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Abstract: 

The polycrystalline granular BSCCO high Tc superconductors (HTSC) have limitations 

in various applications. These limitations appear due to the flux pinning's weakness and 

the weak links between the grains comparatively in high temperatures and high applied 

magnetic fields.Bi2Te3 nanoparticles are artificially introduced into the Bi-2223 HTCS 

matrix to be employed as effective flux pinning centers to enhance the flux pinning 

capability and the critical current density.  The effect of the additive of Bi2Te3 

nanoparticles on the structural and physical properties of Bi-2223 were investigated for 

the polycrystalline (Bi1.6Pb0.4Sr2Ca2Cu3O10+δ)1-x/(Bi2Te3)x where (x = 0.00,0.01,0.02& 

0.03). The phase structure/formation, volume fraction, the lattice constants were 

described by X-ray powder diffraction (XRD) measurements. Diamagnetic signal has 

been investigated with two onset temperatures (Tc1&Tc2) for the common BSCCO 

phases (Bi-2223 and Bi-2212) which confirm the XRD obtained data without any 

indication for unwanted impurities. The magnetic interactions between Bi2Te3 

nanoparticles addition and the superconductor matrix are discussed at 5 and 50 K. The 

relation between the microstructure, BSCCO phase's contents, the hysteresis loops, the 

calculated critical current densities, and the flux densities were also reported for the 

samples. Nano-Bi2Te3 shows a great impact on the BSCCO superconducting properties 

and influences its flux densities and the flux pinning mechanisms as reported 

experimentally and theoretically. Consequently, the additive of Bi2Te3 nanoparticles 

must be carefully controlled to balance the microstructure and superconducting 

parameters of the BSCCO HTSC. 

 

Keywords: Powders: solid state reaction, Microstructure-prefiring, Oxide 

superconductors, Electron microscopy, Magnetic properties, Flux pinning and critical 

currents density. 
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1- Introductions  

Since the discovery of high oxide superconductors [1,2], Bi-based high-temperature 

superconductors (HTSC) are one of the significant compounds of Cuprates families. 

Because of their higher Transition temperature (Tc=110 K) for Bi-2223 phase, favorable 

mechanical properties, high upper critical magnetic fields Hc2, large critical current Jc, 

BSCCO systems are used widely in a lot of commercial applications such as cables [3–

5], magnets [6], magnetic resonance imaging systems (MRI) [7], superconducting fault 

current limiters (SFCL) [8], and magnetic sensors [9,10]. The superconducting 

characteristics of the Bi-2223 mechanism are closely associated with its 

hole concentrations, its pinning ability, and its phase microstructure [11-14]. Therefore, 

the research interest in the BSCCO systems is concentrated mainly on improving the 

overall properties of the Bi-2223 phase in order to improve materials properties for 

practical applications. (Jc) values differ significantly from sample to sample, 

representing the conditions of preparation and the effect of doping rates. Among 

the calcined polycrystalline oxide superconductors, it is well known that (Jc) is 

influenced by the weak-linked aspect of its grain boundary [15, 16]. 

The method of additions and substitutions is also used to solve the limitations of 

the Jc and better understand the factors that affect the significant superconducting 

parameters. It is pointed that the doping level of different types of atoms at distinct 

positions in HTSC produces a level of crystal defects inside the material. Including the 

lattice strains' effectiveness, non-superconductive phase inclusions, and other structural 

inhomogeneities could serve as efficient flux pinning in such a material, increasing 

critical current density (Jc) in both zeroes as well as the applied fields [17-20]. 

3d magnetic elements (Co,Zn,Fe …etc) were favorable to be substituted into Cu 

site in CuO planes because they are close in their ionic size [21-24].This magnetic 

substitutions suppress the Tc and also affected the Jc values [25, 26]. The magnetic 

characteristics of doping and the repression of superconducting behaviour are attributed 

to the solely local disorder produced by the doping concentration. On the other hand, 

critical temperature Tc and microstructure have been degraded with the rare earth 

additive in these systems [27]. Where, the doping of Nd [28] and Pr[29] have, 

conversely, been shown to improve the flux pinning properties of the Bi-2223 HTSC.  

