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Abstract: In this study, high-T. superconducting polycrystalline Bi-2223 undoped sample (A0Q) and
5wt.% Ag-doped sample (A5) were prepared by solid-state reaction method at 855°C with sintering
time of 8 days. The X-ray powder diffraction (XRD) results show that the major phase of these
samples was Bi-2223. The volume ratio of Bi-2223 phase increased from 78% for undoped sample
(AQ0) to 95% for 5wt.% Ag-doped sample (A5). The enhancement of the onset of high-T.
superconductivity (Tconse= 112.5 K) in silver doping sample was observed by DC-resistivity
measurements. From the AC-susceptibility measurements combined with Bean critical state model,
the temperature dependent parabolic law of inter-granular or matrix critical current density (J.™) was
fitted. Some J.™ values were estimated from these parabolic laws. The results show that 5wt% Ag-
doping can nearly double critical current density in the Bi-2223 sample.

Keywords: Bi-2223, Ag-doping, Jc™.

1. Introduction

Bismuth strontium calcium copper oxide, or BSCCO (pronounced "bisko"), is a family of high-
temperature superconductors having the generalized chemical formula BizSr2Can-1CunOzn+a+x. With n =1,
2 and 3, etc., discovered as a general class in 1988 [1], BSCCO was the first high-
temperature superconductor which did not contain a rare earth element. It is a cuprate superconductor, an
important category of high-temperature superconductors sharing a two-dimensional layered (perovskite)
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structure with superconductivity taking place in a copper oxide plane (CuO,). This has been confirmed
by the experiment which state that high-T. superconductivity occurs within a single CuO; plane [2].
BSCCO and YBCO are the most studied cuprate superconductors. The superconducting properties are
strongly correlating to the structural characteristics such as the increasing the superconducting transition
from 36 K to 90 K, and 110 K corresponding to number n of CuO; planes Bi2101 (n = 1), Bi2212 (n =
2) and Bi2223 (n = 3), respectively. Bilayer Bi>Sr.CaCu,0g:+x (Bi2212) superconductor includes two
homogenous CuO; planes with Cu atom sitting at the center basal plane of five-oxygen pyramidal
coordination. In trilayer Bi,Sr.Ca,Cu3sO10+y Crystal phase (Bi2223), there are inequivalent cuprate planes
are an inner CuO; sheet of square (four) oxygen coordination and outer CuO- layers with a pyramidal
oxygen coordination [3]. The CuO- plane is the key parameter which determines the superconducting
properties of high-T. materials such as charge density, critical transition temperature, and critical current
density [4]. The properties of outer and inner layers of Bi-2223 phase are distinct. It was showed that
the inner CuO; plane has lower hole concentration and stronger antiferromagnetic spin fluctuation
because of the partially screening the transferring charge from the bismuth layer (charge reservoir) to
the middle CuO: by outer CuO; layers [5]. V. J. Emery et al. studied a system with alternating two CuO-
sheets as a model of multilayer cuprates, and suggested the strong correlation between under-doped and
over-doped planes results in higher T [6].

High-temperature superconductors are Type-Il superconducting materials with rather small lower
critical fields Hci, usually smaller than 100 G. However, they get quite high upper critical fields Hc,
about several hundreds of Tesla. On the other hand, the crystal structure with layer-by-layer structures
are themselves to contain the weak links of intrinsic Josephson junctions. For polycrystalline
superconductors that can be described as arrays of superconducting grains weakly coupled by Josephson
junctions. Weak link behavior in the Bi-based superconducting system is the major limitation of the
application at high temperatures near the transition temperature (Tc). Experimentally, lower
superconducting phases like Bi-2201 and Bi-2212 were also contributed to the grain boundaries of Bi-
2223 particles. Therefore, to improve the quality of the superconducting material Bi-2223, the scientists
have been given out several solutions. Lead was substituted for Bismuth in part to promote Bi-2223
phase content. Silver added to sample for improving the grain connections. It was found that Ag addition
has not only affected the formation of the desired Bi-2223 phase and the microstructure of these large
bulk tube samples thereby influencing on the critical current [7]. However, Ag additions show no effects
on T¢ and lattice parameters when samples are treated under low oxygen pressure. The formation of a
low-melting eutectic liquid with Ag.0-PbO-CuO solid solution affects the composition of the
superconducting phase and degrades superconductivity [8]. It is to be noted that 5 wt.% Ag added Bi-
2223 sample showed the best microstructure with highly dense packed aligned, with quite uniform and
largest grain size. As a results, it gave some better application parameters like lower critical field (Hci),
upper critical field (Hc2) as well as critical current density (Jc) [9].

