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Networks of superconducting Bi2Sr2CaCu2O8 (Bi-2212) nanowires were fabricated by the electrospinning
technique. The nanowires have a diameter of the order of 150–200 nm and lengths up to the micrometer range
and form a nonwoven, fabric-like network with numerous interconnections enabling a current flow between the
nanowires. The porosity of this nanowire network is 0.9928. Therefore, this material represents a novel class of
ultraporous high-temperature superconductors. The magnetizations of the nanowire networks [M(T ) and M(H )]
were recorded by SQUID magnetometry. The magnetic properties were analyzed using the extended critical state
model (ECSM). It is supposed that the averaged diameter of the nanowires rules the magnetic field dependence of
the critical current density of the nanowire network. Single nanowires have remarkably high values of the critical
current density of 1.04 × 107 A/cm2 at 5 K. The macroscopic critical current density less than ∼0.05 A/cm2 at
5 K is fine for this lightweight material. Using ECSM, several important magnetic parameters could be determined
including the penetration field Hp , the irreversibility fields Hirr, the upper critical field Hc2, and the flux pinning
forces. Applications for this material class may be found in the direction of sensors, thin shielding layers, or
nanoporous bulks.

DOI: 10.1103/PhysRevMaterials.1.044802

I. INTRODUCTION

The ceramic nature of the high-temperature superconduc-
tors (HTSc) has laregly hindered many proposed applications
of superconductivity. Therefore, different and better adapted
fabrication routes for HTSc are required for various future
applications. For superconducting tapes, CVD-based methods
were developed for a second generation of tapes [1], but in
other areas of superconductivity such as bulk samples and thin
films, there has only been a little progress [2,3]. To fabricate
fault-current limiters or effective magnetic shieldings, a
different type of material is needed as it is desirable to combine
the possibility of shaping with high critical current densities
and light weight.

Superconducting fabrics are a novel class of superconduct-
ing materials formed by HTSc which could fulfill the needs
mentioned above. In previous work published in the literature,
which meets the requirement of shaping and light weight,
woven Y2O3 cloths were employed as a base material, and the
superconductor was formed by an infiltration growth process
[4]. In the last years, this process has also been beneficial
for bulk superconductors [5,6]. Superconducting fabrics of
about 100 μm thickness could be prepared using YBa2Cu3Ox

(YBCO) as superconducting material [7,8]. An orientation of
the grain growth was achieved by using seed crystals like for
bulk superconductors [9]. As a result, such superconducting
fabrics could carry currents of 5.5 × 104 A/cm2, determined
by means of electric measurements [10].

*Corresponding author: m.koblischka@mx.uni-saarland.de

The recent developments in nanotechnology enable the
fabrication of nonwoven nanowire networks of ceramic ma-
terials by means of electrospinning [11–13]. Very recently,
also superconducting nanowires and their networks were
fabricated by this method [14–19]. The nanowires prepared
by the electrospinning technique are polycrystalline, and these
nanowires exhibit long lengths of up to 100 μm with a
diameter of the order of 100–200 nm. The networks are formed
directly in the electrospinning process, and the individual
nanowires have multiple interconnections with each other. In a
second step, the nanowire networks are heat treated to remove
the organic compounds and to form the superconducting
phase. During this processing step, the interconnections are
converted into proper contact elements, which enable the flow
of transport currents through the entire sample. In this way,
a fabric-like structure results which is extremely light due to
the high porosity; the resulting density of the material is only
about 0.05 g/cm3.

Due to the increased complexity of the resulting current
flow, the analysis of the magnetization data measured by
magnetometry is a nontrivial task, as the overall data consist
of several contributions, i.e., currents within the supercon-
ducting grains, through the grain boundaries, and through the
various interconnections between the individual nanowires.
The application of the Bean model [20], which represents the
simplest formula for critical current estimation, is questionable
for superconducting samples with grains smaller than the
magnetic penetration depth λ and the coherence length ξ . A
more realistic approximation than the Bean model is given
by the extended critical state model (ECSM) [21–24] that
accounts for the specific reversible magnetization of a surface
layer of a superconducting sample. Thus, ECSM can fit the
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resulting asymmetric M(H ) loops of the nanowire network
samples. In this way, it should be possible to obtain a better
understanding of the current flow in the nanowire fabrics,
enabling possible applications of this new type of material.

