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Abstract

This work studies the impact of metallic Ag addition on the microstructural, electrical,
superconducting, and magnetic properties of Bi»Sr,Cag925Nag 07sCu20Oy. Samples with 0, 1, 3,
5 wt.% were prepared from precursors produced by sol-gel method, followed by texturing
through the laser floating zone (LFZ) technique. These samples were then subjected to
annealing, due to their incongruent melting, to obtain the superconducting phase. Powder
XRD patterns showed that samples were mainly composed by Bi-2212 phase and metallic Ag.
These data were confirmed through SEM-EDS, which also showed that samples have very
low porosity and good grain orientation. The normal state and residual resistivity values
decrease with Ag addition up to 3 wt.% (from 7.61 to 2.54, and from 1.85 to 0.25 mQ.cm,
respectively), reflecting the reduction of porosity and the improvement of grains alignment
and connectivity. Flux pinning energies (U) of samples increase with Ag addition (from 0.4 to
0.5 eV under 0 T) and decrease with higher magnetic fields. Irreversibility line (/L) shifts
towards high temperature with the introduction of Ag, confirming the higher grains
connectivity in Ag-containing samples. Moreover, the increase of H;, (from 28.9 to 43.1 T),
H.; (from 64.6 to 85.9 T), and J, (from 0.4 10° to 1.2 10° A/cm?) values with Ag addition also
point out to the improvement of grains connectivity and flux pinning energies induced by Ag

addition.
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1. Introduction:

Among high temperature superconductors (H7,), one of the most studied is the Bi-Sr-Ca-Cu-
O system (BSCCO), discovered by Maeda and his group [1]. It has a general chemical
formula Bi,Sr,Cay,.1CuyOoniass, where n=1, 2, and 3, indicating the number of CuO; layers in
the crystallographic unit cell. Depending on the n value, BSCCO system consists of three
different phases, Bi-2201 (n=1), Bi-2212 (n=2), and Bi-2223 (n=3), with 20, 85, and 110 K
critical temperatures (7.), respectively [1,2]. Among these phases, the Bi-2212 is the most
used in technological applications due to its stability in a wide range of compositions, and
processing temperatures. However, several issues may restrict their electrical transport
properties: 1) formation of weak links between grains [3]; i1) formation of secondary phases
along the grain boundaries, and iii) weak flux pinning properties resulting from intrinsic
defects in the lattice structure.

Some strategies used to overcome these issues and enhance the transport properties of these
compounds are based on the addition of metallic elements which can modify the phase
equilibria without reacting with the superconducting phase [4-6] and enhance density, critical
current density (J.), and critical magnetic field (H.). Another possibility is based on the
modification of charge carrier concentration in the Cu-O planes and/or enhancing the grain
alignment [7-12], which can influence critical temperature, critical current density (J;), and
critical magnetic field (H,.). The most usual techniques to produce the grain alignment in the
bulk materials are spark plasma texturing [13], hot uniaxial pressing [14], the Laser Floating
Zone (LFZ) [15], and the Electrically Assisted Laser Floating Zone (EALFZ) [8]. Among
these techniques, the LFZ method has many advantages for obtaining long BSCCO fibers
grown at high rates. In this method, the microstructure of the materials is described by a good
grain orientation with their growth direction quasi-perpendicular to the c-axis [16]. These
large and highly oriented grains dramatically improve the transport properties, J,, as a result
of reduction in the number of low-angle junctions [17]. On the other hand, these compounds
display incongruent melting [18] and, consequently, as-grown materials must be subjected to
an annealing process for obtaining nearly pure Bi-2212 phase from the secondary ones [19].
Another drawback of these materials are their poor mechanical properties, which impose
severe restrictions for technological applications. However, it has been shown that Ag
addition leads to the improvement of mechanical properties of BSCCO compound [19].

