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Abstract: This study concerns the remarkable variations in the crystalline quality, phase
compositions, superconducting properties, and pinning force in the Bi-2212 ceramics through
the addition of Co304 nano-particles with the x % weight for x = 0, 0.5, 1, and 2, respectively.
From XRD analysis, it is deduced that CozO4-inclusions give rise to the XRD peaks to expand,
degrade the crystal quality together with a decrement in the Bi-2212 amount. From SEM
images, it is seen that there is an evolution from rod-like structure to plate-like structure with
Co304 addition. The critical transition temperature (T¢) value which is determined from M-T
measurement is 82 K in the pure sample, it drops gradually and takes the value 65 K and 42 K
for the 0.5% Co sample and 1% Co sample respectively, and eventually, the superconductivity
is lost in the 2% Co sample. From M-H measurements, it is clear that the hysteresis loop gets
narrower with Cos04 addition and temperature. Accordingly, critical current densities (J¢) and
pinning forces (Fp) reduce due to deteriorations in the connectivity between superconducting
grains induced by the augmentation in Cos04 content.
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Oz: Bu calisma, sirastyla x = 0, 0.5, 1 ve 2 igin % x agirlikga Co3O,4 nano-pargaciklariyla
eklenmis Bi-2212 seramigindeki kristal kalitesi, faz bilesimleri, siiperiletken ozellikler ve
civileme kuvvetindeki dikkate deger degisimlerle ilgilidir. XRD analizinden Co3Os-igeriginin
XRD piklerinde geniglemeye, kristal kalitesinin diigmesine ve Bi-2212 miktarinin azalmasina
yol actig1 sonucuna varilir. SEM goériintiilerinden Co304 ilavesiyle ¢ubuksu yapidan plakamsi
yaptya dogru bir evrilme oldugu goriilmektedir. Kritik gegis sicakligi (T¢), M-T olgtimlerinden
saf ornekte 82 K olarak bulunmus ve % 0.5 Co 6rneginde 65 K’ye % 1 Co 6rneginde 42 K’ye
kademeli olarak diistiikten sonra siiperiletkenlik % 2 Co Orneginde kaybolmustur.  M-H
Ol¢timlerinden, histerezis egrilerinin Co30s eklenmesi ve sicaklikla birlikte daraldigi
goriilmektedir. Buna bagl olarak, kritik akim yogunluklari (J¢) ve ¢ivileme kuvvetleri (Fp),
C0304 igerigindeki artigin neden oldugu siiper iletken tanecikler arasindaki baglantidaki
bozulmalar nedeniyle azalmustir.

1. INTRODUCTION

studies accelerated tremendously and various high-T¢
superconductors (HTSCs) such as Y-Ba-Cu-O (YBCO,
Tc=90K) [3], Bi-Sr-Ca-Cu-O (BSCCO, T.=110K) [4],

The superconductivity was revitalized in 1986 thanks to
the discovery of superconductivity in the copper-oxide
based Ba—La—Cu—O system by Bednorz and Muller [1].
Prior to this progress, superconductivity was seen as a
subject confined to temperatures near absolute zero and
well explained by Bardeen—Cooper—Schrieffer (BCS)
theory based on the electron-phonon interaction with a
limit of critical transition temperature (T.) of around 30
K [2]. However, after this discovery, superconductor

and TI-Ca/Ba-Cu-O (TBCCO, T.= 120 K) [5] emerged
within a year. What makes these discoveries important is
that the critical temperature values are above the boiling
point (77 K) of liquid nitrogen, which is accepted as the
psychological and  technological barrier  of
superconductivity. Among these high temperature
superconductors, the BSSCO system is one of the most
studied one and is represented by the general formula
Bi>Sr2Can1CunOzn+a+y. This system has Bi-2201 (n=1),
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Bi-2212 (n=2), and Bi-2223 (n=3) phases, depending on
the value of n, which shows the number of CuO, layers
in the unit cell. As the CuO layer in the structure
increases, T. values increase and are 20, 85 and 110 K
for Bi-2201, Bi-2212, and Bi-2223, respectively [6].
Although the Bi-2201 phase without Ca was discovered
first and led to the emergence of Bi-2212 and Bi-2223, it
does not attract attention due to its low T¢. On the other
hand Bi-2212 has attracted much attention due to its
lesser weak link problems, lower fabrication cost, much
easier manufacturability, and better thermodynamic
stability compared to the Bi-2223 [7-8].

