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ABSTRACT

The main purpose of this research work will assess the effect of Cr addition on
the properties of Bi; gPbg 451r,CaCu,0s. 4 superconducting ceramics. The samples
are produced from industrial powders with different amounts of Cr (0, 1, 2, 3, 4,
5, 6 and 7 wt %) by sol-gel synthesis route. The influence of doping element has
been determined by X-ray diffraction (XRD), scanning electron microscopy
(SEM), electrical resistivity and magnetic characterizations. In particular, the
eventual presence of secondary phases as a result of Cr doping on the undoped
sample was investigated by using XRD. By means of SEM analysis, the Cr doping
influence on the grain morphology of the samples was explored. Contrarily, the
Tcon and the T, g of the samples have been obtained by using electrical resis-
tivity measurements and their behavior as a function of the Cr doping has been
discussed. Finally, by performing magnetization analysis versus temperature
and magnetic field, the behavior of the critical temperature T. and of the critical
current density J. as a proportion of the Cr concentration has been discussed.
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such as medical diagnostics, high-speed trains
(magnetic levitation), high-power transmission lines,

1 Introduction

Since their discovery, high-temperature supercon-
ductors have been classified as future materials,
including those based on bismuth with higher critical
density and irreversible field. These characteristics
have favored these materials in various applications,

energy storage systems, etc.” [1, 2].

From the literature of high-temperature supercon-
ductors (HTSC) [3], a numerous research works were
to comprehend the characteristics of this kind of
materials. Many researches are performed for the
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Bi(Pb)-Sr-Ca-Cu-O system (BSCOO) in order to
increasing their critical current density J. for practical
field. However, these materials are sensitive to mag-
netic field, the critical current in the plans a-b
decreases rapidly when the magnetic field increases.
In this case the decreasing is more rapid whenever
the field lines up with the c axis of the grains. Indeed,
the low number of defects in the plans [CuO2] facil-
itates the movement of vortices under the effect of a
Lorentz force. Until the magnetic field is perpendic-
ular to the c axis, the vortices are anchored between
the [CuO2] planes. The critical current therefore
decreases more slowly with the magnetic field. This
decrease is even slower when the ceramic grains are
correctly oriented. It was confirmed that the BSCCO
composites are appropriate for various transport
applications once handled appropriately to achieve a
satisfactory grain alignment [4-6]. Furthermore, it is
pretty apparent that BSCCO superconductors have
the highest values in critical current densities, critical
transition temperatures (T.), and irreversibility fields.
These compounds achieved be alloys or transition
metals with high electrical resistance values in the
normal state, they contain flat layers of copper and
oxygen atoms. These copper oxide layers carry the
supercurrent, give a high T. value, and it demon-
strates greater stability in superconductors proper-
ties. The general chemical formula for Bi-based HTSC
could become given by BiySr,Ca,1CuyOspya. (Where
n =1, 2 and 3 which n represent the number of CuO,
layers and transition temperatures are 20, 95 and
110 K, respectively) [7]. The Bi-2212 component is
considered a superconductor composite with more
possibility to be employed in technology [8-12].

The chemical doping of HTSC is controllable,
effective method for enhancing the mechanic, mor-
phological and superconductivity properties of these
materials.

Many chemical rare earth elements have been
playing a significant effect on the nanostructure,
electrical and magnetization characteristic of the
superconducting materials [13-18]. The influence of
excessive-doping and under-doping on T, zero has
been tested, in this regard substitutions and addition
of doped element lead to stabilize the Bi-2212 phase
where it exhibits the best superconducting behavior.
Recently superconductivity has been discovered in
chromium based compounds (CrAs, 2.2 K) with
moderate magnetic moment. For this reason we have
chosen Cr as dopant for the structural and magnetic
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properties of our superconducting material Bi2212.
Moreover, Chromium metal discovered by L.
N. Vauquelin in 1797 is another interesting rare earth
element with exceptional magnetic properties. at
room temperature, it is the only elemental solid to
exhibit anti-ferromagnetic ordering. It is a transition
metal, within atomic radius (140 pm) and electrical
resistivity about 125 NQ.m. Also, with the replace-
ment of Pb in Bi increase the critical current densities
[8, 19-23], and reduces the lattice parameter c, It
influences the extra oxygen absorbed from the BiO
layers. then reduces the anisotropic behavior of
superconducting proprieties.