When evaluating transport properties in H7, superconductors, two-stage resistive transition
behavior is found. The first one is the onset temperature (7,.°"*), where resistivity starts to

offset

decrease, while the other one is offset temperature (7.*"") in the tail part of the resistivity.
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7, indicates the superconducting transition of isolated grains, while 7, refers to
intergranular coupling. This last one decreases under external applied fields due to the
Lorentz force associated to motion of flux-lines, which can be classified into three regimes
depending on the applied current density: flux flow (FF) (J> J.), thermally activated flux flow
(TAFF) (JK J.), and flux creep (FC) (J~J;) [20]. On the other hand, the presence of pinning
centers overcomes the Lorentz force effect, and the flux-lines can be trapped. These pinning
centers may appear naturally [21], or can be artificially created using chemical doping
[11,12,23-25].

This study is focused on the investigation of magneto-resistivity, irreversibility and flux
pinning energy of textured BiSryCaggrsNago7sCuOy + x wt.% Ag superconducting
composites produced through a sol-gel method via nitrates, followed by LFZ texturing.
Textured materials will be structurally, microstructurally, and magnetically characterized, and
these characteristics will be evaluated. Moreover, the experimental data obtained through the

magneto-resistivity curves recorded between 0 and 6 T external applied magnetic field will be

analyzed on the basis of the TAFF model to determine their pinning characteristics.

2. Experimental Procedure
Bi,Sr,Cag 925Nag 075Cu0y + x wt.% Ag, with x= 0, 1, 3, and 5, polycrystalline samples have
been produced using sol-gel method from Bi,03; (> 99.9%, Aldrich), SrCO; (98%, Panreac),
CaCOs (= 99%, Aldrich), Na,COs3 (= 99.99%, Aldrich), CuO (98%, Panreac) and Ag (> 99%,
Aldrich) commercial powders. They were weighed in the appropriate proportions and
dissolved in a mixture of HNO; (Fluka, PA) and distilled water. Once a clear blue solution
has been produced, adequate amounts of ethylene glycol (99%, Panreac) and citric acid
(99.5%, Panreac) were added under stirring. This solution was subsequently heated to
evaporate water and decompose the HNO; excess, producing brownish fumes. During this
process, pH is raised allowing the polymerization of citric acid and ethylene glycol, forming a
light blue gel which was dried at 110 °C. Further heating at 350 °C on a hot plate produces the
organic material decomposition, leaving a very fine light brown powder which has been
calcined in two steps, at 750 and 800 °C for 12 h, with an intermediate manual milling. The
resulting powder was cold isostatically pressed in form of cylinders (around 3 mm diameter
and 100 mm length), and used as feed in a LFZ system previously described [25]. Textured
bars were produced by directional solidification at 30 mm/h growth rate under continuous
power Nd:YAG laser (4 = 1064 nm) radiation. In this process, seed and feed were oppositely

rotated at 3, and 15 rpm, to maintain the cylindrical geometry, and homogenize the molten



zone, respectively. As-grown materials were obtained as geometrically homogeneous
cylindrical fibers (~ 120 mm length and 2 mm diameter). As previously mentioned, Bi-2212
presents incongruent melting leading to a mixture of secondary phases, with minor Bi-2212
phase content, after solidification. Consequently, an annealing treatment is necessary to obtain
the Bi-2212 phase in these textured rods [26]. This thermal treatment consists on two steps:
heating at 860 °C for 60 hours, 800 °C for 12 hours, and quenching in air to room
temperature. The experimental procedure is schematically depicted in Fig. S1.

The sol-gel process has been studied through TGA-DTA under air atmosphere analysis
performed on the dry gel and the powders obtained after firing the gel. The annealed samples
were structurally characterized through powder XRD diffraction. Microstructure has been
studied on longitudinal polished sections of samples using a Field Emission Scanning
Electron Microscopy (FESEM, Carl Zeiss Merlin) with an energy dispersive X-Ray (EDX)
spectrometer. Magneto-resistivity measurements were performed between 0 and 6 Tesla using
a DynaCool-9 Quantum Design PPMS system. Magnetic hysteresis loops (M-H) at 10, 20, 30,
40 and 50 K were performed in a 7304 model Lakeshore VSM. In forthcoming sections, the
Bi,Sr,Cag 925Nag 075Cu0y + x wt. % Ag samples are labeled as 0% Ag, 1% Ag, 3% Ag, and
5% Ag for x=0, 1, 3, and 5, respectively.