Many research studies consider the limitations of the weak links and weak flux pinning 

capability for the Bi-2223 phase to be used widely in many applications [30]. Generally, 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



4 
 

the additive of nanoparticles such as nano-oxides to (Bi,Pb)-2223 superconducting phase 

participates in enhancing the flux pinning and critical current density [31,32]. 

Polycrystalline (Bi,Pb)-2223 high Tc superconductor systems were fabricated by solid 

state reaction technique in the air with (0-0.2% wt) additive from Al2O3 nanoparticles 

[33]. Ghattas et al. found that the critical current density Jc, volume pinning force 

density, the onset transition temperature Tc and the effective energy U have been 

enhanced with 0.2% Al2O3 additions [34]. Baqiah. et al. synthesized Bi-2223 system by 

using solid-state reaction method by adding Sm2O3 nanoparticles (x=0.00-0.05). The 

introduction of Sm2O3 nanoparticles influenced Bi-2223/Bi-2212 volume fraction ratio 

and strengthened the Bi-2212 phase formation by x=0-0.02 wt % samples [35]. 

Jannah and his co workers improve Bi-2223 phase formation by Co3O4 addition 

with different weight % (x=0.0-0.05). They used solid-state reaction method to produce 

the materials. They achieved the highest Tc =102K, the highest Bi-2223 volume fraction 

at x= 0.01 % whereas the highest critical current density Jc was observed for x= 0.03% 

[36]. Other researchers reported the addition of ZrO2 [37], SiC [38], MgO [39] , Fe2O3 

[40], MgB2[41], Nb2O5 [42],Cr2O3 and FeS [43] nanoparticles that cause different 

effects on Bi-2223 properties such as the microstructure, the flux pinning and the current 

density Jc of this system. Careful control of the particle size as well as the doping 

amount to be held less than the critical level may provide the flux pinning in Bi-2223 

HTCS. Moreover, the flux pinning and the other mechanisms are needed for more 

identifications and studies. Some studies consider the doping of nano-sized magnetic 

particles that introduce normal-like defects into the superconducting matrix, interact 

with the vortices, and act as effective pinning centers inside Bi-2223 HTSC [42,44, 45]. 

In this communication, the additive of topological insulator (Bi2Te3) 

nanoparticles to BSCCO HTSC was investigated for the first time. So the objectives of 

this study were to determine the consequence of Bi2Te3 nanoparticles addition before the 

final steps of heat treatment of Bi1.6Pb0.4Sr2Ca2Cu3O10+δ superconductor. The structure, 

the phase formation, the sample morphology, the magnetic properties, and the critical 

current density of the samples were discussed in detail. 

 

2-Experimental: 

2.1. Samples preparation  

Bi2Te3 was prepared by the solvothermal technique as mentioned in our previous 

work [46]. Bi2Te3 was grinded for 2 hr by ball milling machine to increase the reduction 
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of grains sizes. For (Bi1.6Pb0.4Sr2Ca2Cu3O10+δ)1-x (Bi2Te3)x  (x = 0.0, 0.01, 0.02, 0.03) 

composition were synthesized by solid-state reaction technique by appropriate 

stoichiometric oxides. High-purity powders of Bi2O3, SrCO3, CaO, PbO and CuO were 

used in the preparation process. The Oxides were used to prepare 

Bi1.6Pb0.4Sr2Ca2Cu3O10+δ first by grinding the oxides very well for 1 hr in a ball milling 

machine till the homogeneity was achieved. The initial product was pre-calcinated for 

24 hrs at 860˚C, and then it left to cool gradually. It was remarked that the powder turns 

to dark color. Then, the dark powder was grinded again for 1 hr in the ball milling 

machine, pressed into discs and sintered for 48 hrs at 870˚C.The final stage is the 

additive of the Bi2Te3 nanoparticles to the powder. the calcinated powder was ground, 

divided into four parts, and appropriate amounts of Bi2Te3 nanoparticles were added 

with the composition (Bi1.6Pb0.4Sr2Ca2Cu3O10+δ)1-x (Bi2Te3)x  (x = 0.0, 0.01, 0.02, 0.03). 