Besides chemical doping, the method and synthesis
conditions must be chosen carefully. Unlike the sol-
gel method, wet-chemistry synthesis techniques
[24-32], including, solid state reaction, co-precipita-
tion method, citrate gel process, oxidation of liquid
quenched precursor alloys, and matrix reaction.
Almost all of those methods have difficulties and
limits that come with the actual process and the
performance of the material it produces.

Sol-gel is one of the most preferred methods due to
colloid solution combustion synthesis, the process
synthesis on high-purity multi component, and a low
temperature initiated combustion process that is
found to be cost-effective for the preparation of
extremely fine and homogeneous powders.

For the advancement in this area of study, Our
work discusses the effect of Cr on the morphological
and magnetic characteristics of Bi(Pb)-2212 compos-
ites synthesized by the sol-gel process.

2 Experimental details
2.1 Chemical synthesis

In stochiometric proportions, Bi(NO3)3, Pb(NO3)2,
Sr(NO3)2, Ca(NO3)2 and Cu(NO3)2 are dissolved in
distilled water.

Bi solution is amended with Cr203 powder dis-
solved in nitric acid.

Bi1.8Pb0.45r2CaCu2CrxO8 + d, where x =0, 1, 2,
3,4,5,6, and 7 wt%, is the nominal composition of
the prepared samples. They will be labeled accord-
ingly as Cr0, Cr1, Cr2, Cr3, Cr4, Cr5, Cr6, and Cr7.

The solution of ammonia reacts with citric acid to
produce a triammonium citrate with a 2 mol/kg
content.
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Acrylamide CH2=CHCONH2 and N, N methylene
diacrylamide CH2=CHCONHCH2NHCOCH=CH2
are combined to make organic gels and complex the
Bi, Ca, Sr, and Cu cations. On a hot plate, the
resulting solution is mixed, stirred, and heated to 80°-
90 °C with a magnetic stirrer. Some drops of an AIBN
solution (2,2'-azobis(2-methylpropionitrile). in ace-
tone are added to speed up the gel’s formation. This
material is converted to Bi(Pb)-2212 by thermal
treatment at 400 °C for two hours and 700 °C for six
hours, respectively. In agate mortar, the powder is
ground and then calcined for 12 h at 860 °C, reaching
a speed of 5 °C/min.

2.2 Measurements

To perform phase analysis on the materials, X-ray
diffraction (XRD) is used on a Siemens D8-Advance
powder diffractometer by applying the application of
CuK radiation ( Z = 1.5418 A) with an angle incre-
ment of 0.02 in the range 20 = 10-55". The samples’
microstructure and surface morphology are of
examined by scanning electron microscopy (SEM,
JEOL 6390LV) equipped with an energy dispersive.
All samples are tested for resistivity between 10 and
120 K using a typical DC four-probe method with a
current of 5 mA on helium refrigerator operating in a
closed cycle (Cryodine CTI-Cryogenics). The current
connections and voltage are created using a silver
paste in which the magnetic field is used parallel to
the pellet’s surface and perpendicular to the current’s
direction of flow.

Magnetization measurements were taken as a
function of temperature m(T) and field m(H) utilizing
a QD-PPMS equipment with a VSM option [33] It has
been paid attention to reduce the residual entrapped
field inside the superconducting magnet before each
measurement [34, 35]. The sample was cooled in zero
field to make the m(T) measurement. Then the mag-
netic field is activated and data acquired while
increasing the temperature. After that, the sample has
been cooled down again but this time in presence of
field. This procedure allows to record data in Zero
Field Cooling (ZFC) and Field Cooling (FC) condi-
tions [36, 37], respectively. The m(H) measurement
was obtained by first cooling the sample to 4.2 K in
zero field, then ramping the field from 0 T to + 9 T,
then -9 T, and finally back to + 9 T [38, 39].

The samples were examined in a dc magnetic field
that was directed perpendicular to the sample’s
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biggest face. The magnetic moment in relationship to
temperature (m(T)), values has been calculated under
Zero Field Cooling (ZFC)-Field Cooling (FC) condi-
tions to determine a superconducting critical tem-
perature Tc of our sample.