3. Results and Discussion
Representative DTA-TGA analysis, performed on the dry gel of the 3wt.% Ag sample, is
shown in Fig. S2. As it can be observed in the plot, three main zones can be distinguished in
the TGA graph. The first one, between room temperature and 150 °C corresponds to solvent
evaporation, the second one, between 150 and 300 °C can be associated to the decomposition
of organic part, drastically decreasing the sample weight. This fact is confirmed by the large
exothermic peak in the DTA graph shown in this figure. Finally, the third part, at higher
temperatures presents a very slight weight loss due to the decomposition of AgNO; [27]. On
the other hand, Fig. S3 shows the TGA-DTA graph obtained in the fired material (between
450 and 900 °C for clarity). As it can be observed in the plot, there is nearly continuous
weight loss in this temperature range, associated to the decomposition of alkaline earth
carbonates. However, these carbonates decomposition temperatures are much lower than the
reported for these compounds [27], and it is due to the very small particle sizes produced
through the sol-gel method. Moreover, even if CaCO; presents lower decomposition

temperatures than SrCOs, it has been reported that the presence of Bi and Cu leads to the



preferential decomposition of SrCO;3; due to the high stability of the Bi,Sr,CuOy (Bi-2201)
phase [28].

Powder XRD patterns obtained in the different samples are shown in Fig. la. In the graph, it
can be seen that most of the peaks are associated to the Bi-2212 phase, accompanied by
metallic Ag, in agreement with previous works [14,29]. Moreover, some more peaks can be
observed; even if they cannot be associated to any secondary phase due to their very low
intensity, previous studies showed that Bi-2201, (Ca,Sr)CuO,, or Ca;4Cu,404; can be found in
these compounds [26].

In Fig. 1b, a representative SEM image of the 3 wt.% Ag is presented. As it can be observed,
the samples show very low porosity and a good grain orientation along the growth direction.
Moreover, it presents different contrasts, which have been associated to different phases
through EDX, and labelled by numbers. Grey contrast (#1) corresponds to Bi-2212 phase as
the major one in all samples; white and dark grey contrasts (#2, and #3) are Bi-2201, and
(Ca,Sr)CuO; secondary phases, respectively; and light grey contrast (#4) corresponds to
metallic Ag. In order to evaluate the microstructural modifications in the samples with Ag
content, they are illustrated in Fig. S4. It is necessary to point out that Ag particles in 1% Ag
samples are too small to be shown in the corresponding micrograph. The fact that Ag appears
as metallic element, in agreement with the XRD data, confirms that Ag addition do not
modify the chemical composition of Bi-2212 phase. On the other hand, its presence decreases
the melting point of these materials due to the formation of an eutectic [29,30], which
increases grain orientation due to the decrease of the radial thermal gradient [31,32].
Furthermore, a slight decrease in secondary phase content can also be observed with higher
Ag content.

Variation of electrical dc resistivity as a function of temperature, between 30 and 150K for all
samples is given in Fig. 2. These graphs show that all samples display metallic type behavior
above T.”"“. On the other hand, T, is difficult to evaluate from this graph. Consequently, in
the inset of Fig. 2, the time derivative of resistivity (dp/df) vs temperature graph is
represented. As it can be easily observed, the peak position is the same for all samples, 93.3
K, clearly showing that Ag does not modify the 7. of the Bi-2212 compounds. On the other
hand, these samples show a single peak, which is associated to the very good grain coupling
in these textured materials [33]. However, significant differences between the samples can be
observed when fitting the high temperature part of these graphs using the well-known

