rietveld method
[11]. The analysis of the x-ray diffraction patterns revealed
the presence of two superconducting phases: the dominant
(79.4 %) superconducting 2223 phase and minor (11.7 %)
2212 phase as well as a non conducting Ca;PbO,4 phase
(8.9 %). The dispersion x’ and absorption x” parts of AC
susceptibility for the AC magnetic field amplitudes ranging
from 0.048 to 10.9 Oe were measured as a function of tem-
perature by a standard mutual inductance bridge operating
at the frequency of 189 Hz. A Standford Research System
SR830 DSP lock-in amplifier served both as a source for
the AC current for the coil producing the AC magnetic
field and as a voltmeter of the bridge. The temperature
was monitored by the Lake Shore Model 330 autotuning
temperature controller employing chromel-gold—0.07 %
Fe thermocouple with the accuracy of 0.05 K for this
experimental setup. The magnetic field was applied parallel
to the surface of the films and to the surface plane of the
rectangular prism cut from the pellets.

3 Results

The AC susceptibility measurements of the bulk supercon-
ductors (Big.gPbg 2)2Sr,CaCuz Oy and (Big.¢Pbo.4)2Sr2Cay
Cu3O, that were used to prepare the films are shown
in Figs. 1 and 2, respectively. The AC suscepti-
bility measurements of (BiggPbg2)2Sr2CazCuz0O, and
(Big.6Pbg.4)2Sr2Ca;Cu30, films deposited on the silver
substrates are shown in Figs. 3 and 4. For the bulk and
the thin film samples, one can notice that the intra-grain as
well as inter-grain (Josephson junctions) features are visi-
ble. From the dispersion part of the AC susceptibility, the
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critical temperatures of the grains T¢g as well as the crit-
ical temperatures of the Josephson junctions (weak links)
T.y [12] have been obtained. The critical temperatures of the
grains T, were defined as the temperatures in which the
diamagnetic signal appears (see inset of Fig. 5). The crit-
ical temperatures of the Josephson junctions (weak links)
T.y were taken as the temperatures of the crossing of the
zero-level diamagnetic signal and the line fitted to the
dispersion part of the AC susceptibility near the supercon-
ducting transition (see Fig. 5). These critical temperatures
are as follows: T, = 106.4 K, Ty = 104.1 K for the
bulk (Bio_ngoiz)QSI‘QCaQCU30y and Tcg = 107.3 K, Ty
= 103.9 K for the bulk (Bio,6Pb0_4)2Sr2Ca2Cu3Oy, Tcg =
106.5 K, Ty = 100.2 K for the (Big gPbg.2)2S1r2CaCuzO,,
film and T, = 106.1 K and Ty = 97 K for the
(Big.6Pbg.4)2Sr2CayCu3 O, film, respectively. The critical
temperatures of the grains for the superconducting films are
comparable with those of bulk samples while the critical
temperatures of the Josephson junctions are a few degrees
smaller.

For all the samples, the temperature dependence of
the dispersion parts of the AC susceptibility does not
depend on the AC magnetic field amplitude in the vicin-
ity of the grain critical temperature. The AC susceptibility
curves diverge from the zero signal at the temperature
about 103.3 and 102.8 K for (Big.§Pbg.2)2Sr2Ca;Cuz Oy and
for (Big.¢Pbp.4)2Sr2CazCusOy bulk samples, respectively,
and about 99.3 and 97.2 K for (Big gPbg.2)2Sr,Ca;Cuz0,
and for (Bip.¢Pbg.4)2Sr2CayCuz O, films, respectively. The
absorption part of the AC susceptibility exhibits two peaks
for the bulk samples concerning to the energy losses con-
nected with the magnetic field penetration into the intra and
inter-granular regions (Figs. 1b and 2b) and only one peak
for the films which is related to the energy losses in the
inter-granular regions (Figs. 3b and 4b). The absorption
peaks move to the lower temperatures when the amplitude
of the applied magnetic field increases.

The temperature dependencies of the absorption part of
AC susceptibility at different magnetic field Hac ampli-
tudes were measured to obtain the critical current density
values of the samples. They were derived from the peak
position of the absorption part of the susceptibility within
the Bean critical state model using the formula [13, 14]:

_ 2Hac
== i

Je ey

where Hac is the AC magnetic field amplitude and d is the
sample thickness in the direction perpendicular to the AC
field. The results of inter-grain critical current density calcu-
lations for the bulk and the thin film samples are presented
in Fig. 6. The critical current flows through the inter-grain
links which may be treated as the Josephson junctions (weak
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Fig. 1 Selected curves of the
temperature dependencies of the
dispersion (a) and absorption (b)
parts of the AC susceptibility of
the (Big.gPbg.2)2Sr;CayCuz O,
bulk superconductor

Fig. 2 Selected curves of the
temperature dependencies of the
dispersion (a) and absorption (b)
parts of the AC susceptibility of
the (Bio,@Pb0‘4)zsr2Ca2CU3oy
bulk superconductor