The critical current density is a very important technological parameter for application. This was
affected by the microstructure of the superconductor. Magnetic response to AC field is more sensitive
to the microstructure of the type-Il superconductor than DC resistivity or static magnetization. Thus,
AC susceptibility measurements have been used in both the characterization and study the vortex
dynamics of high-T. materials. The nature of the inter-granular pinning mechanism can be investigated
by AC susceptibility study since critical state models [10-12] also describe the magnetic behavior of
granular high-T. superconductor. It is well known that the fundamental of the imaginary part () of the
complex AC susceptibility (y=y +iy”) is a direct measure of the AC losses. In type-1l superconductors,
there are various loss mechanisms such as flux flow or viscous losses, bulk pinning hysteretic losses,
netc. Bulk pinning losses are independent of frequency but dependent on the field, whereas flux flow
losses dependent on the frequency not on the field [11, 13]. In particularly, the imaginary component of
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the AC-susceptibility has been widely used to probe the nature of weak links in polycrystalline
superconductors. It is also employed to estimate some of the important physical properties like critical
current density, Jc and effective volume fraction of the superconducting grains. Several critical state
models have been very successful in accounting for major features of the temperature and field variation
of ac-susceptibility. Experimentally, the real part of ac-susceptibility, y’ in polycrystalline samples
shows two drops as the temperature is lowered below onset of diamagnetic transition and
correspondingly the derivative of the %’(T) displays two peaks. The first sharp drop at T is due to the
transition within the grains and the second gradual change at T¢; is due to the occurrence of the
superconducting coupling between grains. In the temperature range between T. and T the
superconducting grains are decoupled and the system as a whole is resistive. Below T, the grains are
coupled or in other terms, phase-locked with zero phase difference across the inter-granular junctions.
The imaginary part, x”, shows a peak which is measure of the dissipation in the sample [14].

In this paper, several superconducting transition parameters, as well as inter-granular properties
were investigated in two polycrystalline Bi-2223 undoped and Ag-doped samples.

2. Experimental

High-purity Bi»Os, PbO, CuO oxides; and SrCOs, CaCOs carbonates (3N-4N) were weighed and
mixed following the nominal composition of Bi1sPbo.4Sr.Ca;CusO1¢+5. The mixing powder was calcined
at 800°C for 24 h with some intermediate annealing steps to improve the homogeneity. The canceled
powder was divided into two equal parts (A0 and A5). The first part (AO) was compressed into
rectangular pellets of 12 mm with quite high pressure of 5 tons per square centimeter. The second part
(A5) was added with 5% Ag-0 content in weigh. After gridding, mixing we took the same steps as done
with A0. After that, the pellets were sintered at 855°C and lasted for 8 days. XRD measurements were
carried out using Bruker 5005 diffractometer with Cu K, radiation (A = 1.5406 A) in the range of 26=20-
60°. Microstructural analyses were investigated using Jeol-5410-LV scanning electron microscope
(SEM). Specimens were shaped in square bar with their dimensions of 2x2x12 mm? and attached to the
cold finger of a Helium closed-cycle system (CTI Cryogenic 8200) where they were cooling down and
heating up in the temperature range of 20-300 K. The DC-resistivity are measured using four-probes
technique with the constant DC current of 10 mA. AC-susceptibility were performed using lock-in
amplifier techniques, in different AC field amplitudes of 4-760 A/m at frequency of 1 kHz.

