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Visualizing extended defects at the atomic level in a
Bi;Sr,CaCu,0g, 5 superconducting wire
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The microstructure significantly influences the superconducting properties. Herein, the defect structures and atomic
arrangements in high-temperature BiySr,CaCu,Og, 5 (Bi-2212) superconducting wire are directly characterized via state-
of-the-art scanning transmission electron microscopy. Interstitial oxygen atoms are observed in both the charge reservoir
layers and grain boundaries in the doped superconductor. Inclusion phases with varied numbers of CuO; layers are found,
and twist interfaces with different angles are identified. This study provides insights into the structures of Bi-2212 wire
and lays the groundwork for guiding the design of microstructures and optimizing the production methods to enhance

superconducting performance.

Keywords: superconductor, microstructure, defect, scanning transmission electron microscopy

PACS: 61.05.—a, 61.72.—y, 74.62.Dh, 84.71.Mn

1. Introduction

High-temperature superconductor BiySrpCaCu,0g, 5
(Bi-2212) is known for its high critical temperature (7;) of
about 85 K-95 K, high critical currents, and high irreversibil-
ity field.!'=3 These characteristics position Bi-2212 as a lead-
ing first-generation commercial superconducting material,
making it a promising candidate for applications in magnetic
resonance imaging (MRI), particle accelerators, and high-
energy physics magnets, where high critical current density
and high critical magnetic field are crucial.[*-®]

However, as ceramic compounds, these high-temperature
superconducting oxides are inherently fragile in texture. To
enhance their mechanical properties and broaden the applica-
tion of Bi-based superconducting materials, various prepara-
tion methods have been explored.[®~!?I Currently, the prepa-
ration of Bi-2212 superconducting wire typically employs the
powder-in-tube (PIT) method with an Ag sheath.!'>!3] During
the melting heat treatment, the Bi-2212 precursor powder, ini-
tially of low connectivity, transforms into a well-connected Bi-
2212 grain network, resulting in higher density and improved
textural grains.['*! The Ag sheath allows oxygen to permeate
during the high-temperature heat treatment, thereby regulat-
ing the oxygen content in the superconductor. The intersti-
tial oxygen doping is influenced by the modulation structure
and changes in the CuO, plane structure, which is crucial for

U5-191 Given the com-

developing superconducting properties.
plex phase structure and significant oxygen doping in Bi-2212,

a detailed examination of its microstructure and defects is es-

Corresponding author. E-mail: liuying.hube @outlook.com
fCorresponding author. E-mail: dsong@ahu.edu.cn
© 2024 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/ad6ced

sential, as these factors directly influence its superconducting
properties.?*-22l Moreover, the analysis of the microstructure
and defects in Bi-2212 superconducting wires is vital for en-
hancing their performance and reliability through tailored syn-
thesis and processing techniques.

In this paper, the state-of-the-art scanning transmission
electron microscopy (STEM) and integrated differential phase
contrast (iDPC) techniques are employed to directly image
the defect structure and atomic arrangements in a commer-
cial Bi-2212 superconducting wire. The doped oxygen atoms
are found both in the charge reservoir layers and at the grain
boundaries. Dislocations are observed to penetrate the super-
conducting layers and the stacking defects with specific twist
angles are identified in the wire.

2. Methods

The cross-sectional TEM lamellas of BixSryCaCu,Og, 5
were thinned to electron beam transparency at 30 kV by us-
ing Carl Zeiss Crossbeam 550L FIB-SEM, followed by the re-
moval of the surface amorphous layer at 2 kV. The high-angle
annular dark field STEM (HAADF-STEM) and iDPC-STEM
experiments were conducted using a Thermo Fischer Scien-
tific Titan Themis Z microscope operating at 300 kV, equipped
with a probe corrector and a four-segment DF4 detector. The
convergence semi-angle for imaging is 25 mrad, and the col-
lection semi-angle is 50 mrad—200 mrad for HAADF imaging
and 8 mrad—42 mrad for iDPC. Transmission Kikuchi diffrac-
tion (TKD) experiments were performed on TEM specimens
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within the FIB-SEM.