Each sample was thoroughly mixed and ground for 2 hrs into the ball milling machine 

with the stoichiometric ratios for each concentration and pressed in a disc-shaped pellet, 

then sintered for 48 hrs at 850˚C in air. 

The powder and Bi2Te3 nanoparticles were grinded for 2 hrs into the ball milling 

machine with the stoichiometric ratios for each concentrations. 

(Bi1.6Pb0.4Sr2Ca2Cu3O10+δ)1-x (Bi2Te3)x  (x = 0.0, 0.01, 0.02, 0.03) output yields from the 

ball milling were pressed into pellets and sintered for 48 hrs at 850˚C. 

2.2. Phase identification  

The structural characterization such as the phase identification, unit cell volumes, 

grain sizes, and the other microstructure investigation were accomplished by employing  

a completely computerized X-ray diffractometer, Shimadzu XRD-6000 type with CuKα 

radiation source (λ=1.54 Å).  

Energy-dispersive X-ray spectrometer (EDX) JOEL (JCM-6000PLUS) benchtop 

scanning electron microscopy (SEM) was employed to examine and determine the 

elemental composition of the obtained samples. Also, SEM has been used to scan the 

surface topography of specimens by using ZEISS which deliver high-resolution imaging 

and superior material contrast. 

High-resolution transmission electron microscopy (HRTEM) images were obtained were 

prepared by dispersing the materials in methanol for 15 min; on the TEM grid film, a 

drop from the dispersed materials put on it and left to dry. Then the grid was taken and 

handled into the machine from type (HRTEM, Jem-2100, Jeol, Japan). The negatives of 
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the micrographs obtained were converted into digital image files with a CCD camera. 

Computerized image processing, including careful filtering to improve image quality, 

was performed with the help of image processing software. 

2.3. Superconducting measurements. 

Magnetization M(T) has been carried out by a vibrating sample magnetometer 

(VSM) using a Quantum Design Dynacool physical properties measurement system 

(PPMS). This technique is used for finding out the superconducting signal (Meissner 

signal) via the investigations of the onset temperature (Tc).  These measurements were 

accomplished at low temperature for two modes; the zero field cooled (ZFC) and field 

cooled (FC) to stand up on the temperature dependence of the remnant magnetization, 

M(T). Also, the hysteresis loops at different temperatures were also examined in order to 

investigate the change of the critical current densities through the magnetic field and 

temperature increase at 5 and 50K with Bean's model's assistance. 

3. Computing and programming 

3.1 Lattice parameters calculations 

UnitCell software has been used to refine lattice parameters and unit cell volume from 

powder diffraction data. It utilizes a nonlinear least squares method, which allows 

carrying out the refinement on the observed X-ray powder diffraction data, presenting a 

method which minimizes residuals in the experimentally determined quantity (usually 

2θhkl). This software gives information about the propagation of the error resulting from 

the calibration procedure that considered in the estimation of the total uncertainty of the 

lattice parameters of the actual sample under investigation. The standard deviations (σ) 

and the U95% uncertainties of measurement at the 95% confidence level are calculated 

from UnitCell software as mentioned in [47, 48]. 

 

3.2 Winfit program 

 

Rietveld refinement of the obtained XRD patterns was performed using Winfit software, 

to make a deconvolution of the samples diffractograms. Additionally, it was utilized for 

crystallites size and strain calculations using a single line (max. peak) in the XRD 

pattern according to the relation (ε=
𝛽

4 𝑡𝑎𝑛𝜃
), ε: strain and β: the peak broadening [48]. 