3. Results and discussion
3.1. X-ray powder diffraction (XPD) results

Fig. 1. shows x-ray diffraction patterns of two superconducting samples (A0 & A5). Almost the
Bragg peaks belong to Bi-2223 phase. In addition, the sample also consisted of some minor phases like
Bi-2212 and Ca;PbO4. Among that h(ijk) and I(ijk) are Miller indices of the crystal planes belong to Bi-
2223 phase and Bi-2212 phase, respectively. In addition, the star symbols (*) are also the other Bragg
reflection peaks which belong to Bi-2223 phase, too. With long sintering time of 8 days at 855°C it is
hardly to recognize the existence of Bi-2201 phase. Besides, there are some impurity phases, especially
Ca,PbOy, located at reflection angle 26=17.8 degree which has seen clearly. Pb addition is essential for
the formation of Bi-2223 single phase but intergrowths of lower T. phases have to be avoided. Lead
largely facilitates the formation of Bi-2223 phase by reacting with CaCO; to form a highly reactive
Ca,PbO, intermediate phase. Such an intermediate phase readily reacts with other constituents to form
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a liquid phase, providing a reservoir and a fast pathway for cation diffusion, and hence helping the
formation of the Bi-2223 phase [15-17]. This major impurity phase is required liquid medium for the
growth of the superconducting crystallites Bi-2223 at sintering temperature. Furthermore, in A5 sample
Ag has been found with prominent peak positioned at 38.1 degree for Ag (111) plane. As can be seen,
both samples consist of a mixture of Bi-2223, and Bi-2212 phases as the major constituents. The volume
fractions of these phases can be estimated using various methods. We used all the peaks of the two
mentioned phases Bi-2223 and Bi-2212 for the characterization of the phase formation of the samples
and ignore the voids [17], namely:
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Fig. 1. XPD patterns of high-T. superconducting Bi-2223 samples: Undoped sample A0 (black line/upper graph)
and 5 wt.% Ag-doped sample A5 (red line/lower graph).

The results show that volume fraction of Bi-2223 phase increases from 78% for undoped sample
(A0) to 95% for 5 wi% Ag-doped sample (A5). Inversely, the volume fraction of Bi-2212 phase
decreases from sample AO (22%) to sample A5 (5%). Therefore, Ag is positive agent to promote the
growth of high-T. superconducting Bi-2223 phase. The same evidence has been given by the author in
[17]. There, highest volume fraction of Bi-2223 phase existed in the Ag interface layer. The crystal
structure of Bi-2223 phase is pseudo-tetragonal unit cell (14/mmm). The crystal lattices of undoped
sample A0 are ¢ = 37.109 A and a ~ b = 5.402 A. These parameters are unchanged in caparison to those
of Ag-doped sample (A5). When chose Ag substitution for Sr, Ghazala et al conclude that Ag dose not
deteriorate the superconducting properties of the BSCCO system but plays a crucial role in the
stabilization of the different phases coexisting in the Bi—based superconductors. This result indicates
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that the Ag has catalytic effect on the reaction to form the high-Tc phase within the x value equal to
0.05 and 0.1. However, certain amount of Ag is necessary for the occurrence of this reaction, while
excessive Ag substitution promotes another reaction, assist the formation of low T, phase [18].

3.2. Scanning electron microscope (SEM) images

Both samples obtained after a quite long time of sintering (8 days) have strong dark-gray color with
many micro-size crystals, which can be seen by the eyes. With Bi-2223 is major phase, we suggest that
the micro-size crystalline particles to be Bi-2223 crystals, especially for A5 sample. The size of these
crystalline plates (grains) is in the range of 5-10um. These thin plates with CuO.-plane preferential
growth pack together to form the samples (see Fig.2). It was found that the Bi-2212 phase on the grain
boundaries is likely to play the role of weak-link and consequently reduces the inter-granular critical
current densities [8]. However, Ag plays the role to promote the growth rate of Bi-2223 phase, as well
as to enhance the connectivity of these grains were obtained, which was evidenced by less porosities in
A5 sample. The scanning electron micrographs indicated that silver
is precipitated along the grain boundaries, separating the superconducting grains [19]. These results have
showed that silver addition does not destroy the superconductivity and at the same time enhances the
critical current density.