Since the discovery of BSCCO [9], chemical doping,
which can be in the form of addition or substitution, has
become one of the most used methods to enhance T, and
critical current density (Jc) or to uncover its physical and
magnetic properties [10-16]. In addition to chemical
doping, many synthesis routes are available to produce
BSCCO bulk materials including solid state reaction
[17], co-precipitation [18], sol-gel [19], and polymer
matrix method [20]. Among these aforementioned
methods, solid state one is frequently used by
researchers owing to its advantages such as simplicity,
cheapness, and reasonable reproducibility [14].

When a magnetic field applied to a Type-ll
superconductor is larger than the lower critical field
(He1) and less than the upper magnetic field (Hcz), the
superconductor exhibits a state called a mixed state (also
known as vortex state or Shubnikov phase) where the
magnetic field penetrates the superconductor in the
configuration of quantized magnetic vortices carrying
the magnetic flux quantum (¢o). When a  current
density (J) is applied to the material, a Lorentz force
(FL=(1/c) J x do) emerges causing resistance by forcing
vortices to move. The tools that struggle with the
Lorentz force in the material are expressed as pinning
centers. A pinning center can be formed naturally by
defects such as stack faults, dislocations, and twin
planes, or it can be constructed artificially via chemical
doping or neutron radiation [21-22]. Basically, chemical
doping attracts a lot of attention as it is an easy-to-
control, non-destructive and effective method of
producing pinning centers [23]. Doping of nano-sized
particles to the BSCCO system has been proposed as a
workable approach and many nanoparticles such as MgO
[24], Al,03[25], ZrO, [26], Fes04[27], and NiFe,04[28]
have been tested.

In the current work, it is aimed to investigate the effect
of Cos0: nano-particles on the  structural,
superconducting, and magnetic properties of Bi-2212.
Parenthetically, C0304 nanoparticles have
multifunctional properties and are used in many applied
areas such as energy storage [29], resistive switching
devices [30], and biomedical technologies [31]. C0oz0a is
an intrinsic antiferromagnetic material having a Neel
temperature of 40 K with weak ferromagnetic behavior
due to the presence of both Co?* and Co®** cations and
uncompensated surface spins or finite size effect [32].
Considering these multifunctional properties of Co304, it
will be interesting to test whether CosO4 nanoparticles
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have the capability to form effective pinning centers in
BSCCO. In this regard, CosO. nanoparticles were
produced using sol-gel auto combustion method
described in detail elsewhere [33, 34] and added to Bi-
2212 for different weights. Characterizations of the
prepared samples were performed with conventional
methods, viz.,, X-ray diffraction (XRD), scanning
electron microscope (SEM), magnetization-temperature,
and magnetic hysteresis techniques.

2. MATERIAL AND METHOD

Bi>Sr2Ca;Cu,Oy+x % weight for x=0, 0.5, 1, and 2 %
polycrystalline specimens were synthesized from the
high purity commercial powders of BiOs;, SrCOs,
CaCOs, and CuO via the standard solid state reaction
technique. These starting powders are exactly weighted
in the molar proportion by an electronic balance and are
well mixed and milled. Then, the resultant mixture was
calcined twice for 12 h at 750°C and 800°C together
with intermediate grinding in an agate mortar using a
pestle for about 25 min. After the calcination process,
the obtained homogenous powders were pressed into
tablets with 0.9 mm thick and 0.5 cm in diameter
applying pressure of 5000 kg-force/cm? at room
temperature. Then these pressed samples are sintered at
860°C for 60 h followed by cooling to 800°C and
guenching to room temperature in air to provide a large
amount of Bi-2212 phase. After this heat treatment
process, Cos04 nanoparticles obtained by sol-gel auto-
combustion method corresponding to the x% weight of
Bi-2212 was added to the specimens and the thermal
treatment steps described above were carried out once
more and finally, all samples were made ready for the
characterization process. Throughout the paper, the
prepared  samples  with  nominal ratios  of
Bi,Sr,Ca;Cu,0Oy+ x weight % Co3z04 where x= 0, 0.5, 1,
and 2 % are named as 0 % Co, 0.5 % Co, 1 % Co, and 2
% Co, respectively. As for XRD analysis, PANalytical
Empyrean diffractometer with Cu-Ka target (A= 1.54 A)
was used at room temperature. Microstructural features
of the samples were investigated by FEI-Quanta FEG
650 SEM. The magnetic measurements namely
magnetization as a function of temperature (M-T) and
magnetization versus magnetic field (M-H) were
conducted using a 7304 model Lake Shore VSM system.