 

4. Results and Discussions:  

4.1. X-ray characterization: 
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The normalized [x= 
𝑎−𝑎𝑚𝑖𝑛

𝑎𝑚𝑎𝑥−𝑎𝑚𝑖𝑛
], (x is the normalized value of the intensity, a is the 

intensity value, amin is the minimum value obtained in the intensity, amax is the maximum 

value obtained in the intensity)[49] X-ray diffractograms of BSCCO system with 

different concentrations from Bi2Te3 nanoparticles (Bi1.6Pb0.4Sr2Ca2Cu3O10+δ)1-

x/(Bi2Te3)x, (x = 0.0,0.01, 0.02, 0.03) named as (2223, 2223/(Bi2Te3)0.01, 

2223/(Bi2Te3)0.02and 2223/(Bi2Te3)0.03) are shown in Figure (1). The identified phase 

was the Bi-2223 and Bi-2213 of orthorhombic system according to the JCPDS card No. 

42-0514 for (BiPb-2223) and JCPDS card No.45-1224 for (Bi-2213) respectively, as 

depicted in Figure (1). Maqsood et al. show in their work (card No. 42-0514), that the 

doped Bi-2223 with different concentrations of Pb composed from many mixed phases 

at different Tc temperatures [50]. One of these phases was the low Tc phase Bi-2212 due 

to its stability and the other one was the higher Tc phase Bi-2223 [50].On the other hand, 

Ran et al., in the card No.45-1224 for (Bi-2213), explained that (Bi-2213) consists of  

two phases (Bi-2223&Bi-2212) in the ratio 1:2 with onset diamagnetic transition at 

Tc=80K [51]. Besides, unidentified minority phases of non-superconducting compound 

are not investigated for these systems. It is appeared that there is not any signs/peaks 

belongs Bi2Te3 which confirm that the nanocrystal of Bi2Te3 solute into the BSCCO 

matrix successfully. Even though Bi2Sr2Ca2Cu3O10+δ HTSC material classified as one of 

most significant superconductors employed in a lot of practical applications but it still 

has a lot of limitations, especially single phase-production, owing to:   

(i) The Bi-2212 (Bi2Sr2CaCu2O8+δ) has more thermodynamic stability at the 

temperature range of preparation than that of (Bi-2223); thus, it typically has the 

majority phase [50, 51, 52] as well as the peaks overlapping between BSCCO 

phases exhibit the difficulty in volume fractions calculations.  

(ii) The stabilization temperature range of the Bi-2223 phase is very sensitive and 

limited in several synthesis techniques [53]. So Pb was utilized in doping the 

stoichiometric Bi-2223 samples before Bi2Te3 additive to hopefully make them 

more stable and enhance high Tc phase volume fraction. It is appeared that Bi-2223 

was appeared in the prepared samples as compared with JCPDS cards. But Bi-2212 

(Bi2Sr2CaCu2O8+δ) phase was also confirmed to be existed too as the highest ratio in 

Bi-2213 phase.  

(iii) The Oxygen deficiency possibly will create secondary phases in the obtained 

compositions due to the modulated displacement in Bi2O2 and calcium layers 
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consistent with Oxygen atoms of CuO2 planes, where the presence of defects can 

substantially change the charge distribution in the CuO2 planes [54] 

 

It seems that the addition of Bi2Te3 concentration can affect the rate of reaction, 

which restricts slightly the formation of Bi-2223. This fact suggests that the Bi2Te3 

nanoparticles addition leads to a change in the homogeneity of the transient liquid 

forming, its viscosity and the reaction rate of the Bi-2223 phase. According to the XRD 

spectra, peaks assigned to the Bi2Te3 phase admixture was not detected even with high 

Bi2Te3 nanoparticles amounts. Moreover, after the calculated of the lattice parameters 

and unit cell volumes are obtained, as listed in Table (1). As shown in Table (1), a 

considerable change was detected in the unit cell volume calculations and c lattice 

parameters for both BSCCO phases, which prove the effectiveness of the additive of 

nano- Bi2Te3 fit into the structure of Bi-2223. Due to the difficulty of the phase 

separation of HTSC BSCCO phases, their volume fractions are approximated equal in 

values even though Bi2Te3 nanoparticles concentrations increase (Table (1)).   

