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Abstract
Mesoscopic Li doped BSCCO fibres are synthesized by the electrospinning technology and the
sequent sintering treatment. With the assistance of high resolution energy-dispersive x-ray
spectroscopy detector in the Aberration-corrected transmission electron microscopy, we
discovered hidden CuO grains and separated Bi-2212 phases, which is proved by the existence
of fishtail effect in the magnetization loops. The electric measurement is fulfilled via four probe
method with the help of focus ion beam operation. A non-trivial resistance behaviour appears,
which can be attributed to its polycrystalline and superconducting phase separation features.
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1. Introduction

To fulfil wider application of the superconducting fibres,
researchers have never stopped their effort on understanding
the electrical mechanism of the superconducting fibres as well
as their sensing application [1–4]. Especially for the supercon-
ducting nanowires, initiating from the Langer–Ambegaokar–
McCumber–Halperin theory [5, 6], theoretical work based on
the thermally activated phase slip and quantum tunnelling the-
ory has been proposed to describe the electric properties of
the superconducting nanowires [7, 8]. With the development
of nanotechnology, experimental reports appear as proof of
the theoretical prediction and demonstrate the influence of the
thermal and quantum fluctuation onto the superconductivity of
the nanowires [9–11].
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Similar as two dimensional thin films [15–18], supercon-
ductivity of granular superconductors is of great interest to
one dimensional nanowires [21, 22]. The combination of sol-
gel growth method and electrospinning technology [19, 20]
enables the facile preparation of superconducting polycrystal-
line nanowires. Recently, the superconductivity of the Bi-2212
nanowire network has been reported [23–26]. Unlike the trivial
bulk Bi-2212 material, the nanowire network presents some
unique feature in its electrical properties such as double res-
istance steps behaviour in the resistance–temperature curves
and the anti-proximity effect.

As a comparison, the mesoscopic fibres attract less atten-
tion currently, let alone the single fibre. Themain reason is that
as the diameter of the fibre reaches micrometer scale, the size
of the fibre is sufficiently large to provide the regime for flux
pinning and the existence of cooper pairs. The electric prop-
erties of certain fibres should have no obvious difference from
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the bulk materials. The influence of the thermal fluctuation
weakens significantly when the size of the sample is micro-
meter scale, and the quantum phase slip appears even when the
diameter of the fibre is comparable with the coherent length,
which is 3–5 nm scale. The electric properties of the single
superconducting nanowire has been reported [9–11], themeas-
urement was achieved by shaping the superconducting thin
film into nanowire. There have been limited accounts detailing
the assessment of free-standing individual nanowires. Despite
the mesoscopic fibre’s dimensions being larger than those of
the nanowire, although it might appear to be an insignificant
subject, there has been a scarcity of studies addressing such
individual microfibres as well.

In this paper, we are going to fill this vacancy of super-
conducting fibre research. We focus on the phase characteriz-
ation and superconductivity measurement of the single poly-
crystalline Bi-2212 fibre, which diameter is around 1µm. To
retain the fibre’s extended length, which proves advantage-
ous for establishing electrical measurements, we introduced
Li doping into the synthesis process to lower the required
thermal treatment temperature [12–14]. Building upon our
previous research, we found that a 30% Li doping concentra-
tion effectively accomplishes our objective [25]. Surprisingly,
the electrospun polycrystalline fibre is not as simple as expec-
ted. A phase separation is discovered. Meanwhile the elec-
tric behaviour of the single fibre is also not as trivial as the
bulk superconductor. An approach of single fibre measure-
ment is introduced. The phase separation can be found via
the energy-dispersive x-ray spectroscopy (EDX) detector of
the transmission electron microscopy, the magnetization loops
provide an agreement with this result. Furthermore, a non-
trivial electric behaviour is presented in the resistance temper-
ature measurement.

2. Experimental

To formulate the precursor necessary for the elec-
trospinning procedure, a combination of bismuth
acetate (Bi(OOCCH3)2)), strontium acetate hydrate
(Sr(OOCCH3)2·xH2O), calcium acetate hydrate
(Ca(OOCCH3)2·xH2O), copper acetate hydrate
(Cu(OOCCH3)2·H2O), and lithium acetate Li(OOCCH3) was
amalgamated in a designated proportion of Bi:Sr:Ca:Li:Cu
= 2:2:2:1.2:2.8. All of these chemicals are conveniently
procurable from Alfa Aesar GmbH and Co KG, boasting a
purity level surpassing 99.99%. The ratio 0.3:0.7 of Li to
Cu is chosen to obtain the doping level of 30% Li and the
excessive Ca and Cu are applied to suppress the impurity
formation [27]. The compounds were solved in propionic acid
and polyvinylpyrrolidone (PVP) was added in order to obtain
an adequate viscosity.