3. Results and discussion

In Bi-2212 superconducting wire, the superconduct-
ing core is composed of numerous well-oriented Bi-2212

(231 Each filament contains the Bi-2212 phase after

filaments.
heat treatment. Weak connections, such as large-angle grain
boundaries, can be minimized or eliminated in these filaments
by preferentially aligning the grains along the ab plane to form
a textured structure.?*! This alignment increases the material’s
density, and enhances the grain connectivity, as shown in the
low-magnification STEM image in Fig. 1(a). The texture con-
figuration is crucial for the smooth passage of the supercon-
ducting current through the grain boundaries. Therefore, re-
ducing the current loss at these boundaries is essential to in-
crease the critical current density. In Fig. 1(b), the TKD anal-
ysis reveals that these textured grains are stacked along the
c-axis direction, with significant twists in the ab plane, as in-
dicated by the interface between the red and orange regions in
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the orientation map (OM). Small-angle grain boundaries are
also present in the filament, as indicated by the interface be-
tween the orange and pink regions.

Bi-2212 exhibits a two-dimensional layered structure
with alternating charge reservoir layers and superconducting
CuQO; layers. The charge reservoir layer consists of stacked
SrO-BiO-BiO-SrO planes, while the superconducting layer
comprises two CuO, planes separated by Ca layers, as de-
picted in the atomic models (excluding oxygen atoms) in
Figs. 1(c) and 1(d) along the [100] and [010] directions, re-
spectively. Incommensurate modulation structure is clearly
observed along the [010] direction, which is believed to orig-
inate from the misfit between the perovskite planes (CuO;
and SrO) and the rock-salt planes (BiO) in the crystal.[?>=27]
The corresponding HAADF-STEM images are displayed in
Figs. 1(e) and I(f) with only the heavy elements visible.
Significant lattice distortion and incommensurate modulation
structure are observed in Fig. 1(f) with substantial atomic fluc-
tuations. The BiO layers exhibit tensile and compressive strain

states at the necking and bumped regions, respectively.?®!

R R LR R R
ERER R EE ey

AL R R LR LR L R R R
AR LR LR L R R R R LR

R R R R L R R L L R LA R L L
R R R R L R R R L L

R R

HAADF [010]
l.‘.ll...l....‘.‘.l..Nl.'.'Qt.O

Bump Neck

(-]
[
(-]

© ©0000 0 ¢ 90000 © O 0000Q O
© 0000°Q 0 ¢ 0°0°0 © © 0000 o
© 00000 ¢ 0 00000 © © 00000 o
© 00000 0 © 00000 © 0 00000 0
© 00000 © © 00000 0 ¢ 90000
© ©°0°0 © © 0000Q 0 g 00000
© 00000 © © 0000 ¢ o ©°0°0

Rk E E b L e

L

Fig. 1. (a) BF-STEM image of the cross-section of the Bi-2212 wire texture structure at low magnification. (b) TKD analysis of Bi-2212,
including band contrast (BC) and orientation map (OM). (c) Atomic structure model along [100] (oxygen atoms not shown). (d) Atomic
structure model along [010] (oxygen atoms not shown). (¢) HAADF-STEM image of Bi-2212 along [100] orientation. (f) HAADF-STEM image

of Bi-2212 along [010] orientation.

For Bi-based superconductors, the critical transition tem-
perature (7;) can be influenced by both the concentration of

hole carriers in the CuO; plane and the number of CuO, lay-

29,30

ers (n) in a unit cell.[?>3%) Generally, an increase in the num-

ber of CuO, layers leads to a higher T.: n =1 (~ 10 K),13!
n=2(~85K),Bl n=3 (~ 110 K).!" However, when n > 3,
such as in Bi-2234, the material becomes more challenging

to synthesize, and Tg decreases. 32! Additionally, for a fixed
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number of CuQO; layers, the highest 7; is achieved at optimal
oxygen doping. Therefore, it is essential for us to examine
the CuO, layers and the doped oxygen atoms in the supercon-
ducting wires. As shown in Figs. 2(a) and 2(c), only a small
amount of Bi-2201 is found as an inclusion in Bi-2212 phase,
fully coherent along the c-axis direction. Despite the presence
of Bi-2201 phase, the pronounced modulation structure is still
well kept. After examining the entire sample, no other phases
with varying numbers of CuO, layers were observed, indicat-
ing the high purity of the Bi-2212 phase. During the prepara-
tion process, it is believed that the Bi-2201 phase is formed as
a result of the instability of Bi-2212 at the partial melting heat
treatment temperature.