Precisely, the sample is cooled to 40 K without a
magnetic field; then, the magnetic field is turned on
at 0.002 T, and data are collected for temperature
increase (ZFC) up to 100 K.

The sample is then cooled again, and the FC
magnetic moment is obtained in the presence of a

field.

3 Results and discussion
3.1 X-ray diffraction analysis

Figure 1la shows XRD pattern of the Bi(Pb)-2212
composites prepared with different contents of Cr. In
addition to the lines of the main phase, ( +)-marked
extra tiny lines are observed.

According to the JCPDS46-0392 file, they corre-
spond to the Bi-2201 phase with a low Tc.

The addition of Cr affects the intensity of the peaks
and the appearance of secondary peaks when the
amount of Cr is increased, indicating that Cr + * ions
are incorporated into the matrix. This result corre-
sponds to the Cr solubility limit in Bi(Pb)-2212.

The cell characteristics are refined using the JANA
2006 program [40] and the Bbmb space group [41].
The line intensities are fitting by a pseudo-Voigt
functional, the backdrop is described by 36 terms of
Legendre polynomials, and the asymmetric is cor-
rected using the Berar-Baldinazzi method.

Figure 1b shows XRD data of !three samples, 0%,
3% and 7% analyzed by Rietveld refinement method.
This method is based on the construction of diffrac-
tion patterns calculated according to a structural
model [42]. The background was corrected using a
Legendre polynomials. A peak profile function was
modeled using a convolution of the pseudo-Voigt
function with the asymmetry function described by
Berar-Baldinozzi correction.

Table 1 presents the obtained parameters synthe-
sized by modified sol-gel method. When there is an
increase in chromium concentration, there is typically
a decreasing trend in the parameters c. These
behaviors can be interpreted by substitution of Cu-
ion by Cr-ion in the structure, which reduces the
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Fig. 1 a XRD patterns of the
nonadded and Cr203 added
Bi1.8Pb0.4Sr2CaCuO8 + d
tapes. peaks according to the
Bi-2212 and Bi-2201 phases
are marked by * and + ,
respectively. b Rietveld
refinement for Cr 0%, Cr 3%
and Cr 7% samples
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oxygen levels in the unit cell [43, 44]. As seen from
the graph no secondary phase Bi2201 appears in
undoped sample, however it begins to rise as the Cr
addition is increased.

By applying the appropriate standard modeling
approach [45], the relative volume fractions (Table 1)
of the Bi-2212 and Bi-2201 phases in each sample are
determined from the intensities of the reflections:

Xphasei = Z Iphasei (Peaks) /(Z 12212 (Peaks)
+ > Joaon (peaks) (1)

Phase i = Bi-2212 or Bi-2201, where I»1» and Iy
are the XRD intensities of Bi-2212 and Bi-2201 phases,
respectively. It can be clearly seen in Table 1 that the
Bi-2201 secondary phase is more evident in doped
samples and the addition of Cr decreases the inten-
sities of Bi-2212 and increases the intensities of Bi-
2201. The undoped sample has higher volume frac-
tion of the Bi-2212 phase (90%) than other samples.

The average crystallite size (D) has calculated from
Debye-Scherrer formula [46]:

0.9
D=2~
BcosO’

where 1 is the wavelength, f is the full width at half
maximum FWHM and 0 is the angle of the intense
peak. From Table 2 the crystallite size decrease with
the increase of Cr addition.

(2)

3.2 SEM results

The contribution of Cr doping on the morphological
characteristics of Bij gPbg 4Sr,CaCu,Cr,Og 4 ceramics
is studied in more detail with scanning electron
microscopy, which is used to capture image of certain
areas as microanalysis. Figure 2 has shown the SEM
micrographs of the pure and Cr-addition samples
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taken at the same magnification (5000X) with a size of
about 2 um from the surface of the pellets. Doping
with Cr doesn’t seem to have much of an effect on the
morphology of the grain. It's easy to see that the
shape of the grains in all of all samples is very sim-
ilar. The characteristic flaky grains of Bi-2212 are
visible. However, it is observed that the undoped
sample is denser, contain small sized grains with
connectivity. This fact could induce better transport
superconducting properties. So, doping with Cr
worsens the surface morphology.