Fig. 2. SEM pictures of the Bi2223 superconductors: Sample AO (a-left) and sample A5 (b-right).
3.3. DC-resistivity results

The relative resistivity R(T)/R(300K) of the Bi-2223 samples were depicted in Fig.3. Both samples
show the metallic behavior of the resistance at high temperature region. As decreasing temperature, a
transition to the superconducting state occurred. These curves describe the typical resistivity of Bi-2223
superconducting sample. However, when Ag was doped the resistivity strongly dropped. Some
resistivity values at 120 and 300K were present in Table 1. As can be seen in Fig. 3, the metallic
characteristics of sample A5 was improved by Ag-doping. These were explained by the diffusion of
silver in the samples. A detailed investigation about diffusion of Ag in BSCCO system has been done
by Comert et al [20] who suggested that Ag can diffuse simultaneously into the voids, cracks,
intergrain/intragrain regions etc. This improves the grain orientation and intergrain connectivity in the
samples. Study of the superconducting transition region should be very important. There are different
ways to define the transition temperature (T¢). Therefore, we have chosen to study the superconducting
transition range by taking the differential of the resistivity curves (see the inset figure included in Fig.
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3). The derivative curves show that there are three main particular points Teconset, Tc and Teo
corresponding. Where T, is the temperature of zero-resistivity; T is temperature of differential peak.
We assign Tonset fOr the starting point of superconducting coherence or superconducting transition. In
undoped sample, there is only a single peak. However, there appears a peak with a tail (*) in Ag-doped
sample. The peak temperature marks the superconducting transition within the grains and the tail is
related to the inter-granular coupling [21]. The transition parameters were given in Table 1. The onset
of high-Tc superconductivity (Tcenset) Was enhanced 3 K by silver doping from 109.5 up to 112.5 K.
The superconducting transition temperature was defined as the differential peak position of resistivity
(T¢). This value was nearly unchanged by 5% at silver doping (~105 K). However, the zero-resistance
temperature (Tco) was declined to 98.4K for A5 sample. As a results, the superconducting transition
region of 5% at. Ag-doped sample has been extended with ~ 5 K in comparison with that of undoped
sample. The increase of the onset point of temperature may be explained by the strong high-T.
superconductivity of Bi-2223 phase accompanied by the decrease of Bi-2212 volume fraction.
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Fig. 3. Describe relative resistivity R(T)/R(300K) versus temperature of the Bi-2223 Samples: The black line
(sample AQ) and the red line (sample A5). Inset shows the temperature dependence of first derivatives taken
from the relative resistivity curves, respectively.

The substitution of Ag+ (r = 1.29 A) for constituent cations may be suitable for Sr** (r = 1.32 A).
This substitution should be taken place by the slowly diffusion from the boundary of high-Tc grains
because of the chemical mismatch. As usually, the air-grown Bi-2223 samples have the hole
concentration in under-doped region. The silver substitution for strontium may be created the positive
effect on the hole content of CuO- planes. As a results, the onset of high-Tc superconducting coherence
arrived soon or T¢onset DeCOmMe higher in Ag-doped sample. Although silver make the positive effect on
Teonset, It also make the negative effect on Tco. The lower zero-resistance transition temperature may be
explained by the presence of silver in the superconducting grain boundaries. With different sizes and
shapes, the high-Tc superconducting grains connect each other by the grain boundary materials
including silver. It is the reason for creating the proximity coupling effects of the superconducting
grains. As consequence, the total superconducting effect of silver-doped sample was taken place at lower
temperature. The same effect was observed in Li-doped Bi-2223 system [22].
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Table 1. Superconducting transition parameters and resistivity values of Bi-2223 samples AO&AS5
taken from DC-resistivity curves