Therefore, the aim of this study is to carefully analyze the
magnetic data of the nanowire network samples using both the
Bean approach and the ECSM model in order to elucidate the
important features of the current flow in these samples.

This paper is organized as follows: In Sec. II, the experi-
mental procedures are outlined. Section III presents the results
concerning the microstructure and the magnetic measurements
of the Bi2Sr2CaCu2Ox (Bi-2212) nanowire network samples.
Furthermore, the magnetic field dependencies of the critical
current densities and the pinning forces resulting from the
application of the Bean model and ECSM are presented.
Section IV contains a discussion of the results obtained and
some possible applications of this material class are outlined.
Finally, in Sec. V some conclusions are drawn.

II. EXPERIMENTAL PROCEDURE

The Bi-2212 nanowire networks were fabricated using
the electrospinning technique from an aqueous solution of
polyvinylpyrrolidone (PVP, MW 1 300 000), bismuth(III)
acetate, strontium acetate hydrate, calcium acetate hydrate, and
copper(II) acetate monohydrate and followed by calcination
treatment of the electrospun polymer/inorganic composite
fibers including one oxygenation step in pure O2. The
chemicals were commercially available (Alfa Aesar GmbH
and Co KG; purity above 99.99%) and used as received
without further purification. X-ray analysis confirmed that the
samples are pure Bi-2212 phase with some residing carbon.
Further details of the nanowire fabrication procedure are given
elsewhere [15,16] and in the Supplemental Material [55].
Handling of the as-prepared flakes of the nanowire networks
requires careful treatment, but is possible using tweezers and
plasticine.

SEM imaging was performed using a Hitachi S800 scan-
ning electron microscope operating at 10 kV. The TEM
analysis was performed by a JEOL JSM-7000 F transmission
electron microscope operating at 200 kV with a LaB6 cathode.
The nanowire samples were mounted via solution on a standard
TEM copper grid covered with a carbon film with a thickness
less than 10 nm. The spatial resolution of the SEM is about
1.2 nm; the one of the TEM 0.14 nm. In EDX mode, the beam
diameter can be reduced to about 1.5 nm, and the resolution is
about 1%.

The magnetization of the nanowire networks was measured
using a SQUID magnetometer (Quantum Design MPMS3)
with ±7 T magnetic field applied perpendicular to the sample
surface.

III. RESULTS

A. Microstructure

The microstructures of the Bi-2212 nanowires are presented
in Figs. 1(a) and 1(b) and in the Supplemental Material [55].
Figure 1(a) presents an SEM image of the nanowire network.
The nanowire fabric has an open porous structure with numer-
ous interconnections between the long individual nanowires.

FIG. 1. (a) SEM image (magnification 5000×) of the nanowire
network after the final heat treatment. (b) TEM bright-field image,
revealing the polycrystalline character of the individual nanowires and
details of the elongated Bi-2212 grains. The red lines highlight the
grain boundaries within the nanowires, while the blue circle indicates
an interconnection between nanowires.

In Fig. 1(b), a TEM image of several individual nanowires
is shown. The nanowires consist of several elongated grains
which is typical for the growth of the Bi-2212 phase. The red
lines highlight some grain boundaries within the nanowires,
demonstrating the intergrain weak links between the grains.
There is, however, no preferred orientation for the grains, so
many high-angle grain boundaries result. The interconnections
between the nanowires may extend over some grains as
revealed by the darker regions, as shown in the blue circled
region.

The density of our nanowire networks is found to be
equal to 0.0459 g/cm3, which is considerably lower than the
theoretical density of bulk Bi-2212 (6.4 g/cm3) [25]. As a
result, the nanowire network samples in the as-prepared state
are extremely brittle.
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FIG. 2. M(H ) loops of the Bi-2212 nanowire network samples.
The data points represent the experimental data, and the solid lines
are computed curves.