Mathiessen’s rule, given as:
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where py is the residual resistivity which is a temperature independent coefficient associated
to local structural defects, distortions, etc., and p,, is the temperature dependent term arising
from electron-phonon interaction [34,35]. py values for these samples are determined through
the extrapolation method, as shown in Fig. S5 for the 0, and 3 wt.% Ag samples, and the
results are presented in Table 1, together with their estimated errors. These values clearly
point out that the Ag addition up to 3 wt.% reduces distortions, defects, etc., between
superconducting Cu-O, planes [36]. Another important parameter which can be extracted
from this graph is the resistivity at 95 K, posk, which is influenced by impurity scattering and
lattice strain through the crystal structure [37]. The data displayed in Table 1, together with
their estimated error, show the same trend found for py, confirming the effect of Ag addition
Finally, 7., T.%* and transition width (AT=T,""-T.°"™) can also be extracted from the
graph in Fig. 2, and the results are also presented in Table 1, together with their estimated
error. From these data it is easy to deduce that Ag (in the absence of magnetic field) not only
modifies the superconducting transition parameters of Bi-2212 phase, but also significantly
reduces the normal state (posx) and residual resistivity (pg) values.
Magneto-resistivity characterization has been performed in the 20-140 K temperature range
under different magnetic fields (0, 2, 4, and 6 T), and the obtained graphs are displayed in Fig.
S6. As it can be seen in the data extracted from these graphs, with their estimated errors,
shown in Table 1, while a remarkable broadening is observed in the offset part, the onset part
has negligible shift with applied field. On the other hand, a serious decrease has been
observed in 7,%°“ values when the magnetic field is increased, due to the anisotropic layered
crystal structure, disorder in the percolation path between grains, and high thermal energy of
vortices [38,39]. Moreover, the fact that all Ag-containing samples have higher 7, o5t than the
pristine sample indicates that Ag is a suitable conduction agent between the Bi-2212 grains,
and plays an important role in reducing the broadening of resistivity curves caused by the
applied field [40].
The broadening of resistivity transition in the presence of magnetic field can be explained in
terms of thermally activated flux flow (TAFF) model that follows an Arrhenius-type equation
[41]:

p=poexp (-UksT) )
where py is the exponential factor, U is the flux pinning or activation energy, and kg is the
Boltzman’s constant. p, value corresponds to the normal resistivity value at 110 K which is
physically reasonable since U is zero above T.°** [20]. The U value can be deduced from the

slope of Inp/py versus I/T plots given in Fig. S7, together with their respective estimated



errors. As it can be seen in these figures, when increasing the magnetic field, the tail parts of
the resistance curves shift towards lower temperatures, while the slope values of the linear
parts decrease. It is well known that when increasing magnetic field, the vortices can jump to
nearby pinning centers, leading to broadening in the tail part of resistivity curves. The values
of U as a function of magnetic field, are given in Fig. 3. As it can be seen in the graph, U
values of all Ag-added samples are higher than the obtained for the Ag-free one in the whole
measured magnetic field range, probably due to the increase in the number of pinning centers
and the enhancement of intergranular coupling [42,43]. On the other hand, the U values of all
samples drastically drop with the magnetic field, but this decrease is lower for Ag containing
samples due to the increase of well-coupled superconducting grains in the samples [44].
Furthermore, applied magnetic field dependence of U(H) can be defined by a power law as:

U(H) ~ H? 3)
where, £ is the magnetic field orientation dependent constant with respect to basal plane [36].
By using the data plotted in Fig. 3, § values have been calculated and presented in Table 2
with their estimated errors. These data are similar to the reported in La-doped Bi-2212
samples [36] and higher than those of BaSnOs-added BiPb-2223 samples [45].
The temperature dependence of U(T) can be extracted from the magnetic field dependence of
the transition width, and these data are shown in Fig. S8, with their estimated errors, for all
samples. In the graph, it can be observed that AT drastically enlarges when increasing the
external applied fields, due to the field penetration into the intergranular regions, reducing the
superconducting current paths [45]. The dependence of AT on magnetic field obeys a power-
law as [45],

AT~ H"~ H" @)
By plotting AT versus H in log-log scale, n, f, g parameters are deduced, and displayed in
Table 2, together with their respective errors. Thus, the dependence of activation energy on
temperature and magnetic field can be expressed by the following equation [46].
UH,T)~ AT H"; n=p+n. )

