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Preparation of granular Bi-2212 nanowires by electrospinning
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BiySraCaCuyOg (Bi-2212) superconducting nanowires are synthesized by the electro-
spinning method. Two different precursors were employed to grow the nanowires,
a Pb-doped one and an Cu,Ca-enriched one. The granular polycrystalline character
was confirmed by scanning electron microscopy and X-ray diffraction measurement.
The magnetic and electric properties of the samples were investigated via SQUID
magnetometry and four-probe resistance measurements. The superconducting tran-
sition temperature of both systems were found to be similar (Pb-doped 84 K, Cu,Ca-
enriched 76 K), but the transition width and the onset of irreversibility were clearly
different. The magnetization loops and the resistance data demonstrate that the

Cu,Ca-enriched precursor yields samples with better superconducting properties.
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PACS: 74.72.-h, 74.25.Ha, 74.25.F-, 81.07.Gf
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I. INTRODUCTION

Superconducting nanowires form an attractive research field for over decades, rang-
ing from several types of low temperature superconductors' to high temperature cuprate
superconductors?. With decreasing size and the dimension constraint, superconducting
nanowires provide magnetic and electric properties different from bulk materials, which
may create some new possibilities for applications. The most famous application of super-
conducting nanowires are the single phonon detectors®*. The other important aspect is the
fundamental research on superconductivity in confined geometry. Theoretical work based
on the BCS theory has been reported demonstrating the influence of thermal and quantum
fluctuation onto the superconducting properties® 7. Furthermore, superconductivity of gran-
ular superconductors is a topic of interest ranging from bulks, thin films to one dimensional
nanowires. Most of the samples investigated in the literature were produced from epitac-
tic thin films grown by various methods and subsequently etched by ebeam lithography or
focused ion beam (FIB) techniques®?.

The sol-gel growth method is one of the popular methods producing granular, polycrys-

O This approach can be combined with the

talline samples with nanometer-sized grains’
electrospinning technique, which is a typical approach fabricating high yield, long polymer
and ceramic nanowires!'. After removing of the organic ingredient by the heat treatment,
the nanowires are formed of single crystal-like grains chaining with each other. An impor-
tant feature of these nanowires is the formation of a fabric-like, non-woven network without
a substrate. Therefore, the influence of the substrate on the nanowire properties is elimi-
nated here. The intergrain weak links supply the main contribution to the granular effect,

and during the heat treatment, interconnects between the individual nanowires are formed,

which are important for the current flow through the entire sample perimeter.

In this paper, we focus on the preparation of electrospun superconducting BisSroCaCuOg
(Bi-2212) nanowires from two different precursor types, (i) a Cu, Ca-enriched precursor and
(ii) a Pb-doped stoichiometric precursor. In Sec. II, the procedure of the nanowire synthesis
is introduced, including the morphological characterization and phase confirmation. In Sec.
ITI, a comparison of magnetic and electric properties between Pb doped and undoped samples
is presented, and the superconducting properties of the granular nanowire network with

intergrain weak links will be investigated. Finally in Sec. IV, we will give some conclusions.



II. PREPARACTION AND CHARACTERIZATION

The nanowires are fabricated by the electrospinning method and all the chemicals are
commercially available from Alfa Aesar GmbH Company. For the preparation of the Bi-
2212 nanowire precursor, the bismuth acetate (purity of 99.999%), strontium acetate hy-
drate (purity of 99.99%), calcium acetate hydrate (purity of 99.9965%) and copper acetate
monohydrate (purity of 99.99%) powders are weighted with the molar ratio Bi:Sr:Ca:Cu =
1:1:1:2 (the sample with this precursor is named as 1112 hereafter) and dissolved in the
propionic acid. The excess of calcium and copper acetates serve to suppress the impurity
formation according to the reaction BisSroCaCusOg — BisSroCuOg + CaCuOs during the
thermal treatment process'?. For the 5% Pb-doped sample, the Pb acetate trihydrate (ACS
purity) is added. The acetate molar ratio is adjusted to Bi:Pb:Sr:Ca:Cu = 1.9:0.1:2:1:2 (the
sample with this precursor is named as Pb-doped sample), the addition of Pb contributes
to the formation of the Bi-2212 phase according to Refs.'®!4, thus no excess of calcium
and copper are applied in this case. For electrospinning, the polymer polyvinylpyrrodione
(M.W. 1,300,000) is mixed to the solutions to enhance the viscosity of the precursor. All
the chemicals will be completely dissolved by stirring for 15 h at room temperature. The
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electrospinning is undertaken using a MECC nanofiber electrospinner'®. The parameters

are shown in the table below. More details of the nanowire fabrication procedure are given

elsewhere!®17.