Sample Transition parameters Resistivity (mQ.cm)
Teo (K) Te(K) Teonset (K) AT (K) p(300K) p(120K)

A0 100.3 105.0 109.5 9.2 8.52 4.85

A5 98.4 105.1 112.5 14.1 3.28 141

3.4. AC-susceptibility and matrix critical current density (J.") values
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Fig. 4. Temperature dependence of the ac-susceptibility of the superconducting Bi-2223 sample A0 in various
AC field amplitudes at a frequency of 1 kHz. The ac-susceptibility measurements ai (i=1-6) are corresponding to
AC field amplitudes (40, 80, 132, 180, 360, and 600 A/m), respectively.

The magnetic curves in Figures 4 &5 were assigned to the ac-susceptibilities of the high-T. Bi-2223
samples A0 & A5 in various AC field amplitudes (4-760 A/m) at a frequency of 1 kHz. The AC fields
in this work are all given as rms. values. For undoped sample A0, the temperature at which the
diamagnetic signal () get dropping is approximately 109.5K (T¢p). Tc,p is also the starting point of of
upturn curve in imaginary part (%) when AC field is high enough to penetrate into the superconducting
grains. This temperature value is equal to that of the onset of high-Tc superconductivity (Tconset) in
resistivity measurement. However, T.p was decreased to lower temperature of 108.6 K in Ag-doped
sample (A5). In addition, the diamagnetic onset temperature is approximately constant at different fields
for both samples.

The real part (y’) curves of AC-susceptibility all have been divided by the cross point M into two
parts. Twm is approximately equal to 105 K for both samples. The first one in the temperature range of
(Tep - Tey) can be attributed to the intra-grain diamagnetic signal, and the second one at lower
temperature ascribed to inter-grain part. In the temperature range between T.p to T, the
superconducting grains are decoupled and the system as a whole is resistive. Below T; the grains are
coupled or in other terms, phase-locked with zero phase difference across the intergranular junctions
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[14]. The more the AC-magnetic amplitude apply, the more deflection of intra-grain part to lower
diamagnetic signal is. The deflection is accompanied by appearance of loss peak Py of intra-grain
component. It is clearly from Fig.4 &5 that when the field increases, the loss peak of imaginary part (P)
shifts to lower temperature and broadens.

Table 2. The peak temperatures corresponding to the field amplitudes Hac and inter-granular critical current
density J;™ in different measurements a; (i=1-6) of undoped sample A0

= Hac (A/m) T (K) Tp (K) Jcm(AlcmZ)
1 40 107.3 98.1 2

2 80 107.3 95.7 4

3 132 107.3 92.6 6.5

4 180 107.2 90.8 9

5 360 106.6 84.1 18

6 600 106.0 76.0 30

The amount of shift as a function of the magnetic field amplitude (Ha), is proportional to the
magnitude or strength of the pinning force. At any certain AC-magnetic field, when the temperature was
decreased, the flux is gradually driven out of the superconducting grains, then the inter-granular volume.
The full Meissner effect happened when the applied magnetic field totally excluded. At this temperature,
the whole volume of the sample expected to be shielded by the super-current circulating in the sample
and hence the diamagnetic signal becomes saturation. In case for the lowest AC-field amplitude (H=4
A/m) in Fig.5 the diamagnetic signal attained at 85K. This result gives evidence of the minor
un-definable content of Bi-2212 phase. When magnetic field increases, the ideal diamagnetic signals
appear at lower temperatures. As can be seen in Table 2&3, the positions of intra-grain peak (T ~107.2
- 107.3 K) are nearly constant at low AC-field values (<180 A/m), accompanied by the small areas of
intra-grain loss peaks. In contrary, this effect become clearly at higher magnetic fields (360-760 A/m),
as well as the shift of Ty down to 106.0 K. Nevertheless, this intra-grain loss effect is quite smaller than
that observed by inter-grain effect.
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Fig. 5. Temperature dependence of the ac-susceptibility of the superconducting Bi-2223 sample A5
in various AC field amplitudes at a frequency of 1 kHz. The ac-susceptibility measurements b; (i = 1-7)
are corresponding to AC field amplitudes (4, 12, 40, 80, 200, 360, and 760 A/m), respectively.
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Table 3. The peak temperatures corresponding to the field amplitudes Hac and inter-granular critical current
density J¢™ in different measurements bi (i=1-7) of Ag-doped sample A5