And the calculated # values are also given in Table 2, together with their errors, for all
samples.
Irreversibility field (H;,) of samples can be deduced from magneto-resistivity curves to obtain
the irreversibility line (/L), which separates vortex glass and the vortex liquid regions in the
H-T plane. In order to deduce /L of the specimens, the graph of irreversibility magnetic field

offset

values, with respect to 7., is displayed in Fig. S9, together with their estimated errors. It is

clear from the figure that /L line shifts towards high temperature with Ag addition up to 3



wt.%, decreasing for higher content. The same behavior has been found in H,, values at
absolute zero, deduced from the extrapolation of the curves in Fig. S9, and presented in Table
2 for all samples, together with their estimated errors. The fact that the highest values are
found in 3 wt.% Ag samples indicate that they have the strongest pinning force.
The plot of upper critical field (H.2) versus the 50% value of normal resistivity (7. midpoint)
is presented in Fig. 4, with its estimated error. The zero-temperature upper critical field,
H_>(0), values of the samples can be calculated using the Werthamer, Helfand and Hohenberg
formula (WHH) given as [47]:

H.»(0) =-0.693T.(dH.> / dT)1. )

According to the H,,(0) values shown in Table 2, H(0) gets enhanced from 64.6 T for the
Ag-free samples, to 85.9 T for the 3 wt.% Ag ones, decreasing for higher Ag content.

Using the temperature dependent H;,- and H,.; curves given in Fig. S9 and Fig. 4, respectively,
the vortex glass, vortex liquid and normal regions of the samples can be determined [48]. For
this purpose, vortex glass, vortex liquid and normal regions of 0 and 3 wt.% Ag samples are
shown in Fig. S10 with their estimated errors. This graph shows that the vortex glass
transition shifts to higher temperatures, and vortex liquid region gets narrower with the
addition of Ag, meaning that optimum Ag-added fibers may play a pioneering role in
technological applications [34].

The magnetic hysteresis loops (M-H) of all samples measured under different magnetic fields,
between -10 and +10 kOe, at 10, 20, 30, 40, and 50 K, are shown in Fig. S11 with their
estimated errors. As it can be clearly seen in the figures, the general behavior of the M-H
loops is strongly dependent on the Ag-amount and temperature. Furthermore, the presence of
reversible and symmetrical M-H curves indicates that bulk pinning rather than surface barrier
predominates in all samples [49]. In addition, the areas of M-H curves get narrower with
increasing temperature as a result of the reduction of superconducting regions and the
decrease of grain connectivity. On the other hand, the magnetization values at zero field,
remnant magnetization, Mg, decreases when temperature is incrreased due to the reduction in
the pinning strength [50]. The temperature dependence of Mg is illustrated in Fig. 5, with its
estimated errors, for all samples. In this figure, it can be observed that the 3 wt.% Ag sample
has the highest My values at all temperatures, due to their stronger pinning centers. For the
purpose of comparison, the M-H curves of all samples at 10, 20, and 30 K are given in Fig.
S12, together with their estimated error. When the figures are examined, it can be seen that

the addition of silver to the system widens the M-H curves, when compared to the Ag-free



samples, and the widest one belongs to the 3 wt.% Ag sample at all temperatures, confirming
the enhancement of intergranular connectivity and the most effective pinning centers
formation.

The intergranular critical current density (J,) values of the samples can be deduced from M-H

loops using the Bean’s model given as [51]:

_AM

Je==
where J, critical current density in A/cmz, AM is the width of the M-H loops measured in
emu/cm’ , and d is the thickness of the specimen. The calculated J. values for all samples at 10
K are displayed in Fig. 6, and at 20, and 30 K in Fig. S13, together with their respective
estimated errors. According to these data, J. values decrease with magnetic field and
temperature in all samples. However, 3 wt.% Ag sample has the highest J. independently of
temperature and applied magnetic field, confirming again that metallic Ag provides a good

conduction path between the grains.

4. Conclusion
In the present work, Bi>Sr2Cag.925Nag 075Cu20y + x wt. % Ag, with x= 0, 1, 3, 5 composite
fibers were prepared through the sol-gel via nitrates method followed by LFZ texturing. After
annealing the as-grown samples, XRD data showed that samples were mainly composed of
Bi-2212 and metallic Ag, with small amounts of secondary phases. FESEM micrographs and
EDX results confirmed these data, and showed good grain orientation and low porosity in
these samples. Moreover, Ag particles are mainly found in the intergranular region, filling the
holes between the superconducting grains. As a consequence, Ag addition reduces the normal
state (pgsk) and residual resistivity (py) values in the absence of magnetic field. However,

applied magnetic fields drastically reduce 7.°™

, especially in the Ag-free samples,
confirming that metallic Ag found in the holes between the superconducting grains is a
suitable conduction agent. Calculated U values of all Ag-added samples are higher than Ag-
free one under all the measured magnetic fields. Similar trend was also observed for H;,,, H.»,
Mp, and J.. Moreover, the best results were obtained in the 3 wt.% Ag samples, suggesting
that the addition of the appropriate amount of Ag to the Bi-2212 phase is very useful to

increase superconducting properties in view of its technological applications.
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Table 1. Physical properties determined from magneto-resistivity measurements on all samples.