Parameter BSCCO+PVP
Applied voltage (kV) 20

Fly distance (mm) 190
Pump rate (mL h=1) 0.1
Travel speed (mm s~ 1) 50
Travel distance (mm) 100
Temperature (°C) 22
Relative humidity (%) 30-45

TABLE I. Synthesis parameters for electrospinning of the as-prepared BSCCO fibers.

To remove the organic compounds and obtain the Bi-2212 phase, a thermal treatment is

applied in a laboratory box furnace according to a differential scanning calorimetry (DSC)
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and thermogravimetric analysis (TGA) as presented in Figure 1. The temperature of the
final step thermal treatment is over 800 °C as for the solid thermal synthesis of bulk materials,
the sample obtains the phase at 825 °C. An additional treatment at 500 °C in pure O,

environment is required to compensate the oxygen loss during the former heat treatment

process.
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FIG. 1. Result of the differential scanning calorimetry (DSC) and thermogravimetric analysis

(TGA) about the as-prepared nanowires

Figure 2 shows scanning electron microscopy (SEM) images of the nanowires at different
steps of the thermal treatment, images (a) - (e) present the undoped nanowires (1112 sam-
ple), and (f) the Pb-doped one. Before the thermal treatment, the as-prepared nanowires
are tenacious and straight because the polyvinylpyrrodione helps to strengthen the inner
connection of the wire. As the fibers experience higher temperature treatments, the organic
compound is gradually removed and the wire structure starts to bend. Meanwhile, with
the crystallization process the grains grow larger. It can be seen that after the thermal
treatment, the nanowires are not as smooth as the as-prepared nanowires due to the growth
of the crystal grains. The junction between the grains becomes the main connection way to
maintain the wire structure, instead of binding by polymer. Figure 2 (e) and (f) present the
final structures of the 1112 sample and Pb-doped sample after the 800 °C treatment and
500 °C O treatment.



FIG. 2. SEM image of the undoped nanowires (a)-(e) and Pb-doped nanowires (f) at magnification
(10000x) at different thermal treatment steps. (a) As-prepared, (b) 211 °C, (c¢) 302 °C, (d) 385
°C, and images (e), (f) give the microstructures obtained after a treatment at 800 °C in air and

500 °C in Og environment, respectively.

Figure 3 shows the X-ray diffraction results of the 1112 (a) and the Pb-doped samples
(b) via a high-resolution automated RINT2200 X-ray powder diffractometer, using Cu-
K, radiation generated at 40 kV and 40 mA. It turns out that with both precursors, the
nanowires can obtain the Bi-2212 phase after the thermal treatment. According to the
analysis of the peaks, the average grain size of the 1112 sample is about 46.1 nm. However,
the 5% Pb-doped sample presents a worse crystallinity than the 1112 sample, as the peaks
from the spectrum have larger FWHM (full width at half maximum) values, and the average
grain size is also found to be smaller, i.e., 39.1 nm. This can be attributed to the influence of
the lead addition, as the Pb-doping faciliates the formation of the Bi-2212 phase, however,

it also induces a lattice distortion.

The nanowires obtained from electrospinning method always have a variation of the
diameter. Figure 4 shows the distribution of the wire diameter from both samples. The
value has a range from 140 to 580 nm. Table IT shows the structure comparison of the 1112
sample and the Pb-doped sample. Generally, the two different types of samples share the

similar structure, except that the grain size of the Pb-doped one is smaller. The average
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FIG. 3. X-ray diffraction analysis of the nanowires samples after the whole thermal treatment, the

phases have been identified as Big ;Sr; 9CaCuy0Og 21 by the standard PDF card #46-0431. (a) the

1112 sample, and (b) the Pb-doped sample.