The electrospinning was performed with a MECC nan-
ofibre electrospinner with an applied voltage of 25 V and a
pump rate of 0.2 ml h−1 at a temperature of 28 ◦C. The result-
ing fibres were collected on a cut silicon substrate.

Thanks to the Li doping the maximum sintering
temperature was reduced from around 800 ◦C to 750 ◦C. The

temperature reduction effectively prevents the fibres from
collapse during the annealing process. Meanwhile, the fibres
obtain superconducting Bi-2212 phase at this lower temper-
ature. The rest of the sintering steps are the same as in our
former work with nanowire [25].

The sample preparation for electric measurements was car-
ried out employing focus ion beam technique (FIB, FEI Strata
400 STEM) on single fibre transportation. Before the thermal
treatment some scratches are applied to the as prepared fibre
network. During the heat process, the edges of the scratch tilt
due to surface tension. In this way, more long, free standing
fibres can be found, which is convenient for the later approach
of the FIB manipulator. The transport procedure is shown in
figure 1. The fibre is transported to the gold electrode pat-
tern of the lithographically produced sample holder. With an
applied force by the manipulator, no gap appears between the
fibre and the electrode. It provides good conductive connec-
tion on such junctions. Finally, platinum is deposited to fix
the contacts. In contrast to the standard procedure in FIB,
which uses the ion beam, here, the electron beam was used for
the deposition, in order to reduce the platinum contamination
into the superconducting fibre. This was repeated for all four
electrodes. The fully contacted fibre is shown in figure 1(d).
After this procedure, the substrate was glued on a PCB
socket and connected in a way, which allows the four wire
measurement.

The microstructure was observed by means of scanning
electron microscopy (SEM, Hitachi S800) and Aberration-
corrected transmission electron microscopy (Cs-TEM, FEI
Titan 80-300). The magnetic properties were measured
in the physics properties measurement system (PPMS,
QuantumDesign) and the electrical measurement was per-
formed within an Oxford Teslatron Cryostat together with a
Keithley 2400 source meter in four-wire sensing mode.

3. Result and discussion

3.1. Microstructure

Figure 2(a) presents the polycrystalline microstructure of the
Bi-2212 fibres after thermal treatment in SEM observation.
The average length of the fibres is in the range of hundred
micrometers, while the diameter of the fibre is around 1 µm
as shown in figure 2(b) and the mean grain size is around
300 nm, corresponding to the TEM observation in figure 2(c).
Figure 2(d) shows the lattice information from a segment of the
grain. It is well-orientated in uniform direction except a small
distortion shown in figure 2(e). It indicates that the crystal-
lization quality of the fibre is good, however, there are defects
inside the grain, which can serve as pinning centre of the whole
fibre.

3.2. Phase characterization

According to our former work with x-ray diffraction (XRD)
analysis [25], with 30% Li doping, the nanowire network
contains two phases: Bi-2212 as the main phase and Bi-2201
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Figure 1. FIB transportation of the single fibre. A single fibre is fixed onto the micromanipulator by platinum deposition (a). After that, it is
moved towards the lithographically produced electrode pattern (b). A bending of the fibre towards the electrodes enables to obtain a suitable
contacting (c), which is obtained via platinum deposition. The fully contacted fibre is shown in (d).

as impurity phase. No evidence of the presence of Li com-
pounds within the fibre has emerged, whether through XRD
or EDAX analysis in TEM. Nonetheless, we speculate that
there might be fibres with dispersed Li in the sample, poten-
tially in the form of Li2O. The limitation of XRD and EDAX
techniques could be the reason we have yet to detect these
instances. From the former TEM observation and the EDX
indexing, the element distributions of the chosen grains have
good agreement with the Bi-2212 phase, no Bi-2201 contribu-
tion was found. Deeper analysis is given in this work via the
high resolution EDX detector in the Cs-TEM. With the spot
size of around 1 nm for the detector, it enables to analysize the
element distribution on individual grains of the fibres. Table I
(in supplementary file) presents the element distribution of the
individual grains on two chosen fibres. Some features can be
found from the data:

(a) The coexistence of the Bi-2212 phase and Bi-2201
phase within a singular fibre is absent. The elemental
composition ratios for Grain1 and Grain3 within fibre1
stand at Bi:Sr:Ca:Cu:O = 2.29:2.01:0.83:1.91:8.59 and
Bi:Sr:Ca:Cu:O = 2.08:1.66:1.35:2.01:9.85, respectively.
Both of these ratios harmonize with the anticipated propor-
tions for the Bi-2212 phase. Conversely, the composition

ratio of Grain1 within fibre2 equates to Bi:Sr:Ca:Cu:O =
2.03:2.06:0.20:0.81:4.91, aligning with the characteristics
of the Bi-2201 phase;

(b) CuO is present in grains within both types of fibres, even
though trace amounts of CuO are not discernible in XRD
analyses. This observation implies a distinct phase separa-
tion within the fibres, where they are partitioned into either
the Bi-2212 phase along with CuO or the Bi-2201 phase
alongside CuO;

(c) The oxidization level differs in various Bi-2212 grains
within one single fibre. As it can be seen from Grain1 and
Grain3 in fibre1. The element ratio of O in Grain1 is 8.59
while the value is higher in Grain3, which is 9.85.