B. Magnetization data

The superconducting transition data in field-cooled (FC)
and zero-field cooled (ZFC) modes measured in an applied
field of 1 mT have already been reported in previous work [26].
An M-T diagram is presented in Fig. S6 of the Supplemental
Material [55]. The onset of superconductivity takes place at
∼76 K, which is somewhat lower than the bulk Tc of the
Bi-2212 phase (85 K), which was also observed in Ref. [18].
Here, we have to note that the nanowire diameter is compa-
rable to the London penetration depth, so we may attribute
the reduced transition temperature to thermal and quantum
fluctuations [27]. The onset of irreversibility is clearly visible
further at ∼70 K, where the FC and ZFC curves merge together.

Figure 2 shows magnetization hysteresis loops of the
nanowire network sample in the temperature range of 5–30 K.
At higher temperatures a hysteresis exists at low magnetic
fields only. The hysteresis loops are asymmetric and look to be
tilted in the clockwise direction. This will be analyzed in detail
below. Hysteresis loops measured at elevated temperatures
40–70 K are presented in Fig. S8 of the Supplemental Material
[55]. These loops were not considered for the fitting procedure.

Before introducing of the fitting detail, it is necessary
to recall how the current flows through such a granular,
polycrystalline sample. Here, we use the quantitative model
established by Senoussi [21]. It demonstrates the relationship
between the magnetic critical current Jmag and the low-
field magnetization structure of the polycrystalline materials.
Furthermore, the model separates the current into two types
of current loops: the high-field one related to the current
inside single grains and the low-field one connected with the
intergrain weak-link network. Figure 3 gives a schematic view
of the current behavior inside a polycrystalline nanowire and
the network. In Fig. 3(a), the bold circular arrows represent
the current inside the individual grains while the dashed lines
refer to the currents passing through the grains over several
grain boundaries which are weak links showing a different
magnetic field response, while in Fig. 3(b), the main current
flows among the nanowires are shown by the red arrows.

FIG. 3. (a) Model of current flow through an individual nanowire.
The bold circular arrows represent the intragrain currents. The dashed
lines indicate the current flow through different grain boundaries,
which pose weak links to the currents. (b) The scheme of the
nanowire network. The red arrows indicate the current flow between
the individual nanowires.

Additionally, in the nanowire networks, there is another type
of boundary formed by the interconnections of the nanowires
(see Fig. 1(b) and Fig. S4 of the Supplemental Material [55]).
These interconnections are formed during the heat treatment
process, and their existence and field behavior are essential to
the performance of the nanowire networks studied here.

C. Fitting

The measured M(H ) loops are considered as a super-
position of a hysteresis loop MS(H ) of the superconduct-
ing nanowires and an additional diamagnetic magnetization,
MD(H ). The additional diamagnetic signal is still present at
high H , where contributions from both currents that cross
between junctions and currents internal to the wires have
disappeared. This signal is suggested to be due to diamagnetic
Bi atoms. To extract the superconducting magnetization loops
MS(H ) the diamagnetic magnetization MD(H ) = χmH is
to be subtracted from the experimental M(H ) loops. It is
plausible to observe the high-field portion of M(H ) curves
above Hc2, where MS(H ) = 0. We operated at smaller H so
the value of χm is selected to obtain |dM+

S /dH | ≈ |dM−
S /dH |

at high H , where M
−(+)
S denotes the branch of the MS(H ) loop

during increase (decrease) of H . It is found that the obtained
MS(H ) loops are not tilted in high H . The observed asymmetry
of the MS(H ) loops relative to the M = 0 axis is rather typical
for high-Tc superconductors.