 

These results indicate that the small amounts of nano- Bi2Te3 additive participate 

effectively in the phase stability of the BSCCO systems and may slightly affect the low 

Tc phase (Bi-2212) to the high Tc phase (Bi-2223) ratios. We claim that the effect of 

Bi2Te3 nanoparticles in this situation on the Bi-2223 phase may support in stabilizing the 

Bi-2223 phase formation due to the existence of Bi which looks like Pb doping. The 

existence of several inequivalent Cu positions in Bi-2223 unit cell (in the inner and outer 

planes) plus the understanding of Bi and Te's solubility's on the different sites; 

consequently, it is believed that Bi of Bi2Te3 may occupy Bi site in BSCCO unit cell. 

Also, it is known that the structural properties and grain connectivity of the Bi-2223 

systems are weakened by adding Bi nanoparticles [55]. It is claimed that Te behaves like 

the transition metals, which may prefer to occupy the outer Cu sites; otherwise, it is also 

expected that Te could prefer to be positioned adjacent to the outer planes containing 

oxygen [56]. Furthermore, the c lattice parameter was slightly varied. It was detected 

due to nano- Bi2Te3 addition, which makes a significant change in the hole 

concentrations in the CuO2 planes, which has no strong effects on the transition 

temperatures of BSCCO phases.  

The lattice strains were also affected due to the additions of Bi2Te3 nanoparticles, 

which are observed in Figure (2), which shows the maximum peak shifts. The addition 
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of Bi2Te3
 
nanoparticle causes XRD peaks to shift to lower angle. This result may be 

related to the changes of the peak broadening and the grain size of the samples. The 

maximum peak shift, the lower intensity, the max increase in the FWHM of the main 

peak indicating the lower grain size, and the maximum unit cell volumes was obtained 

for 2 %wt sample that confirm the data estimated from Winfit program (Table (1)). This 

may imply the strong interactions between Bi2Te3 nanoparticles and BSCCO matrix and 

the impact on the bond lengths and increasing in the interplane coupling.  

 

 Besides, Table (1) illustrates the highest value for the strain for (Bi2Te3 with 

x=0.03).  This comprises that optimizing the appropriate quantity of Te doping into Cu 

sites does not strongly impede the pathways of the reactions for Bi-2223 formation 

phase. Additional information and investigations were figured out from the given results 

acquired from the magnetization measurements and is reported below. 

3.2 Scanning Electron Microscopy (SEM) 

SEM micrographs of the samples are presented in Figures (3a& b) and (3d& e). 

The analysis of fracture micrographics in these samples also indicates changes in both 

the grain size and the grain orientation. Also, This SEM analysis observes the non-

uniform phase on its surface. But some areas show layer structure estimated belonging 

to crystal structure of BPSCCO system. Sample also forms a porous material.  

In the obtained samples, a plate-like nature of grains, typical of HTSC Bi-based 

superconductors is observed. The lamellar structure, characteristic of high critical 

temperature superconductors, is also visible in many grains, while with the Bi2Te3 

addition the grain size slightly decreases and porosity increases. The average size of the 

grain is estimated, from image j software, ranging from micro to nanoscale (40: 90 nm) 

that confirms the obtained data from XRD. The morphology of the grains slightly 

changes with Bi2Te3 content (1–3 %). It is to be noticed that the 1 % added sample 

shows a microstructure and nanostructures with randomly distributions with highly 

dense packed grains aligned and are much larger. The sample with x=0.03 provides 

aggregations between the small grains with different sizes that distributed randomly on 

the surface of the sample. The black regions are randomly distributed in the matrix 

structure, which indicates a weaker link between the grains.  