Parameters (averaged)| 1112 |Pb-doped
Length (pm) 103.6| 87.5
Diameter (nm) 317.6| 328.3
Grain size (nm) 46.1| 39.1

TABLE II. Structure comparison of the 1112 sample and the Pb-doped sample.

wire diameters of both samples are around 320 nm, which is in the range of the London

penetration depth!®.

I11.

A. DMagnetic measurement

EXPERIMENTAL PROCEDURE

The superconductivity of both the 1112 and Pb-doped samples has been investigated

for their magnetic behavior via the superconducting quantum interference device (SQUID).

Figure 5 shows their magnetization dependence on temperature, in (a) the 1112 sample
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FIG. 4. The diameter statistics of nanoires from the 1112 and the Pb-doped samples. The diameter
distributions from both samples have a wide range from 140 nm to 580 nm. The average diameter

of the 1112 sample is about 317.6 nm and the Pb-doped one is 328.3 nm.

while (b) the Pb-doped sample. As a comparison, the measurements are done in zero field
cooling (ZFC) and 1 mT field cooling (FC) modes, during the measurement a detecting
field 1 mT is applied. There are two onsets in the M(T) curves. The first one can be
defined as the critical temperature (7;) at which the samples change from normal state to
superconducting state, as the samples become diamagnetic below this temperature. The
second onset is the one related to the magnetic irreversibility where the magnetic behavior
becomes irreversible below such a temperature!. For the 1112 sample, the T is obtained
around 76 K while for the Pb-doped sample 7. is located around 84 K, which is close to the
value of the bulk materials at 85 K. According to the result of the FC curves, they start to
deviate the ZFC curve at around 70.2 K and 62.7 K in the 1112 sample and the Pb doped
sample respectively, thus it can be estimated that the samples show the field irreversiblity
at certain temperatures. For the nanowires with their diameter being comparable to the
penetration depth, the relatively lower T, from the 1112 sample can be attributed to thermal

and quantum fluctuations induced by the decreasing size of the sample?>2!. On the other
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hand, with the Pb-doping, the sample shows a higher T,.. The influence of Pb-doping on the
superconducting properties of Bi-2212 has been investigated for a decade in bulk and thin
film materials. It is well known that the additional Pb serves as a substitution of the bismuth
in the lattice structure. Thus, it can increase the volume fraction of the superconducting
phase?? and reduce the electronic anisotropy of Bi-221223. A certain amount of Pb-doping
could introduce an enhancement of the superconductivity. However, with increasing doping

level, the lattice distortion due to the Pb substitution will also produce a suppression of the

superconductivity?*.
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FIG. 5. Magnetization dependence on temperature of the nanowires. The onsets at each curve can
be related to the Tt and the irreversibility temperature of the sample. (a) shows the 1112 sample
and (b) the Pb-doped sample.

Figure 6 gives a comparison of the magnetization loops of the 1112 sample (a) and Pb-
doped sample (b) in fields up to 7 T in the temperature range from 5 K to 70 K. Starting

from 5 K, all the loops get fully asymmetric. The so-called fishtail effect?

in the magne-
tization loops can be seen in form of a minimum of the magnetic moment close to the full
penetration field [see the upper inset to 5 (b)], and double sharp peaks occur close to zero

field. Furthermore, the magnetization loops are asymmetric at the axis M = 0. Compared
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FIG. 6. The comparison of the M (H) loops of the samples ranging from 5 K to 70 K. (a) gives the
data of the 1112 sample, and the inset presents the low-field part in detail. (b) shows the M(H
of the Pb-doped sample. The upper inset presents details for low fields, and the lower inset shows

the magnetization loops at 65 K and 70 K in detail.

to the typical symmetric loop of bulk cuprate superconductors®®, the loops from both sam-
ples show a completely different behavior which reveals the polycrystalline character of the
granular nanowires. In the case of the 1112 sample, the irreversible superconducting loop
maintains up to 70 K, corresponding to the result obtained from the M (T') curve where Tt
is about 76 K. The diamagnetic background superposed on the loops can be attributed to
the excess of Cu from the preparation, which forms the CuO impurity.