The extended critical state model [23,24] is relevant here
due to a small size of the nanowires. The ECSM accounts
for the equilibrium magnetization of the sample surface
that results in the asymmetry of the M(H ) loop relative to
the M = 0 axis. The depth of the surface region with the
equilibrium magnetization, ls , is not higher than the magnetic
field penetration depth λ [28]. The magnetic field dependence
of ls is defined by the superconductor class as for λ(H ).
A quadratic dependence of λ(H ) is usual for conventional
superconductors and a linearly increased dependence of λ(H )
was found in Bi-2212 superconductors [29]. In addition,
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TABLE I. Fitting parameters and estimated values of ECSM. The critical current density jc0 determines the width (�M) of the magnetization
hysteresis. The depth of the surface layer with equilibrium magnetization ls0 determines the hysteresis asymmetry relative to H axis. Hc2 gives
decreasing rate for jc(B), and Hirr gives increasing rate for ls(H ).

T (K) jc0 (106 A/cm2) ls0/R μ0Hc2 (T) μ0Hirr (T) Jc0 (106 A/cm2) μ0Hp (mT)

5 16.9 0.15 85 ∼80 10.4 35.8
10 13.7 0.19 70 35 ± 8 7.3 27.3
15 12.0 0.205 42 13 6.0 23.8
20 10.3 0.225 30 6.2 4.8 20.3
25 8.75 0.25 23 3.3 3.7 16.8
30 7.0 0.29 20 2 2.5 13.0

the dependence of ls(H ) contains all the information of an
averaged pinning landscape in the sample.

The magnetization is by definition M(H ) = −H +
B(H )/μ0, where B is the averaged magnetic field in the
sample, and μ0 is the magnetic constant. The averaged
magnetic field B results from integrating of the local magnetic
field B(r) inside the sample, and r is the position vector. The
local critical current density jc(B) and B(r) are connected by
Ampère’s circuital law dB/dr = ±μ0jc(B). The flux pinning
provides jc(B) ∼ 1/|B|α . Distortions of jc(B) and ls(H ) by
the peak effect can be accounted for [30].

The magnetic field penetration in the nanowire network
is influenced by the porosity and the grain distribution [31].
The magnetic properties of the polycrystalline sample at
high fields can be reduced to the characteristics of a single
averaged grain. Then, the magnetization of superconducting
phase is determined by MS(H ) = −H + PSB(H )/μ0, where
PS is the volume content of superconducting phase in the
sample. Taking the theoretical density of Bi-2212 (6.4 g/cm3)
[25] for the individual nanowires, we found the relative
superconducting content PS to be 0.72% only.

To compute MS(H ) loops one should use jc(B) and ls(H )
dependencies satisfying the following requirements: the jc(H )
dependence decreases from jc0 at B = 0 to 0 at B � Bc2 =
μ0Hc2; the ls(H ) dependence increases from ls0 at H = 0
to R at H � Hirr where the magnetization loops becomes
reversible. R is the radius of current circulation at high H .
We express jc(B) and ls(H ) as

jc(B) = jc0
1 − |B/Bc2|α

1 + |B/(h1Bc2)|α , (1)

ls(H ) = R − (R − ls0)(1 − |H/Hirr|)β, (2)

where α, β, and h1 are positive dimensionless coefficients,
α,β � 1, h1 � 1. Equation (1) is based on the Kim relation
[32], which describes the jc(B) dependence due to the vortex
pinning. As was known long ago, the Kim formula does
not give overall agreement with experimental dependencies
[33–35]. Urban modified the Kim relation to obtain jc(B) = 0
at B = Bc2 [36]. This allows us to describe both low-field
and high-field regions of jc(B) dependence. To improve the
overall agreement, several versions of the Kim formula with
a power-law behavior were applied in some works in the
literature [33,37,38]. Equation (2) is a phenomenological
fit and it qualitatively agrees with the λ(H ) dependence
[29].

The MS(H ) loops at different temperatures were computed
for the case of a long cylindrical sample with radius R. The
width of the loops is fitted by jc0 × R and the asymmetry
relative to the M = 0 axis is fitted by ls0/R. The average
nanowire radius of ∼160 nm obtained from SEM images[16]
was used as the R value. This value is somewhat smaller
than the known λ of Bi-2212 such that the high asymmetry
of the MS(H ) loops is not surprising. The fitting parameters
at different temperatures are presented in Table I. All MS(H )
curves are computed with h1 = 0.02, α = 0.63. The parameter
β served for a fine tuning of fitting curves. β equals 1 for most
curves, but better agreement was reached at lower T with β =
0.4 for 5 K, β = 0.8 for 10 K. Figure 4 demonstrates separate
MS(H ) and MD(H ) curves for the magnetization loop at T =
15 K. The computed curves M(H ) = MS(H ) + MD(H ) are
presented in Fig. 2 (solid lines).