The addition of Bi2Te3 nanoparticles may impact the surface morphology and the 

average size of BSCCO. This is what was expected; the Bi2Te3 compound at these low 

concentrations seems to find its way into the grain boundaries and introduce new 
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artificial boundaries decreasing slightly the average size of the BSCCO crystallites. The 

grains are distributed randomly or we can say that the grains in the specimen are 

oriented anisotropically and poorly connected. On the other hand, Figure (3c 

&f) presents the EDX spectrum of the surface of the samples with 1 % and 3 % of 

Bi2Te3 addition, which shows that the main elements of the grains are Bi, Pb, Sr, Ca, Cu, 

Te, and O, atoms. These results indicate the incorporation of Bi and Te into the BSCCO 

lattice and reveal that the elemental composition of all the samples does not contain any 

foreign element. It is seen that from EDX data that the ratio of Bi and Te increases 

slightly with the increase of Bi2Te3 nanoparticles. It supposed that Bi2Te3 to melt and 

diffuse inside sample since its melting temperature (Tm = 585°C) lower than the 

sintering temperature.  

3.3 Transmission Electron Microscopy (TEM) images 

Figures (4a-c) portray the TEM images of (Bi1.6Pb0.4Sr2Ca2Cu3-

yO10+δ)0.99/(Bi2Te3)0.01 sample, which exhibits the formation of BSCCO thin micro-sheet 

with tiny particles in the background in different sizes ranging from nano to microns 

(Figure 4c) . It is clear from SEM & TEM images for the inter-planar distances were 

ranging from a few nm, which were assigned to the lattice planes for the orthorhombic 

crystal structure, which confirmed XRD data. HTSC materials, especially BSCCO 

phases has double or triple CuO2 planes, have remarkable microstructural and 

morphological characteristics due to its incommensurate modulation structure (which is 

common for these perovskite materials [57:59]). On the other hand, the obtained Figure 

(4c) shows that Bi2Te3 nanoparticles were embedded into the grains of BSCCO 

polycrystalline materials or more practically between its planes. 

 

These images portrayed the grains of BSCCO with a clear presence of high 

density tiny accumulated particles from Bi2Te3 nanoparticles, as seen in Figure (3c&b). 

It is suggested that the orientations of these nano-sized particles of Bi2Te3 produce 

significant effects on the superconducting transitions temperatures of the HTCS and also 

the critical current density (Jc) values compared with an isotropic distribution [60]. It is 

believed that the self distributions of the nanoparticles into the BSCCO planes during 

the composite processing make them promising to be used in applications. The obtained 

results confirmed the data obtained from SEM and XRD.  

 

3.3 Magnetization measurements 
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Temperature dependence magnetic response for Zero field cooled (ZFC) / field 

cooled (FC) of the present samples between 4 K and 120 K are shown in Figure (5). 

Figure (5) reveals M-T and dM/dT versus T measurements for (Bi1.6Pb0.4Sr2Ca2Cu3-

yO10+δ)1-x/(Bi2Te3)x with (x=0.00,0.01,0.02,0.03) systems, which proves so well the 

superconducting diamagnetic signal for double transitions from high-Tc phase Bi-2223 

and the low-Tc phase (Bi-2212). Tc1 and Tc2 for each phase were observed from (M-T) 

measurements Table (1). These results reveal that the existence of the two BSCCO 

phases as discussed before in XRD where Bi-2213 phase composed of high and low Tc 

phases, as mentioned in ref. [45]. In both cases for (ZFC/FC) in Figure (5), the 

diamagnetic signal decreases with the addition of Bi2Te3 nanoparticles, and reaches a 

minimum value for 1% wt. of Bi2Te3 additive. The achieved results for the shift in 

diamagnetic signals may be associated with the weak coupled between the grains in 

2223 samples [61]. 