The addition of Chrom in the grains of the doped
samples was confirmed by qualitative EDX analysis
presented in the Fig. 2. Our spectrum shows the
absence of the parasite phases in all samples.

3.3 DC electrical resistivity measurements

The electrical resistivity versus temperature p(T) of
the samples, calculated using the standard four-
probe dc technique between 40 and 110 K, is dis-
played in Fig. 3. The above data are normalized to the
resistivity p, at 110 K. All samples display a metallic-
like character in the normal state. It can be easily seen
that both T, o, and T, changes with doping. The
values of parameters like T.on, Tecoff and supercon-
ducting transition width AT, for different amounts of
Cr are listed in Table 3. Possible causes for a differ-
ence in Tc include the induction of mobile carriers,
the total oxygen concentration, and the disorder in
the CuO; planes.

All samples have an almost identically narrow
width of transition temperature, suggesting that there
is just one superconductivity transition. Contrarily,
larger transition widths are sometimes associated
with a high disoriented angle, hence reducing inter-
granular connectivity. [47].

Table 1 Samples parameters
and resistivity measurement
results for

Bi; §Pbg 4512CaCu,CryOs1.4

Samples T, on(K) Tc, oK) ATXK) ¢ (A)  Volume fraction (%) Hole concentration (P)
2212 2201
Cr0% 78.70 72.79 591  30.80 90 10 0.431
Cr1% 83.87 73.10 10.77 30.72 76 24 0.420
Cr2% 85.26 73.37 11.89 30.72 73 27 0.429
Cr3% 86.48 68.71 17.77  30.68 71 28 0.417
Crd% 78.96 55.25 23.71  30.66 71 29 0.414
Cr5% 81.37 66.05 1532 30.66 71 29 0.411
Cr6% 87.02 64 22.14 30.66 70 30 0.416
Cr7% 86.43 65.73 20.7 3065 70 30 0418
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Table 2 Unit cell parameters,

crystallite size for each of the Cr0%  Crl%  Cr2%  Cr3%  Crd%  Cr5%  Cr6%  Cr7%
1
sampres a(A) 53782 53785 53746 53927 53661 53646 53670 53750
c(A) 308026 307225 307209 30.6858  30.6683 30.6669 30.6571  30.6941
20)  31.041 31161 31161  31.162 31160  31.105  31.041  31.193
D(mm) 2598 2553 2389 2379 2342 2194 2111 2053

Hole-carrier concentrations p per Cu-ion are esti-
mated for each sample using the Eq. (3), [7]:

P=016+ Kl - T—> /82.6} . 3)

C,max

while T hax has been assumed to be 95 K for Bi-2212
phase [26] and T, . values were derived in Table 1.

Doping modifies the behavior of the sample from
an overdoped zone to an appropriately doped region.

The minimal hole number of 0.417 observed for the
Cr3% amount indicates that it is closest to an optimal
manner doped area.

Therefore, the inclusion of trivalent Cr3 + reduces
the number of efficient holes.

The Tc,on of all samples correlates better with the
holes ‘s concentration of CuQO2 layers.

3.4 Magnetic results

All the measured curves are reported in the left panel
of Fig. 4. The temperature value associated with the
onset of the ZFC magnetic moment drop is defined as
the Tc, and its behavior as a function of Chrome
doping is reported in Table 3 and in the right panel of
Fig. 4. It is visible how, starting from the undoped
sample, the T, value increases up to 4% Cr doping
concentration [48]. Further increasing the doping
percentage, the T. starts to decrease. This dome
shape-like behavior is usually attributed to an
increase in the carrier density due to the doping. In
fact, an under/optimal-doping causes a pressure
induced charge transfer which enhances the Tc value
in the HTSC while an over-doping determines an
increase in coulomb correlation which causes a low-
ering of Tc values [49, 50].