3. RESULTS AND DISCUSSION

Figure 1 represents XRD patterns between 20 and 50° at
room temperature of the pristine and Cos0. added Bi-
2212 ceramics. Most of the diffractions peaks can be
indexed to Bi-2201, Bi-2212, and Bi2223 labeled by 1, 2
and 3, respectively. In addition to these peaks secondary
phases shown by asterisk are also observed in all
samples. Although these peaks are not Coz04 peaks, they
have not been clearly defined and probably belong to
non-superconducting phases such as CaCuO- or CaBi;04
combined with Co3z04. To make a quantitative analysis,
the relative phase abundance of each phase can be
calculated by the equations given below;
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Z 12212

foznz = Ylyooz + Xlaia + X lhoo1 + X lotner  (2)
X 100%

Z 12201

Yooz + X laia + X hoo1 + X lotner  (3)
X 100%

f2201 =

Z Iothe‘r

Yooz + X looia + X hhoor + X lother  (4)
X 100%

fother =

where f is the phase percentage and | corresponds to the
peak intensity of the related phase [6]. According to
calculations embedded in Table 1, a considerable
decrease in superconducting phases with the introduction
of Co30.4. In particular, the amount of the Bi-2212 phase
decreases from 74.4 to 46.6 % with only 2% Co030,
addition. Besides, the Bi-2223 phase, which was around
8.5 % in the pure sample, completely disappeared in the
2% Co30s-added sample. In addition, the Bi-2201 phase,
which is around 11-12% in other samples, reached its
smallest value of 9.2% in the 2% Co sample. More
interestingly, non-superconducting secondary phases
increased dramatically with the increase in Co304, taking
a value of 44.2 % in the 2% Co sample. It should also be
stated that the inclusions of Co304 in the system caused
the XRD peaks to expand, reduce the crystal quality of
the structure and thereby undermine the growth of the
Bi-2212 phase. Moreover, observed peaks can be
assigned to the tetragonal structure with space group
Pymmm and cell parameters can be determined through
the equation [12]:

2 2 2
t_r e r ©)
d?> a* b? c?
where d is the interlayer distance, h, k, and | are the
Miller indices and a, b, and c are the lattice constants. As
seen from the obtained values provided in Table 1, both
a and c parameters reduce with Coz04 addition; however,
the decrease in ¢ is more pronounced. The shrinkage of ¢
cell germinates from the variation in the stability of
oxygen level in the Bi-O stacks owing to the charge
neutrality mechanism [6]. Furthermore, the average
crystallite size of the samples can be deduced using
Debye-Scherrer equation given as [35];

L= 0.941 1 6
B cos g ©)

where L is the crystallite-size, /1 the X-ray wavelength
used in the diffractometer, g is the full width at half
maximum of the peak, and 6 is the Bragg diffraction
angle. The most intense peaks around 23.03°, 24.85°,
27.41°, 30.94°, and 33.11° corresponding to planes of
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_ 2 ly223
f2223 -
Y o2z + Xloa1z + X201 + Xlother (1)
x 100%

(008), (013), (015), (017), and (110) are used in the
estimation of the average crystallite size. As clear from
Table 2, the average crystallite size declines
monotonically with the increment in CozO4-content in
Bi-2212 reflecting that CosO.s additions scupper
crystallinity of the Bi-2212. Put succinctly, Co0304
inclusions raise the crystallization activation energy (Ea)
of the Bi-2212 phase and expedite the nucleation rates of
the secondary phases [36].

1: Bi-2201 2: Bi-2212
3: Bi-2223 *: Secondary phase

*
2% Co
1% Co|

0.5% Co

Intensity (a.u.)

2 0% Co

20 25 30 40 45 50

35
20 (Degrees)
Figure 1. XRD patterns of CosO, nanoparticles-added Bi-2212
ceramics

The morphological properties of the samples were
examined with SEM images taken at 1000X
magnification in the secondary electron mode and
obtained photographs are given in Figure 2. In the light
of the first browses made to the photographs, it is seen
that the addition of Cos0s % significantly changes
crystallinity and morphological characteristics of the
samples. Namely, if one pays attention to the images in
the pure sample (Figure 2a), while the rod- and needle-
like grains constitute the microstructure forming a tight
union by contacting each other, these structures have
decreased in the CosOs—added samples and the flaky
structures and plate-like structures have emerged due to
the expansion in the melting regions. The added C0304
accumulates at the boundaries of these rod-like grains
forming the Bi-2212 structure causing the formation of
melt regions in the structure, impairing the crystal
quality, and breaking the connection between the
superconducting grains. These variations in the
morphological properties of the samples can be
correlated with the serious decrement in the Bi-2212
percentages addressed in XRD discussions.
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Table 1. Phase fractions and lattice parameters of the samples