The features showcased herein are not an isolated obser-
vation. In fact, we have encountered analogous instances
in several grains situated within distinct fibres. However,
it is important to note that we have not examined all
the fibres within our preparations, resulting in some-
what limited statistical coverage. From the analysis above,
the measurement on the fibre with Bi-2212 phase is not
influenced by the Bi-2201 phase. However, the influ-
ence from CuO and different oxidization levels cannot be
ignored.
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Figure 2. Microstructure of the Bi-2212 fibres after thermal
treatment. (a) SEM image of the Bi-2212 fibres with magnification
×1000 (b) high resolution SEM image of a single Bi-2212 fibre, (c)
TEM observation on one grain of the single fibre, (d) lattice
orientation of the grain (e) zoom-in detail of the atomic
arrangement.

3.3. Magnetic properties

For the superconducting nanowires, the superconductivity is
suppressed by the thermal fluctuation and quantum fluctuation
[7, 8]. With larger diameter, the mesoscopic fibre experi-
ences less size suppression. It can provide more regime for
the existence of carrier cooper pairs, meanwhile, the influ-
ence from thermal fluctuation is not as obvious as in nanowire
system. The mesoscopic fibre should present better super-
conductivity than the nanowire. Figure 3 presents the mag-
netic properties of the Bi-2212 fibre. As expected, the meso-
scopic fibre shows higher Tc (86.2 K, the Tc of the Li doped

Bi-2212 nanowire is around 74 K [25]) in the zero field cool-
ing M(T) curve. Figure 3(a) presents the M(H) loops of the
sample at 10 and 20 K. There is no obvious paramagnetic
background as in nanowire system. It denotes that the signal
from the superconducting component in the fibre are strong
enough to suppress the potential magnetic signal from the CuO
grains.

On the other hand, the magnetization loops of the meso-
scopic fibre exhibit distinctions from the conventional super-
conducting hysteresis patterns. Notably, an arch-shaped fea-
ture becomes apparent in the high-field region, as depicted
in the inset ∆M(H) plot of figure 3(a). At 10 K, a distinct
turing of ∆M (M(Hdecreasing)−M(Hincreasing)) becomes evid-
ent at approximately x = 5 T. For the 20 K dataset, a com-
parable turning phenomenon appears at around x = 5.5 T. In
the standard scenario, the magnetization curve within these
domains is anticipated to remain horizontally aligned with
respect to the M= 0 axis. This is called the fishtail effect. A
similar phenomenon has been observed in non-doped Bi-2212
nanowires and Pb-doped Bi-2212 nanowires [24]. However,
in the case of the mesoscopic fibre, this effect emerges at a
higher field and over a broader range. This phenomenon indic-
ates an underlying increase of pinning at high field, which
could be ascribed to the transition of vortex lattice [28] or
phase separation [29]. The order-disorder transition of the vor-
tex lattice mainly happens when the temperature approaches
Tc, therefore, it does not coincide with our case that the fish-
tail effect is stronger at 10 K rather than at 20 K. Recalling
the result from EDX analysis, the grains in the Bi-2212 fibre
can be classified into three types: CuO grains; weakly oxid-
ized Bi-2212 grains and highly oxidized Bi-2212 grains. The
superconducting phase is separated by different oxidization
levels. It is plausible to consider that the fishtail effect here is
an evidence of the phase separation in the Bi-2212 mesoscopic
fibre.

3.4. Electric properties

Figure 4 illustrates the temperature-dependent resistance
(R(T)) measurement conducted on an individual mesoscopic
Bi-2212 fibre with an applied current of 50 nA. In its nor-
mal state, the fibre’s conductive characteristics more closely
resemble those of a semiconductor rather than a metal, devi-
ating from the behaviour exhibited by the bulk material. The
fibre’s resistance is notably high, lying within the order of
×107Ω. The contact interface area between the fibre and the
electrode remains confined to less than 1 µm2. Consequently,
this pronounced resistance can be predominantly attributed to
the weak electrical connection between the fibre and the elec-
trode. Even with platinum deposition, the dominant contri-
bution to the overall system resistance persists as high-value
interface junction resistances.

As the temperature decreases, the electric behaviour of
the single fibre is not as trivial as the bulk superconductor.
The initial reduction in resistance becomes evident around
95 K, followed by a subsequent decline at approximately
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Figure 3. Magnetic properties of the Bi-2212 fibres via PPMS.