Additionally, the penetration field Hp was computed by
using ECSM (see Table I). It should be noted that the computed
Hp values are slightly smaller than the product of jc0 and R,
which equals the penetration field in the Bean model. The
temperature dependencies of Hc2, Hirr, and Hp together with
jc0(T )R are plotted in Fig. 5. The temperature evolution of
Hirr/Hc2 is shown in the inset to Fig. 5. The temperature
dependence of Hirr of the present samples is similar to other
Bi-2212 materials investigated in the literature.

FIG. 4. Superconducting MS and diamagnetic MD magnetiza-
tions. The data points give the experimental loop tilted in the
anticlockwise direction; the lines represent the computed curves.
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FIG. 5. The upper critical field Hc2, the irreversibility field Hirr,
and the penetration field Hp at different temperatures. The inset
displays the temperature dependence of Hirr/Hc2. The lines are guides
to the eye.

D. Estimations of Jc and Fp

The nanowire surface region is useless for the supercurrent
transport because Abrikosov vortices are not pinned there.
Therefore the intragrain critical current density Jc depends
on ls/R:

Jc(H ) ≈ jc(μ0H )[1 − ls(H )/R]n, (3)

where jc(μ0H ) is the local critical current density (1) near the
nanowire surface, and n is the index defined by the geometry
of the grain, n = 3 for a cylindrical sample and n = 2 for a thin
plate [39]. Expressing Jc at H = 0 as Jc0 = jc0(1 − ls0/R)n,
we obtain the Jc(H ) dependence of ECSM:

Jc(H ) = Jc0
1 − |H/Hc2|α

1 + |H/(h1Hc2)|α (1 − |H/Hirr|)γ , (4)

where γ = β × n. This Jc(H ) dependence decreases faster
than jc(H ), tending to 0 as H approaches Hirr(T ). Formula
(4) describes the Jc(H ) dependencies of different supercon-
ductors. The dependencies of Jc(H ) presented in Fig. 6 (lines)
were calculated using jc0 and ls0/R given in Table I and n = 3.
The calculated values of Jc0 are given in Table I.

The intragrain critical current density was also estimated
from the width of the magnetization loops �M by the Bean
formula Jc(H ) = 3�M/(2R). The porosity is not accounted
for in this formula such that resulting values should be
increased 1/PS times for porous samples. The Jc(H ) depen-
dencies resulting from the magnetization loops of Fig. 2 are
presented in Fig. 6 (points). Given R = 160 nm, the Bean
model estimations are in good agreement with the computed
data of ECSM.

The dependence of the pinning force density on the applied
magnetic field was determined by Fp(H ) = μ0H × Jc(H ). In
Fig. 7, the normalized pinning force f = Fp/Fp0 is plotted
as a function of the reduced field h = H/Hirr for different T ;
here Fp0 is the maximal pinning force density at given T . The
solid line in Fig. 7 represents the f (h) dependence computed

FIG. 6. The dependence of the intragrain critical current density
on the magnetic field. The lines are ECSM curves. The points are
the critical current density obtained from evaluating the width of the
experimental loops (the Bean formula).

using Eq. (4) and the parameters from Table I. The Bean model
estimations are plotted as points.

The resulting f (h) dependencies at all temperatures are
almost coinciding. The scaling law of Dew-Hughes (DH) [40]
is used to fit the f (h) dependence:

Fp(H,T )

Fp0(T )
=

(
h

h0

)p(
1 − h

1 − h0

)q

, (5)

where h0 is the position of the maximum, h0 = p/(p + q). The
maximum flux pinning is found at h0 ≈ 0.11 for all T . The
scaled curves are fitted when p = 0.5 and q = 4 (dotted line
in Fig. 7). These values differ from the Kramer parameters
(p = 0.5, q = 2), but they are typical for anisotropic and
polycrystalline superconductors [41,42].