Sample Bi-2223 % Bi-2212 % Bi-2201 % Other % a(d) c )

%0 Co 85 74.4 111 6.0 5.4003 30.8879
%0.5 Co 6.2 68.8 12.1 12.9 5.4061 30.8444
%1 Co 28 64.0 12.1 211 5.4082 30.8442
%2 Co 0.0 46.6 9.2 44.2 5.3781 30.7945

Table 2. Determination of average crystallite size estimated from the Debye-Scherrer relation using the reflections at 26= 23.03°, 24.85° 27.41°,
30.94°, and 33.11°

20 (Degrees) 0% Co (nm) 0.5% Co (nm) 1% Co (hm) 2% Co (nm)
23.03 56.99 52.54 53.67 53.41
24.85 51.41 60.42 52.55 47.80
27.41 68.19 42.24 45.16 51.65
30.94 52.41 46.06 46.86 44.04
33.11 67.98 64.11 61.08 15.75
Average Crys.Size (L) 59.40 53.07 51.86 42.53

50 pym —
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Figure 2. SEM images for a) 0% Co, b) 0.5% Co, ¢) 1% Co and, d) 2% Co samples

Magnetization versus temperature curves at the applied
field of 100 Oe is given in Figure 3. The transition
temperature (T.) which corresponds to beginning point
of diamagnetic signals decreases harshly with the
addition of Co304. To put it numerically, the T. value
in the pure sample is 82 K, while in the 0.5% Co
sample it drops sharply, takes the value 65 K. The
critical temperature value reduces to 42 K in the 1%
sample and the superconductivity is lost in the 2%
sample. This dramatic decrease in T. values can be
elucidated within the framework of the pair-breaking
theory suggested by Abrikosov and Gor’kov [37, 38].
Namely, as a consequence of the interaction of the
electrons of the magnetic impurities and the Cooper
pairs, the spins of the electrons change and the Cooper-
pairs breakage occurs. More specifically, the
significant decrease in T values is associated with the
increase of the Gennes factor (G=(g-1)> J (J+1)),
including Lande g factor and the total angular
momentum due to magnetic impurities [38]. According
to the Abrikosov-Gor’kov theory [37] the reduction of
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T values due to magnetic impurities is given by the
relation;

R R Rl G

where T¢ is the transition temperature of the pure
material (without magnetic impurity), w is the
digamma function, and [ is the pair-breaking
parameter proportional to the magnetic impurity
concentration [39]. If we relate to our case, it can be
said that the CosOas-impurities gradually actualize pair-
breaking in Bi-2212 leading to a decrement in T
values. However it can be emphasized that doping
with non-magnetic impurities in cuprates can also
degrade their T as in the case of Zn-doped [40] or Y-
doped BSCCO [41]. The vanquishing of
superconductivity in the non-magnetic impurity
containing BSCCO can be expounded that random
impurity potentials evolve due to enhancement of
nonmagnetic disorder leading to the localization of
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electronic states at the Fermi level [39, 41, 42]. Hence
another scenario of the rapid decrement in T¢ is the
result of new permanent crystallinity disorders such as
porosity, defects, cracks, and grain boundary coupling
problems evolving with the addition of Co0s04 [6].
Eventually, 2% Co doping level exterminate the
superconductivity in Bi-2212 system resulting in a
metal-insulator type transition (MIT) [40, 43].

0.0+

4
o
L

&)
5—0.2 E
K
=
-0.3 1 —=— 0% Co
——0.5% Co
——1% Co
-0.4 4 —v—2% Co
T T T T T T
20 40 60 80 100 120 140

T(K)
Figure 3. Magnetization versus temperature curves of the samples.

Magnetic field dependence of magnetization of the
samples (M-H) measured at 10, 15, and 20 K between
+ 1 T are illustrated in Figure 4. It is clear that the area
of the magnetic hysteresis gets narrower with addition
of Co30. and with increasing temperature. This is stem
from the fact that the addition of Co3z04 and increasing
temperature reduce the pinning ability of Bi-2212.
Similarly, Ha values for the samples where
magnetization-magnetic field curves deviate from
linearity and vortices emerge show a decreasing trend
as Cos;04 enters the system. For example, He of the
pure sample at 10 K is 1611 Oe, while H¢ of the 1%
Co sample decreases to 1242 Oe. In addition, M, values
which we call remanent magnetization and represent
the flux trapping in the system decreased with
increasing amount of Co304. The change of Hc¢i and M,
values are given in Table 3 for different CosO4-content
at temperatures of 10, 15 and 20 K, respectively.