In Fig. 5, the m(H) curves for various samples have
been presented. The existence of flux pinning centers
is visible looking at the m(H) shape [51]. Moreover,
possibly surface barriers are present when the
superconducting  hysteresis  loops are not
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symmetrical [52]. Understanding how the Cr doping
effects on the transport capabilities of the sample, the
Bean critical state approach has been applied to
determine the critical current density J. from m(H)
curves [53-55] Since Jc is dependent on the width of
the hysteresis loop, the formula (4) for calculating it
in slab geometry is as follows:

20AM

=0 4
F a4 Y
where AM = Mg, — My, Man and M,, refers for
magnetization, which can be measured with
decreasing and increasing applied field, accordingly,
a (cm) and b (cm) are the sample dimensions (b<a).

It is evident that the general shape of . is typical
for type-II superconductors (Fig. 6, left panel)
without the presence of peculiar phenomena such
as second magnetization peak effect or multidomain
J. behavior [56-59] very often due to pinning
crossover and/or vortex dynamics which can be
efficiently studied by using the multiharmonic ac
magnetic susceptibility method [60-62]. By extract-
ing the value of J. at fixed fields from the J.(-
H) curves reported in the left panel of Fig. 6, the Jc
can be plotted as a function of the Cr doping con-
centration for various magnetic fields(see right
panel of Fig. 6). In this graph it is visible how the J.
drops at 1% Cr doping for all the fields. Then,
increasing the Cr doping to 2%, the J. starts to
increase for all the fields until it reaches its maxi-
mum value for a Cr doping concentration equal to
3% for all the fields. This development is a result of
the decrease in intrinsic anisotropy and to the fact
that the addition can provide new efficient pinning
centers at highest fields [45]. On the other hand, for
higher amount of Cr, the J. values start to decrease
probably due to an excessive number of impurities
which locally destroys the superconductivity phase
of the sample so worsening its current transport
capabilities.
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Fig. 2 SEM micrographs of added and nonadded samples.In the right panel EDS spectrums of samples with chemical composition
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4 Conclusion

X-ray diffraction (XRD), scanning electron micro-
scopy (SEM), electrical resistivity, and magnetic
characterizations were performed on various
Bil.8Pb0.45r2CaCu2CrxO8 + d samples with x =0,
1,2,3,4,5 6,and 7 wt%.

We discovered other smaller lines attributable to
the Bi-2201 low Tc phase appearing in the doped
samples using X-ray diffraction analysis, in addition
to the main 2212 phase lines.

" pure | I
03F T=42K —o—Dop1% Chrome ]
—+— Dop2% Chrome
02k —v— Dop3% Chrome ]
| Dop4% Chrome
—<— Dop5% Chrome
Dop6% Chrome
—o— Dop7% Chrome

.
W
o
3 -
oo
=)
)

Fig. 5 Superconducting hysteresis loops for
Bi] ‘ng0'4SI'2C3.CleCI'X08+d

0 o0
N W
T T

HH
1 1

T, (K)

~N 3
~N o0 O
T T T
1 1 1

0 1 2 3 4 5 6 7
Chrome Doping (%)

Fig. 4 Magnetic moment as a function of temperature m(T) measured in ZFC-FC conditions with an applied magnetic field of 0.002 T
(left). In the right panel the superconducting critical temperature is plotted as function of the Chrome doping
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Fig. 6 Critical current density J. as a function of magnetic field (left) extracted from the m(H) curves in Fig. 5. In the right panel the
superconducting critical current for different magnetic fields is plotted as a function of the Chrome doping

This result shows that the presence of Cr inhibits
the formation of the Bi2212 phase while increasing
the presence of the Bi-2201 secondary phase. Except
for a slight effect on grain size, the SEM analysis
revealed that the Cr doping has little effect on the
surface morphology of the sample.

Studies of DC electrical resistivity versus temper-
ature revealed that Cr doping altered both Tc,on and
Tc,off of the samples.

The Cr6% and Cr2% have the highest values for
Tc,on and Tc,off, respectively.

The critical temperature Tc and critical current
density Jc as a function of doping concentration were
calculated using dc magnetic measurements.

The highest value for Tc was obtained for the Cr4%
doped sample due to a possible increase in carrier
density with doping.

We also discovered that an initial Cr addition (up
to 3%) can provide new favorable pinning centers,
improving the pinning landscape of the samples and
leading to an increase in Jc.

By continuing to add Cr% to the compound,
however, the Jc begins to decrease, most likely due to
an excess of impurities, which worsens the com-
pounds’ superconductivity phase.
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