Tcoffset(K)

T | AT(K) for | AT(K) for
Sample po (MQ2.cm) Posk (ML2.cm)

(K) 0T 6T 0T 1T 2T 4T 6T
0% Ag 1.85+0.09 7.61+0.38 97.640.5 | 73407 | 359407 | 90.340.5 | 80.5+0.5 | 73.140.5 | 67.040.5 | 61.6+0.5
1% Ag 1.1340.05 3.654+0.18 97.940.5 | 6.9+0.7 | 343407 | 91.140.5 | 82.140.5 | 74.5+0.5 | 68.740.5 | 63.6+0.5
3% Ag 0.25+0.02 2.54+40.13 98.740.5 | 6.740.7 | 313407 | 91.940.5 | 83.840.5 | 77.640.5 | 71.040.5 | 67.4+0.5
5% Ag 1.5240.08 4.7140.24 983405 | 68+0.7 | 327407 | 91.5+0.5 | 82.7+0.5 | 76.140.5 | 69.5+0.5 | 65.7+0.5
Table 2. B, n, q, n, Hix, and He; values for all samples
Sample B n q n Hire (0) (T) | Hea(0) (1)
0% Ag 0.37+0.04 0.41+0.03 | 0.91+0.13 | 0.77F0.05 | 28.9+0.8 64.6+1.4
1% Ag 0.55+0.06 0.4240.03 | 1.30+0.18 | 0.97+0.07 | 30.840.9 74.842.1
3% Ag 0.4540.01 0.44+0.03 | 1.03+0.07 | 0.89+0.03 | 43.14+13 85.942.5
5% Ag 0.5140.03 0434004 | 12140.13 | 0.9440.05 | 39.841.0 80.142.0
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Figure 1. a) Powder XRD diffraction patterns of all samples; b) Representative SEM
micrograph of 3 wt.% sample showing the different phases, #1) Bi-2212; #2) Bi-2201; #3)
(Ca,Sr)CuOy; and #4) metallic Ag.
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Figure 2. Variation of the dc resistivity as a function of temperature in the range 30K-150K

for the BiZSrzCa0,925Nao,o75Cu20y +x wt.% Ag samples.



0.0 Y T T T Y T Y T .
0 1 2 3 4 5 6

Magnetic Field (T)

Figure 3. Variation of flux pinning energy versus applied magnetic fields up to 6 T for all

samples.
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Figure 4. Hc, versus T curves, with their respective errors, for all samples.
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Figure 5. Variation of Mg values with temperature, with its estimated errors, for all samples.
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Figure S3. TGA-DTA graph performed on the 3 wt.% Ag fired powder.



Figure S4. FESEM micrographs of polished longitudinal surfaces of
Bi,SryCag.925Nag 075Cu0y + x Wt.% Ag samples, for x (a) 0; (b) 1; (¢) 3; and (d) 5.
Different phases are identified with numbers #1) Bi-2212; #2) Bi-2201; #3)
(Ca,Sr)CuOy; and #4) metallic Ag.
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Figure S6: Variation of magneto-resistivity, together with its estimated error, with

temperature under different applied magnetic fields in the range of 0-6 T for (a) 0, (b) 1,

(c) 3 and (d) 5 wt.% Ag samples.
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Figure S7. Arrhenius plots of the resistivity, together with their estimated error, for (a)

0, (b) 1, (¢) 3 and (d) 5 wt.% Ag samples.
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Figure S12. Magnetic hysteresis loops of all samples, with their estimated error, at (a)

10, (b) 20, and (¢) 30 K.
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