Due to the distortion induced by this modulated struc-
ture, the spacing between atomic layers undergoes significant
changes, creating favorable sites for interstitial oxygen atoms.
Previous studies have reported that doped oxygen atoms are
energetically favored at the necking regions between the two
BiO layers.[?®! The presence of these excess oxygen atoms can
significantly affect the hole concentration in the material, thus
influencing superconductivity. Therefore, we utilized the ad-
vanced iDPC-STEM technique, with the capability of imag-
ing light and heavy elements simultaneously,**! to character-
ize interstitial oxygen atoms in Bi-2212 and Bi-2201, as de-
picted in Figs. 2(b) and 2(d). Except for the oxygen atoms
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in the CuO; layers, interstitial oxygen atoms with weak con-
trast were observed in both Bi-2201 and Bi-2212, exhibiting
a random distribution at the necking regions. These findings
indicate that oxygen atoms were successfully doped into the
charge reservoir layers during the post-heat treatment. Al-
though the amount of doped oxygen atoms cannot be quan-
tified by STEM at present, optimal doping can be achieved by
optimizing the 7;. during the process.

0Bi 0Sr 0CaoCue0 Oy,

Fig. 2. (a) HAADF-STEM image of Bi-2212 along [010] orientation.
(b) iDPC-STEM image corresponding to panel (a), where the red arrows
represent the doped interstitial oxygen atoms. (c) HAADF-STEM image
of Bi-2201 along [010] orientation. (d) The iDPC-STEM image corre-
sponding to panel (c), where the red arrows represent the doped interstitial
oxygen atoms.
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Fig. 3. (a) HAADF-STEM image of Bi-2212 with misaligned atomic planes in the [010] orientation, with the strain e,, calculated by GPA!
superimposed on the HAADF image. (b) Enlarged HAADF image of area 1 in panel (a), with orange arrows indicating the number of misaligned
atomic columns. (c) iDPC image corresponding to the yellow dotted box in panel (b), with the atomic structure model of the corresponding
region below. (d) Enlarged HAADF image of area 2 in panel (a), with orange arrows indicating the number of misaligned atomic columns.
(e) iDPC image corresponding to the blue dashed box in panel (d), with the atomic structure model of the corresponding region below.
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Although large-angle grain boundaries have been largely
eliminated during the heat treatment, a large number of faults
in atomic planes along the [001] direction are found in Bi-
2212, introducing new boundaries as indicated by the white
dashed box in Fig. 3(a). The presence of these faults is at-
tributed to the different numbers of CuO, layers between Bi-
2201 and Bi-2212. The width of these boundaries is evalu-
ated by counting the number of Bi atoms along the [100] di-
rection. Two typical regions with varied widths are enlarged
in Figs. 3(b) and 3(d). In area 1 of Fig. 3(b), the modula-
tion period of the disordered atomic plane gradually decreases
from top to bottom, displaying a “reverse ladder type” pat-
tern. In area 2 of Fig. 3(d), the modulation period of the dis-
ordered atomic plane remains nearly constant from top to bot-
tom. Interestingly, these boundaries always occur close to the
necking regions of the BiO layers, likely owing to the ten-
sile strain states that accommodate the local mismatch. Given
that the necking region of Bi-2212 is energetically favorable
for doped oxygen atoms, we employed the iDPC-STEM tech-
nique to identify interstitial oxygen, as indicated by the red
arrows in Figs. 3(c) and 3(e). The oxygen contrast appears at
almost all of these sites, in contrast to the random distribution
in pure Bi-2212 phases. These findings suggest that defective
boundaries do not diminish the concentration of charge carri-
ers. The facile doping of oxygen atoms at these boundaries can
be attributed to locally high tensible strain states, which ener-
getically favor accommodating oxygen dopants. The proper
concentration of doped oxygen atoms is crucial for cuprate su-
perconductors. Moreover, unlike typical large- or small-angle
grain boundaries in polycrystalline samples, which invariably
act as weak links in superconductivity, the layered structure
remains largely intact across these boundaries here, thereby
minimizing their impact on superconductivity. This resilience
is particularly important to cuprate superconductors with a rel-
atively short coherence length.