FIG. 7. Scaling of the pinning forces. The data points are obtained
from the width of the experimental loops (the Bean formula). The
solid line is the ECSM fitting curve for T = 15 K; the dotted line
gives the DH function with p = 0.5 and q = 4.
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IV. DISCUSSION

The application of ECSM is especially relevant for
polycrystalline superconductors in which the grain size is
comparable with λ. Despite the incorporated nanowire radius
being smaller than λ, the magnetization loops of the nonwoven
superconducting fabrics are analogous to hysteresis loops
measured on bulk Bi-2212 samples. This similarity calls for
applying ECSM to the case of the nanowire network samples.
All the estimated results from the model are shown in Table I.
A successful fitting was reached even though the ECSM
employed here disregards the disorder of the nanowires, the
anisotropy, and the demagnetizing factor. The neglect of all of
these can result in underestimations of the jc values, but does
not affect the resulting Jc values. The jc0 values of the Bi-2212
nanowires were estimated to decrease from 1.69 × 107 A/cm2

to 7 × 106 A/cm2 as T increases from 5 to 30 K.
At the same temperature range, the Jc0 values of the ultra-

porous nonwoven fabric decrease from 10.4 × 106 A/cm2 to
2.5 × 106 A/cm2. Many experiments with Bi-2212 whiskers
[43] give the intragrain critical current density similar to values
in the sixth column of Table I. At the same time these values
are a few orders of magnitude greater than the transport critical
current density of Bi-2212 wires [44] that is strongly limited
by weak-linked grain boundaries.

It is seen that Eq. (4) of the ECSM model gives surprisingly
good agreement with the Jc(H ) dependencies as determined
from the M(H ) loops by the Bean model (Fig. 6) as well as the
field dependencies of the pinning force (Fig. 7). It is important
to note that the Jc(H ) values estimated using the Bean model
and ECSM are nearly coinciding only when the same value
of R is used in both models and the porosity is accounted for.
As it was tested for many different computed magnetization
loops, the good coincidence keeps for for any values of R. The
reason for this quantitative coincidence is the same influence
of the surface on the macroscopic critical current and on the
irreversible magnetization �M . The Bean model establishes
the relation between the irreversible magnetization �M(H )
and the Jc(H ) dependence. The Jc(H ) dependence of a smaller
sample decreases faster than Jc(H ) of a larger sample. This
is due to omitting the surface region with the field-dependent
depth ls(H ). The irreversible magnetization of smaller samples
also decreases faster than �M(H ) of large samples. As the
numerical calculations display, the dependencies Jc(H ) and
�M(H ) decrease identically and both equal 0 at H higher than
the irreversibility field. The exact consideration of the magne-
tization of porous, polycrystalline superconductors could be
much more complicated. So, an equivalent superconducting
sample, whose radius equals the average grain radius, is
considered instead. With this simplification, the Bean model
can be used to estimate the Jc values of porous, polycrystalline
superconductors. It should be noted here that long before
now many researches began to apply the Bean formula to
estimate Jc of polycrystalline superconductors from magnetic
measurements (see, e.g., Ref. [45]).

The macroscopic intergrain current contributes negligibly
to magnetization loops of ultraporous polycrystalline super-
conductors. We support that the macroscopic current induces
a small contribution to the magnetization detected at low
H < Hp, where the experimental data points are fitted worse
by ECSM accounting for the intragrain critical current only.

This intergrain contribution is about ∼Jc,trRs , where Jc,tr is the
transport critical current density and Rs is the sample radius. A
rough estimation of Jc,tr is obtained from Jc,trRs � JcRPS ; the
right part is the intragrain contribution to the magnetization.
Given Jc = 107 A cm−2, R = 160 nm, Rs = 2.1 cm, and PS =
0.00072, we obtain Jc,tr � 0.055 A cm−2 at T = 5 K. Similar
low values of the transport critical current density in the Bi-
2212 nanowire network were observed in previous work [19].

