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Transport and Magnetic Measurements on
B1,Sr;CaCu,Og Nanowire Networks
Prepared Via Electrospinning

Michael R. Koblischka, Xian Lin Zeng, Thomas Karwoth, Thomas Havet. and Uwe Hanmann

Absiraci—Superconducting nanowire networks of
Bi;Sr,CaCu, 0y (Bi-2212) were fabricated by means of the
elecirospinning technique. The electrospinning technique enables
the growth of long nanowires up to the millimeter range, whereas
the diameter of the nanowires can be controlled by the processing
parameters. The resulting materials are fabric-like structures of
about 4 = 4 mm? in size, showing a large numiber of interconnects
and junctions between the nanowires. The resulting nanowires are
of granular natore with a grain size similar to the wire thickness
of abowt 108150 nm, and the diameter of the nanowires is about
100200 nm as determined by electrom microscopy. As these
nanowire networks are a new class of superconducting materials,
wi studied the electric transport properties (resistance, L7/ I char-
acteristics) of such nanowire networks in applied magnetic fields
(=12 T). Measurements of the susceptibility and magnetization
hiysteresis loops were performed by SQUID magnetometry as well.
Paossible applications of such nanowire networks are discussed.

Index  Terms—Bi-2212, magnetization, magnetoresistance,
superconducting nanowire networks.

[. INTRODUCTION

EW kands of high-temperaiure superconductors (HTS)

may be promising matenals for novel types of applica-
tions of superconductivity. In the present work, we present such
anew class of HTS superconductors, the fabnic-like, non-woven
nanowire network. By means of electrospinming [ 1]-[5], it 1s
possible to prepare HTS superconductor nanowires with con-
siderable lengths of up to the mallimeter range, while the wire
diameter 15 about 100-150 nm. These nanowire networks con-
tain numercus interconnects between the individual nanowires,
which enable a current flow throwgh the entire sample perimeter
in comtrast o polvervetalline samples. As superconductor, we
have chosen BipSrCaCuy0y (B1-2212) due to the high super-
conducting transition temperature and the advamageous growth
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propertics, where the crystals show a needle-like structure
enabling the fabncation of superconduciting wires with high
crtical current densines [6]. Bi-2212 nanowires were grown
recently by Duarte &f al. using the same technigue [ 7], but in the
current work we focus on the magnetic and electnic properics
of the nanowire networks.

II. EXrERIMENTAL MEANS

Bi-2212 nanowire networks were grown by the electrospin-
ning techmigue, emploving acetate powders of all constituents
and PVP dissolved i deionized water. A heat treatment is
required to remove all organic matenial from the as-prepared
nanowire networks and to form the superconducting phase.
Finallv, an oxvgenation step in pure Oh 15 reguired. X-ray
analvsis confirmed that the samples are pure Bi-2212 phase
with some residing carbon. Details of the nanowire fabnca-
tion procedure are given elsewhere [8], [9]. The constituent
phases of the samples were determined by means of a high-
resolution automated RINT2200 X-ray powder diffractomedter,
using Cu-K, radiation gencrated at 40 kY and 40 mA. SEM
imaging was performed using a Hitachi 5800 scanning electron
microscope at 10 kY, and the TEM analysis was performed by
JEOL ISM-7T000 F transmission electron microscope at 200kV
with a LaB¢ cathode. Fig. | presents an opiical image of a nano-
wire network (a) and an SEM image (b). Furthermore, a view
of the entire nanowire fabnc 15 given in the inset o (a). The
superconducting properies of the nanowires were confirmed
using SQUID magnetometry (Cuantum Design MPMS7-XL1)
and transport measurements were performed vsing an Oxford
Instruments Teslatron 10712 T cryostat system. A guasi four-
point messurement was established (see the inset to Fig. 7), and
the electne contacts to the samples sputier-coated with an Au
layer were fabricated using copper wires and silver paint.

III. REsvuLTs AND DNSCUSSION

Firstly, we focus on the magnetization data of the nanowire
networks, Fig. 2 presemts the superconducting  transition
(FCZFC) measured in an applied field of | mT. The onset
of superconductivity takes place at 75 K, which iz somewhat
lower than the bulk T of the Bi-2212 phase (83 K), which was
also obzerved in Bef. [7]. Clearly visible 1= further the onset of
imreversibality ai ~70 K.
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Fig. 1. (a) Optical image of a nanowire nctwork. The insct shows the entire
sample. (b) SEM image of the nanowires, revealing the polycrystalline charac-
ter of the nanowires and details of the clongated Bi-2212 grains.
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Fig. 2. M (T')-diagram measurcd in ficld cooling (FC) and zero-ficld cooling
(ZFC) in an applicd ficld of 1 mT. The onsct of superconductivity takes place
ot ~75 K.

Fig. 3 present the magnetization loops measured in ficlds up
to =7 T at temperatures ranging from 3 K up to 70 K. The loops
clearly reveal the polverystalline character of the nanowires. At
temperatures above 135 K, the loops get fully asymmetric, and
as a consequence. it is not passible to apply the common Bean
formalism [10] to obtain the critical current density from the
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Fig. 3. Magnctization M as function of the applicd ficld for scmperatures
ranging from S K &0 TO K.