However, the CuO, planes can either run through the
boundaries in area 1 or be disrupted by the boundaries in
area 2, depending on the shift of atomic planes along the [001]
directions. Compared to the pure Bi-2212 phase, the number
of CuO; layers is reduced, and the flatness of these layers is
strongly distorted, as shown in the atomic model in Figs. 3(c)
and 3(e). This distortion might suppress superconductivity as
it will decrease the antiferromagnetic super-exchange interac-
tion, which is believed to play the role of cooper pairing glue
in the framework of local superconducting theory.**] There-
fore, these defects should be eliminated as much as possible
during synthesis.

Due to its layered configuration, Bi-2212 is susceptible
to stacking defects during growth, leading to the formation
of twisted interfaces. These twisted interfaces offer a plat-
form for engineering superconducting ordering parameters by

adjusting the stacking angles. Previous studies have demon-
strated Josephson coupling in Bi-2212 superconductor with a
twist angle of 45° (in plane rotation from [010] to [110]).1361 In
Bi-2212 superconducting wire, the layered structure with var-
ied twist angles is observed, as shown in Fig. 4. In Fig. 4(a),
an interface with a twist angle of 90° is formed between the
[100] and [010] oriented grains. This interface is atomically
sharp, and the first BiO layer in the [100] oriented grain is
strongly distorted to match the modulation in the [010] ori-
ented grain, enabling an abrupt transition. In addition, inter-
faces with varied twist angles are observed in Figs. 4(b) and
4(c). The orientation of the bottom grain deviates from the
low-index zone axis while still displaying the incommensu-
rate modulation structure. Moreover, despite these coherent
interfaces stacked along the [001] direction, grain boundaries
in the ab plane are also observed in Fig. 4(d) due to the mis-
alignment in the [001] direction. These grain boundaries could
significantly suppress superconductivity due to the atomic dis-
orders and interruption of CuO; planes.

(a)

Fig. 4. (a) Grains with [010] orientation (top) and [100] orientation (bot-
tom) form a twist angle of 90° at the interface. (b) Twist angle formed
between grains oriented [010] and grains with high-index axes. (c) Twist
angle formed between grains oriented [100] and grains with high-index
axes. (d) Twist angle formed by [010] oriented grains with high-index
axes and small-angle grain boundaries.

Based on these experimental observations, these defects
can be categorized into two main types: the stacking faults
along the c axis throughout the samples and vertical misalign-
ment at the boundaries, with rough estimated line density of
~ 1.6 x 10° per cm and area density of ~ 1.0 x 10® per cm?,
respectively. While these defects might suppress local super-
conductivity due to the altered flatness of CuO, planes and the
charge carrier density, they might also serve as effective pin-
ning centers for magnetic flux flow, thereby enhancing the crit-
ical current density and irreversibility field.[3”) Understand-
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ing the interaction between these atomic-scale and microstruc-
tural defects and magnetic vortices would facilitate the design
of materials performance for achieving exceptional supercon-
ducting properties in practical application.

4. Conclusion

In summary, we utilized advanced scanning transmission
electron microscopy to characterize the atomic structure of
Bi-2212 superconducting wire through HAADF-STEM and
iDPC-STEM imaging techniques. Our findings revealed the
rich defect structures in the wire, including the doped oxygen
atoms, Bi-2201 inclusion, phase boundaries, and twist inter-
faces. This detailed microstructural understanding provides a
foundation for advancing the high-temperature superconduc-
tor technology, guiding the design of new materials, and opti-
mizing production methods to meet the demands of high-field
applications.
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