The penetration field decreases with increasing T as well
as jc0(T ). The low values of Hp (<40 mT) are due to the small
size of the nanowires. The estimated temperature dependence
of Hc2 shows a positive curvature (see Fig. 5), which is
similar to the Hc2(T ) dependency of many HTSc [46,47]. The
temperature dependence of Hirr/Hc2 is qualitatively described
by the equations given by Fabbricatore et al. [41]. An accurate
calculation of Hc2(T )/Hirr(T ) requires more information about
the Hc2(T ) and the coherence length ξ (T ) dependencies.

The irreversibility field, Hirr, of the nanowire network sam-
ple and its temperature dependence are comparable to those
of filaments extracted from Bi-2212/Bi-2223 tape samples
[48,49], even though the grains within an individual nanowire
do not exhibit a texture as seen from the TEM images. This
indicates a proper formation of the Bi-2212 phase within our
nanowire samples.

The pinning force scaling reveals a peak position, h0, of
0.11, which is smaller than the typical result for Bi-2212
samples of h0 = 0.2 (denoting flux pinning at 2D objects
like grain boundaries). Following the analysis of Eisterer [42],
this reflects the influence of anisotropy and percolation. The
nanowires are polycrystalline without a specific texture of the
grains, so the supercurrents flowing within a nanowire have to
pass grains with many different orientations, and the numerous
interconnections between the nanowires form a percolation
network. An anisotropy larger than 4 yields a position of
h0 = 0.1 for the grain boundary pinning, which is certainly
fulfilled for Bi-2212. In contrast, the influence of percolation
effects on the peak position is much smaller [42].

One should note that the magnetic measurements on
these nanowire arrays give important information about the
intragrain current density, the irreversibility fields, and the flux
pinning behavior. These data can be readily compared to data
of other superconducting materials. In contrast, conclusions
about the intergrain currents and their properties are only
possible when modeling the nanowire networks, as there are
variations in the nanowire diameter and in the pore size.
Furthermore, the effective number of the interconnections
between the individual nanowires is unknown, and also the
physical properties of these interconnections are not known.
Due to this reason, electric transport measurements can only
deliver a critical current Ic, but not a current density, jc,
without invoking modeling of the nanowire networks. To
further elucidate the properties of the interconnections, further
measurements will be required.

As the results obtained concerning the current densities and
the magnetic field behavior are quite encouraging, one may
think of possible application areas for this new class of su-
perconducting materials. Here, several directions are possible.
Individual nanowires may see applications as sensor elements
like their magnetic counterparts of (La,Sr)MnO3 [50]. The
as-spun nanowire arrays could be dissolved again in a suitable

044802-6



ANALYSIS OF MAGNETIZATION LOOPS OF . . . PHYSICAL REVIEW MATERIALS 1, 044802 (2017)

agent to enable the use of the material as a ink for ink-jet
printing [51]. For the entire nanowire networks, the extremely
low weight and the possible large size are the essential points.
This could enable applications as fault current limiters, and,
e.g., for applications in space, so one may consider them as
ultralight shielding layers [52], eventually reinforced together
with suitable polymers [53] as large-scale superconducting
mats or as building blocks for nanoporous, bulk supercon-
ductors [54]. The reinforcing with suitable polymers is an
essential means to overcome the brittleness of the as-prepared
nanowire network samples. Overall, several applications of
these nanowire networks are to be tested in the future.

V. CONCLUSIONS

Bi-2212 nonwoven nanowire networks were fabricated
using the electrospinning technique. The samples were char-
acterized in detail by SQUID magnetometry. The extended
critical state model was applied to analyze the magnetic
properties of the nanowire network superconductors, which

are characterized by an extremely low density and low weight.
Accounting for the sample porosity and the averaged nanowire
diameter, we find connection between the critical current
density of an averaged nanowire and the one of the nanowire
network. The critical current densities and the irreversibility
fields of the nanowires in the samples have similar values
and follow the same laws as bulk Bi-2212 samples. The high
porosity of the samples results in much lower values of the
critical current density of the nonwoven nanowire networks
than the ones of a single nanowire.
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