M(H) data. In order to solve this problem, a modeling of the
eatire M (H )-loop is required. Using the approach of Senoussi
of a three-current model [11], where the entire magnetization
is composed of three contnibutions of the grains. the Josephson
contacts between them and the shiclding of the eatire sample,
it is possible to model the shape of the measured loops. In fact,
our nanowire networks are even more complicated due to the
numerous interconnects between the individual nanowires. This
contribution is modeled by the respective parameters.

The method to calculate Jm by fitting the whole M (H)
curves is based on the assumption that the critical current
density behaves exponentially on the external field. and the
magnetic moment is described by the catical current J,. the
external field H, an cffective radius R, and some characteristic
parameters Ho, Rp, which are determined by the magnetic
behavior of the sample. In the field sweep process, the grains
of the sample start to decouple when the external field is higher
than Hy. The charactenistic length Ry is always of the order of
the Josephson penctration depth. The M ( H} curve can be then
fitted in the first, third quadrant (left) and the second, fourth
quadrants {right) can be fitted by the equations below:

_ Jm(H)R RO e .
H m
M = ﬁm,ﬂa(?‘) = Het(0) (1 - (1) ) (2)
T (2) T.

where k= H/Hp, rop = Hp/R, A and £ are the penetration
depth and the coherence length, respectively. The constant m
is usually 2.2 in the fitting [I11], and the parameters of the
fit to the data at 5 K as shown in Fig. 4 are Ho =311 T,
H4(0) =169T, R = 940 pm, and Ry = 233 um.

Another important parameter of a superconductor 1s the
irreversibility field, H,. From the M(H )-loops, Hj; was de-
termined using a criterion of 10* Acm 2. This procedure works
well with the exception of the highest temperatures. The result
is presented in Fig. 5. It can be seen that the irreversibility field
decreases monotonously on rising temperature. The data are
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Fig. 4. Magnetization M as function of the applicd ficld @ T = 5 K and the
calculatod loops using the throc-current model in [11].
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Fig. 5. Irmoversibility ficld Hip as function of wmperature. The cxperimental
dufa ame flied well by the function Himr = A = (1 — T/T:)? wik A =
Hie =221 T.

fitted well by the function H;p = 4 = (1 — :I"'I.":I"'E}3 [12], which
was also observed by vanous authors on Bi1-2223 and Bi-2212
samples. By means of the fitting, the parameter 4 = Hire(0) is
about 22.1 T and the cntical temperature 1s determined 1o be
744 K, corresponding to the result from the M{T") curve. At
temperatures below 20 K, the available magnetic field of 7 T
iz mot strong enough to determine Hiqr, and above 60 K, it 15
difficult to determine the closing of the loops. The reason of
thiz behavior will be investigated further.

MNow, we will turn to the resistance measurements performed
on the nanowire networks. Fig, 6 presents the resistance-
temperature measurement resulis at different ficlds ranging
from 0 T to 10 T. The applied current was 30 g A. A strong
dependence of the resistance behavior on field 15 shown, In
general, the sample shows a behavior of the superconducting
transition which agrees well with the one of superconductor
nanowires. Two steps in the resistance behavior are observable.
Compared to the magnetic measuremenis as presented in Fig. 2,
the onset transiton temperature of around 76 K in the zero field
R(T") curve i= consistent with T, obtained from the zero-field
cooling M 1"} curve, thus the drop in the resistance is due to the
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Fig. 6. (n) Resistance i as function of emperture T measured in fclds from
0T wp o 10 T. The insct shows a fit {bold lines) to the data by the TAFS modcl.
(b} R on the logarithmic scale os funcibon of wmperature T from 0T wp o 10T,
incleding the Miing Hncs by the TAPS model. The insct shows the comparison

of the measered T (1) data and the curee A F [T /[(4/3a)(h/2=]]. The cure
is found o maich the dats anly abowe 50 K.

phase transition from the normal state o the superconducting
state. In contrast, the non-zero resistance around T- can be
attnibuted to the thermal activated phase ship (TAPS), which can
be proven by fitting the data in the respective region using the
expression exp| —AF/ET) [see the inset to Fig. 6a)]. AF is
the encrgy required 1o locally suppress superconducuvity, fol-
lowing the temperature dependence AF(T") =2 AF({0) = (1 —
T/ T.)%? [14], where AF(0) = 27.2 meV at 0 T. As expected,
when the temperature gets lower, the resistance behavior de-
viates from the TAPS fiting which can be seen in Fig. 6ib),
indicating that TAPS could not explain the resistance behavior
far away from T.. The non-zero resistance at the second step in
the resistance (ranging from 40 to 80 K in the curve at 0 Th s
due to the normal state resistance [y, cavsed by the intergrain
weak links mside the individual nanowires [16]. According
to our data, the onset temperature of the first resistance drop
decreases faster than the onset temperature of the second drop
on the increasing field, which indicates that T 1s more sensitive
to the field than to the vanaton of iy . At low temperatures
near T =4 K, the resistance s small bt non-zero, which
can be related o the scattering of charge carmers at the grain
boundaries (GB=).