In the case of the Pb-doped sample, the irreversible superconducting loop vanishes above
65 K, and a reversible paramagnetic curve is observed. This demonstrates that above this
temperature the irreversibility due to the flux pinning is gone, and no vortices are pinned
in the sample. Such result has a good agreement with the irreversibiity starts at around 63
K from the M (T') curve. We can conclude here that the pinning landscape of the Pb-doped

sample is worse as compared to the 1112 sample, especially at high temperatures.
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FIG. 7. Comparison of the resistance-temperature behavior of the samples as a function of tem-
perature ranging from 4 K to 120 K, with an applied current of 50 pA. (a) gives the data of the

1112 sample and (b) the data of the Pb-doped sample.

B. Electric properites

In order to clarify whether the Pb-doping has a positive or negative influence to the
superconductivity of the sample, four-probe measurement is applied to investigate the re-
sistance dependence on temperature. Before the connection to the electrodes, the samples

have been coated with 100 nm gold as to enhance the contact quality.

Figure 7 shows the results of both samples from 4 K to 120 K in the field range from
0 T to 10 T [(a) for 1112 sample and (b) for Pb-doped sample]. The two step behavior
of the resistance drop occurs in both samples. The first drop of resistance stems from the
sample phase transition from the normal state to the superconducting state. The values of
the normal state resistance Ry?® can be estimated as 1.59 Q at 115.7 K and 2.25 Q at 87.5
K from the 0 T curves of the 1112 sample and the Pb doped sample respectively. However,

it is difficult to measure the crosssection area of the samples, so the comparison of py of
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FIG. 8. M(T) measurements before and after the gold coating

the samples is not available. The non-zero resistance broadening of the curves around 7T
shows an exponential relationship with the inverse of the temperature. Such regimes can be
fitted by the mathematic expression exp(—AF/kT) (see the insets to Fig. 7). AF is the
energy required to locally suppress superconductivity. This indicates that the resistances
are resulting from the thermal activated phase slip (TAPS)?". The residual resistance at
the second step is the one due to the intergrain weak links inside the nanowires®. With
increasing field, the regime of the first step becomes even broader due to the enhanced phase
slip rate with field3?. Such effect is more sensitive than the variation of Ry in field, thus the

two steps get closer at higher field. At 10 T applied field, the steps merge to one.

In the case of the 1112 sample, the onset of superconductivity is about 85 K, which means
that the value of critical temperature is higher than the one from the M(T') curve, 76 K.
The 9 K enhancement can be attributed to the influence of the coating gold layer, which has
been proven by the comparison of the M (T') curves with and without gold coating (Figure
??). To the Pb-doped sample, the 0 T curve shows a T, around 78 K. Considering the same
thickness of gold layer which contributes a similar increase to the T, we can estimate that
the T, of the Pb-doped sample is about 68 K, which is much lower than the one obtained
from the M(T) curve.

The superconductivity increasement from the gold is opposite to the proximity effect
that metal layer decreases the T. of the superconductor. One of the possible explanation is
that the gold layer introduces the intergrain Josephson coupling to the sample, leading to a

higher 7.7 .
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IV. CONCLUSION

The Bi-2212 nanowire networks have been fabricated by electrospinning method and the
consequent thermal treatment. In order to obtain the superconducting phase, the excess
of copper, calcium salts and the Pb-doping (as the substitution of bismuth) are applied
as two treatments to the precursors. The samples from both precursors show a similar
polycrystalline nanowire structure with the wire diameter comparable to the penetration
depth. According to the XRD result, the 1112 sample is better crystallized than the Pb-
doped sample. The magnetic measurements reveal clear differences between the two samples.
From the M (T') measurement, the Pb-doped sample has a higher value of 7. than the 1112
sample, however, the M (H) measurement shows the opposite. In the R(T) measurement,
a two-step drop of the resistance is observed in both samples. The nonzero resistance from
these two steps can be explained by the influence of TAPS and intergrain weak links inside
the nanowires. The gold coating on the sample surface successfully solves the Schottky
contact problem between the sample and the electrodes, giving a positive influence to the
superconductivity. The T. results from the R(T) show a good agreement with the ones
obtained from the M (H) measurements. As a conclusion of the present measurements,
both excess of Cu-, Ca- and Pb-doping can help to form the Bi-2212 phase. The sample
synthesized from the former method presents a better crystallinity, relative higher 7T, than
the latter one. It indicates that to the electrospinnng polycrystalline nanowire, the influence

of lattice distortion from Pb-doping is dominant.
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