Figure 4. The R(T) measurement of the Bi-2212 fibre with applied
current 50 nA.

86 K, which corresponding to the Tc estimation from the mag-
netic data. Since the Schottky connection cannot provide res-
istance reduction with decreasing temperature, the observed
resistance behaviour within this range arises solely from the
intrinsic electrical properties of the fibre.

Just below Tc, at around 83 K, the resistance displays an
upward trend as the temperature drops, persisting until approx-
imately 65 K. In this temperature interval, the superconduct-
ivity within the fibre is suppressed by the growing resistance
emanating from the Schottky connection between the fibre and
electrodes.

Unfortunately, the pursuit of resistance measurements
at lower temperatures encounters obstruction due to high-
frequency noise originating from the source meter and mul-
timeter. Drawing from insights gained through experiences
with the Li-doped Bi-2212 nanowire network system, it is

anticipated that the resistance will decrease but will not reach
a null value.

Within the temperature span of approximately 95K to 83K,
the observed electrical behaviour has not been found in the
bulk or thin film system. In our former work, the polycrystal-
line nanowire network presents a double resistance drop beha-
viour. However, the resistance drop at above 90 K has never
been discovered in our nanowire system. The possible mech-
anism of the single mesoscopic fibre may be hidden from its
polycrystalline structure and the phase separation feature.

According to the report from Boulesteix et al [30], the Tc of
the Bi-2212 crystal is strongly related to the dependence on the
excess of oxygen atoms in the BiO layers, meanwhile when the
current passes through the BiO layer, the resistance behaviour
can be separated into metallic behaviour and semiconducting
behaviour, depending on the current is in-plane or out-of-plane
of the layer. Taking account of our Bi-2212 fibre system, the
polycrystalline structure provides the possibility of the applied
current passing through grains with various orientation to their
BiO layers; the Bi-2212 grains with high oxidization level
enter superconducting state at higher temperature, while the
weak oxidization ones become superconducting at lower tem-
perature. The non-trivial electric behaviour of the single fibre
can be attributed to the combination of these properties. As
shown in figure 5, when current passes through three different
types of Bi-2212 grains, the electric behaviour is demonstrated
by the black, red and green plots respectively. A summarized
curve is presents in blue plot. It has a good agreement with
the resistance drop feature of the single fibre. Combined with
the semiconducting contribution from the CuO grains, we find
a suitable explanation to the electric behaviour of our single
fibre.

4. Conclusions

In this paper, we introduce an approach of investigating the
superconductivity of the polycrystalline mesoscopic Bi-2212
fibre. With the assistance of the high-resolution EDX detector
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Figure 5. The R(T) behaviours of Bi-2212 crystal grains [30]: black
dots curve represents the R(T) curve of the highly oxidized grain
with current passing through in-plane; green dots curve represents
the R(T) curve of the highly oxidized grain with current passing
through out-of-plane; the red one represents the R(T) curve of the
weakly oxidized grain with current passing through out-of-plane;
blue dots curve is a summarise of all the cases.

within the Cs-TEM, we have successfully unveiled concealed
CuO grains and distinct phases of superconducting Bi-2212.
TheM(T) measurement confirms the superconductivity of the
fibre, and the Tc of the fibre is higher than the nanowire sys-
tem. The fishtail effect is found in the magnetization loops,
which proves the existence of the superconducting phase sep-
aration. A non-trivial resistance behaviour appears in the elec-
tric measurement. The resistance drops stepwise with decreas-
ing temperature. The first drop appears at ∼95 K, the second
one appears at∼86 K, and the last resistance decrease appears
at ∼65 K before the end of the measurement. The behaviour
of applied current passing through three types of grains in the
Bi-2212 fibre has a good agreement with such behaviour. In
other words, the specific electric properties of the mesoscopic
Bi-2212 fibre stem from its polycrystalline and phase separa-
tion features.

Within the scope of our restricted statistical framework, the
discovered features unveiled through the EDX data can be uni-
versally applied to the observed fibres. Furthermore, the mani-
festation of fishtail effect within the magnetization curve ori-
ginates from the large amount of samples, where the electrical
characteristics of a single fibre encompass all grains within
that fibre. These two findings collectively point to a scenario
of phase separation. Hence, we are inclined to posit that the
existence of phase separation, indicative of oxygen level dis-
crepancies, persists within our fibres, despite deviations from
the oxygen ratios presented above. On a divergent note, loc-
alized variations in oxygen content during thermal treatment
are a customary occurrence in ceramic oxides. Although sel-
dom invoked as an explanation due to its limited influence
on the magnetic and electrical properties of the sample, our
comprehensive analysis combining EDX, magnetization, and
electrical measurements leads us to favour a more credible

interpretation: the phase separation attributed to non-uniform
oxygen distribution within the grains.
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