Fig. 7 shows the U7 ') measurement of the nanowire network
al various temperatures ranging from 18 K to 100 K. It can
be found that below the T of the sample (18 K to 71 K), a
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Fig. 7. Uf] chamcieristics of the Bi-2212 nanowirc neiwork measurcd at
various lempernbures botween 18 K and 100 K. The insct presemts the naneaing
mctwark wilth the clectric contacts.

transiticn from the superconducting to the normal state regime
occurs, even though the superconducting regime shows a fairly
high residual resistance. This may also be attnbuted o the high
amount of GBs inside the nanowire network which correlates to
the ohservations of the f2(T") data. The crtical current for this
transition increases on decreasing the temperature from 0072 A
o QIT2AMO7T2 A TIE, 0101 A at 60K, 0126 A at SO K,
0147 Aar 33K, 0172 A at 18 K). Considening the complicated
microstructure of the nanowire network, a determination of the
effective radins of our sample 15 ot possible, thus 1t 15 not
poszible 1o obtain the critical current density directly from the
critical current data,

Tinkham has demonstrated the relationship between I,(T7)
and AF(T") that [15]:

1k
- (E) I(T). 3)

From the comparison of the I.(T") data and the result of AF [T
from the TAPS ftting, it can be seen in the nset graph of
Fig. &b} that AF{T") only matches the I.(T") data above 50 K,
which is in agreement wath the former conclusion that the TAPS
model does not fit the result far from 7., In equation (3), o 15 a
constant of order unity. In our case, the value of 2 is found to be
2.72 » 10%, which is much larger than the result of [14]. Their
nanowires are fabricated by ¢ beam lithography wsing a super-
conducting thin film. The granular effect stems mainly from
the fixed grain boundary. So, less inner stress can be induced
by an applied feld, thus the resistance behavior does not vary
much with the field. In contrast, cur nanowire network 1= much
more sensibive o applicd fields as shown in Fig. 6 due o the
numerous GBs and the interconnects between the individual
nanowires. Furthermore, in our case the cnioical currents are
nearly 10 times higher, which may explamn the difference
in 2. The influence of the granular weak link structure, and the
real mechamism of this behavior wall be funther investigated.
The result of cur Bi-2212 nanowire network sample at least
proves the statement that coprate superconductivity shows o
weak-coupling BCS behavior

AF(T)

Besides the imporiance of such superconducting nanowires
for basic research [ 17]-{20], nanowires of superconducting ma-
terials and their networks are also interesting objects for several
types of applications. Individual superconducting nanowires
may serve s superconducting nanoelectronic components or
in devices for photodetection [14], [21]. The possible applh-
cations of nanowire network fabrics may be twofold: Firsily,
the nanowire networks can be used as bulding blocks for the
production of larger, bulk samples with a specifically designed
microstructure as already discossed in [1]. This requires, how-
ever, the production of a large enough number of nanowires,
which can be fulfilled by emploving the electrospinning tech-
nigque. A respective preparation route 15 especially interesting
for new types of bulk superconducting samples with nano-
engineered porosity. Several new types of such samples which
were already presented in the hiterature consist of supercon-
ducting fabrics [22] and superconducting foams [23]-{26]. The
nanoporosity of the bulk superconductors offers vanous ad-
vantages like an casier oxyzenation process, weight reduction,
and easier cooling [23]. [26]. In this sense, one may apply
the present nanowire networks as building blocks for future
bulk superconductors with controlled nanoporosity. A second
type of application of electrospun nanowire networks may take
place wherever the weight of the superconducting matenal 1=
counting. As discussed already in [22] presenting the supercon-
ducting fabrics, such matenals may see use as active magnetic
shielding or in places where 1t 15 required to cover a compl-
cated sample geometry. Therefore, the fabrnication and testing
of the non-woven superconducting nanowire networks Is an
impontant 1ssue w0 understand the propenties of this new class of
superconducting material.

I¥V. CoNCLUSION

Mon-woven nanowire networks of the high-temperature su-
perconductor Bi-2212 have been fabricated using the clectro-
spinming technique. These nanowire networks are characterized
by the long length of the nanowires, cavsing numerous inter-
connects between the individual nanowires and thus enabling
the flow of supercurrents through the entire sample penmeier.
The samples were characterized by means of SQUID magne-
tometry and transport measuremenis, revealing details of their
arrangement within the fabrics. Due to the numerous inter-
connects, the materials show granular hysteresis loops, which
can only be evaluated applying a modeling of the entire loop.
The temperature behavior of the irreversibility field is found w
follow the same low as bulk Bi-2212 samples. The resistance
and [/ [ -characteristics measured in applied magnetic fields up
to 10 T demonstrate the behavior of the intergrain and inter-wire
weak links.
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