Using magnetization versus magnetic field data, the
intra-grain critical current densities, Jc, in A/lcm?, of all

samples can be calculated using Bean’s model given as
[44,45];

Jo = 204M/[a(1 — a/3b)] ®)

where AM is the difference between the magnetization
values of up and down fields measured in emu/cm?
and, a and b (a<b) are the dimensions of the samples.
Obtained J. values of the samples are depicted in
Figure 5 for temperatures of 10, 15, and 20 K. It can be
seen from the graphs that the negativity on the
superconducting properties with Co3Os is also reflected
in the critical current densities decreased significantly
with the increasing amount of Co30a. As the amount of
Co304 rises, the amount of the Bi-2212 phase reduces
and the connectivity of superconducting grains
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weakens, causing serious drops in the critical current
densities of the samples.
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Figure 4. Magnetization versus magnetic field for a) 10 K, b) 15 K,
and c) 20 K

As the final calculation, the volume pinning force (Fp)
of the samples can be determined using the equation
below [45].

Fp =] XB )

Calculated F values as a function of the magnetic field
for all samples are given in Figure 6. If the figure is
examined, it can be deduced that Fp values decline
with increasing temperature and CosO.-content. The
maximum F, was calculated to be approximately 4.2 x
10 N/m3 in the pristine sample at 10 K. However with
the increment in Co30s, this value reduces to 0.8 x 10°
in 0.5% Co30. sample for the applied field of 0.8 T.
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All in all, it can be deduced that introducing Co304
nanoparticles to the Bi-2212  superconductor
undermines the pinning ability of the superconductor.

Table 3. Hy and M, values of the samples at 10, 15, and 20 K.

Tr. J. Nature Sci. Volume 12, Issue 1, Page 44-52, 2023

Sample Hei (Oe) at 10 K Mr (emu/gr) at 10 K Hei (Oe) at 15 K Mr (emu/gr) at 15 K Hc1(Oe) at  Mr(emu/gr) at 20 K
20K
0% Co 1611 0.560 1478 0.750 1305 0.025
0.5% Co 1376 0.041 1297 0.023 1112 ~0
1% Co 1242 0.027 1141 0.009 1065 ~0
2%Co ~0 ~0 ~0 ~0 ~0 ~0
14 5
a
12
4
10 o
B =
* o %37
< 15
o Z
< 2 —=—0% Co
= . —e—0.5% Co
4+ —4— 1% Co
14 —v— 2% Co
24
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Figure 5. Critical current density versus magnetic field for a) 10 K,
b) 15 K, and c) 20 K

4. CONCLUSION
In the current study, the influence of Co030s-

nanoparticle addition on the phase distributions
including Bi-2201, Bi-2212, and Bi-2223, average

Figure 6. Variation of pinning force against magnetic field for a) 10
K, b) 15 K, and c) 20 K

crystallite size, morphological and microstructural
features, superconducting and magnetic hysteresis
properties of Bi»Sr,CaCu,Oy + x wt % Co0304 (x=0, 0.5,
1, 2) ceramics prepared by classical solid state reaction
technique are investigated with the aid of XRD, SEM,
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magnetization-temperature, and magnetization-
magnetic field experiments. XRD surveys reveal that
Bi-2212 phase reduces considerably and some non-
superconducting  secondary  phases  prominently
enhance with the introducing of Co30.. Besides, it can
be detected from the SEM images that there is a
transformation from rod-like structure to plate-like
structure in the microstructure with Co3O4-content.
From M-T, it seems that there is a rapid reduction in T
values due to pair-breaking effect and localization of
charge carriers through Co304doping. From M-H, it is
evident that hysteresis loop gets narrower with Co304
addition and temperature. In relation to this, M, value at
10 K representing flux pinning ability of the samples is
0.560 emu/gr for 0% Co sample and harshly drops to
0.027 emu/gr in 1% Co sample. Moreover, it is
determined that critical current densities (J;) and
pinning forces (Fp) of the samples also reduce as a
consequence escalation of structural problems and
weakening of the connectivity between the
superconducting clusters induced by Co3z0s-doping. All
in all, the discussions mentioned throughout the text
plainly reveal that CosOs nanoparticles play an
inhibitory role in creating effective pinning centers in
Bi-2212 system.
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