1= Hac (A/m) TpO (K) Tp (K) \]cm(A/CmZ)
1 4 107.2 101.9K 0.2

2 12 107.2 100.6 K 0.6

3 40 107.2 99.4 K 2

4 80 107.2 97.2K 4

5 200 106.7 93.8 K 10

6 360 106.0 88.0 K 18

7 760 106.0 80.0 K 38

In the polycrystalline samples like Bi-2223, the weak-link is one of dominant property that affect
strongly on the superconducting properties as well as the working point, especially the critical current
density. When increase the AC-magnetic amplitude, the loss peak (P) shifts to lower temperature and
broadens. We can estimate the inter-granular or matrix critical current density (J.™) as a function of
temperature, by using the Bean critical state model [12]. According to this model for the bar shaped
sample, J.™ at the peak temperature (Tp), can be written as J;"=H../(WxD)Y2, where the cross section of
the rectangular bar shaped sample is 2Wx2D. The larger the shift in the maxima of x”, the weaker the
pinning and hence, the smaller J.™. Data of J."™ were given from Table 2&3 and presented in Fig. 6. The
stronger curvature of J.™ plot of silver-doped sample A5 in comparison to that of un-doped sample AO
gave us the faster increase of inter-granular or matrix critical current density when the temperature was
decreased. Therefore, silver doping at 5 wt. % in Bi-2223 make the superconducting sample much better
for application. We can calculate the J;™ at boiling point of liquid nitrogen (77K) to be 28.5 and 47
Alcm? for A0 and A5 samples, respectively. This critical current density can be estimated to go up to 88
and 162 A/lcm? at 50 K. These results are in comparison to J.™ values of the best sample in ref. [14].
However, there are some other factors which may effect to this key application parameter at lower
temperature. Normally, for Bi-based high-T. superconductors the critical current density increase
following the exponential law.
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Fig. 6. Shows the inter-granular or matrix critical current density (J;™) as a function of temperature
for sample AQO (blue rectangular) and sample A5 (red circle). Both curves were fitted well to the parabolic
law of T, with the formulas: J;" = 273.15-4.68T,+0.0195T 2 for A and J™ =553.20-10.14T,+0.0463T ;2
for A5 samples, respectively.
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4. Conclusion

At the same sintering condition, the growth rate of Bi-2223 phase was investigated to increase by
Ag-doping. Specifically, the volume ratio of Bi-2223 phase increase from 78% for undoped sample (A0)
to 95% for 5 wt.% Ag-doped sample (A5). Herein, Ag plays the role to promote the growth rate of Bi-
2223 phase, as well as to enhance the connectivity of these grains were obtained, which was evidenced
by less porosities in A5 sample. As consequence, the inter-granular or matrix critical current density
(Jc™ was observed to be increased. We can calculate the J;™ at boiling point of liquid nitrogen (77K) to
be 28.5 and 47 A/cm? for A0 and A5 samples, respectively. This critical current density can be estimated
to go up to 88 and 162 A/cm? at 50 K. The onset of high-T. superconductivity (T onset) Was enhanced 3
K by silver doping from 109.5 up to 112.5 K. It is explained by the slowly substitution of Ag* ions for
Sr?* cations. As a results, it increases the hole concentration of CuO; planes of Bi-2223 phase, and hence
the onset of high-T. superconductivity. Nevertheless, the metallic silver at the grain boundaries also
cause the proximity effect to weaken the superconductivity of the sample (Tc,).
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