Fig. 3 Selected curves of the
temperature dependencies of the
dispersion (a) and absorption (b)
parts of the AC susceptibility of
the (Big.gPbg.2)2Sr2CayCuz Oy
film superconductor

Fig. 4 Selected curves of the
temperature dependencies of the
dispersion (a) and absorption (b)
parts of the AC susceptibility of
the (Big.¢Pbg.4)2Sr2Caz Cu3 O,
film superconductor
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Fig. 5 The method of determination of the critical temperatures of
the grains T¢g as well as the critical temperatures of the Josephson
junctions (weak links) Ty

-0.0008

links). The critical current is limited by the weakest junc-
tions on the percolation path of the current. According to
the Ginzburg-Landau strong coupling limit approach, the
critical current varies with temperature as shown in the
following equation [15]:

T\" )
TCJ)’ ()

JC=J00<1—

where T¢j is the critical temperature and J.o is the critical
current at 0 K. Originally, the exponent n was determined to
be 1.5 [16, 17] but it may vary within a wide range [18]. If
the exponent n is greater than unity, there is strong pinning
and a vortex glass structure exists. In this case, the function
expressed by (2) has an upward curvature which is typical
for HTS. If the exponent 7 is less than unity, the pinning
force is weak and limits the critical current. Then, the func-
tion expressed by (2) has a downward curvature, typical for
low-temperature superconductors.

The temperature dependencies of the critical current den-
sities of all the samples were fitted using (2) with the two
fit parameters: J.o and n. The values of Tj, were taken
from the experiment. Fits of (2) to the experimental data are

Fig. 6 Critical current densities

Table 1 Thickness d, critical current densities J. at 77
K and exponents n of the (BiggPbp2)2Sr2Ca;Cuz0O, and
(Big.6Pbg.4)2Sr2Cay Cuz O, for bulk and film forms

Sample d J.TTKY  n
[um] [Acm™2]

(Big.sPbo2)2SrCaxCuz0,  Bulk 1800 333+67  1.8+0.1
Film 195 386+250 1.9+0.1
(Big.6Pbo.4)2S1CaxCuz0,  Bulk 1740 70420 27 +0.1
Film 137 240453 22+0.1

shown in Fig. 6 (solid lines) and the values of fit parameters
are collected in Table 1.

The highest value of critical currents in the liquid nitro-
gen temperature J. = 0.39 kAcm™2 (77 K) among all the
investigated samples has (Big.gPbg2)2Sr2CayCuz0O,, film,
although it is significantly smaller in comparison with
the critical currents for YBa,Cu3O, films on silver sub-
strates J. = 2.1 kAcm™2 (77 K) [19, 20], thallium-based
(Tlp.5Pbg.5)(Srg.gsBag.15)2CarxCuzO, film on silver sub-
strate Jo. = 11.4 kAcm™2 (77 K) [4] and bismuth 1G
superconducting tape J. = 17.5 kAcm™2 (77 K) [21]. All
the samples have values of exponent n higher than unity
and they are linked to the strong pinning force. The high-
est value of the exponent n = 2.42 +0.22 was found for the
(Bio_ﬁPb0,4)2Sr2Ca2CU3Oyfilm.

4 Summary

The (Big.gPbg2)2Sr2CayCu30O, and (BigePbg.4)2Sr2Cas
Cu3O, films were obtained directly on silver substrates
using the sedimentation process. The thickness of the films
(Big.gPbg.2)2Sr2CazCu30O,, and (Big ¢Pbg.4)2Sr,CasCuz0,,
is 195 and 137 wm and the intra- and inter-grain crit-
ical temperatures are 106.5 and 106.1, and 100.2 and
97 K, respectively. The critical currents were obtained
from the absorption part of the AC susceptibility within
the Bean critical state model. The highest value of the
critical current J. (77 K) = 386 Acm 2 was found

of the 100 F
(Big.6Pbg.4)2Sr2CazCuz Oy and
(Big.gPbg.2)2Sr2Cay Cuz O,
bulks (a) and films deposited on
the silver substrates (b). The
data points are fitted with the
formula (2) in which the J.o and
n are the fit parameters

J_ (Acm®)

]
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for the (Big.gPbg.2)2Sr2CazCu30, film. The critical cur-
rents at the liquid nitrogen temperature J. (77 K) of
(Big.gPbg.2)2Sr2CazCuz O, and (Big ¢Pbg.4)2Sr,CasCuz O,
bulk and film samples are considerably smaller than the
critical currents for the YBayCu3O, films on silver sub-
strates [19, 20] and bismuth 1G superconducting tape [21].
All the samples have the value of the exponent greater than
unity, which suggest a strong pinning forces. The highest
value of the exponent n = 2.42 £+ (0.22 was found for the
(Bio.éPb0,4)2Sr2Ca2Cu3Oy film.
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