 

The highest signal was remarked for 3 %wt. Bi2Te3 amongst the doped samples. Also, it 

is claimed that Bi2Te3 additive may also influence the characteristics of the BSCCO 

phases negatively. But on the other hand, it enhances the transition temperature and the 

phase stability of the lower phase Bi-2212 (Tc2) (Table (1)). Tc1 and Tc2 depend on the 

local structure and are robustly influenced by the charge densities redistribution through 

the CuO2 planes, including their adjacent layers, which are regarded as a charge 

reservoir. The eliminations of Oxygen form Cu-O chains create an imbalance in the 

charge distributions through the planes, so it is expected that the slight changes in Tc and 

the lattice parameters as well.   

The minor obtained changes in the onset transition temperatures were 

investigated and proposed within the experimental error where the diamagnetic signal 

for the low Tc- phase was sharper than the higher Tc- phase. This give us different 

interpretations for the volume fractions of BSCCO phases observed in XRD analysis 

which does not reflect the ratios of the phases of BSCCO in magnetic properties. Many 

reasons could help in understanding this effect: i) This could be due to the insufficient 

duration of sintering time to optimize the formation of high TC phase [62], ii) This 

decreasing of Tc  attributed to the decrease of hole concentration in the Cu-O plane 

caused by the Bi2Te3 nanoparticles dopant which providing additional electrons that in 

turn decrease the hole carrier concentration due to the interaction of Te2- ions with 

BSCCO matrix that leading to affect on diamagnetic signal and other superconducting 
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properties [63], iii) This may imply to the characterization the superconducting 

thermodynamic fluctuations [64] or the opening of spin-gap that appears in the HTSCs 

due to magnetic impurity substitutions [65]. These superconducting thermodynamic 

fluctuations occur at finite temperatures just above Tc due to the appearance of Cooper 

pairs even above this temperature [66].  The highest achieved magnetization signal was 

registered for the pure sample and the 1 % wt Bi2Te3 sample, which may be attributed to 

the solubility limit of Bi2Te3 into the BSCCO matrix [56].  

 

The (M–H) hysteresis cycles for the undoped/doped BSCCO pellets with Bi2Te3 

nanoparticles are obtained at two distinctive temperatures, 5 and 50 K, in a magnetic 

field of ±15 KOe (Figure (6)).  The obtained samples were cooled at zero field, and then 

the external magnetic field was oriented perpendicular to the plane of the samples swept 

up to Hext = 15 KOe, then to Hext = -15 kOe and back to Hext = 15 kOe again. The 

determined magnetization confirms the performance typical for a high-temperature 

superconductor with strong pinning. Typically, the magnetization (M) at a fixed external 

field obviously associated with the field sweep direction. This indicates that the external 

field's magnitude and direction play a significant role in the current density changes. 

 

The hysteresis loops of the obtained samples demonstrate wider loops at 5 K 

than that obtained at 50 K that may indicate the doping effect of Bi2Te3 nanoparticles in 

the matrix of BSCCO. Also, the pure sample shows the widest one in both hysteresis 

loops at 5 and 50 K, respectively.  

Generally, Figure (6) exhibits a small symmetrically an incensement around -

5000 Oe and +5000 Oe which assigned to a magnetic field-induced enhancement of the 

irreversible magnetization called ‘‘second magnetization peak’’ SP which common in 

HTSC. The investigation of this effect of controlled disorder on both the SP observed in 

the irreversible magnetization at temperatures below 35 K and the closely related jump 

in the reversible magnetization identifying the first order transition in the highly 

anisotropic BSCCO. BSCCO has lead to the general acceptance of a phenomenological 

phase diagram of the vortex lattice containing three distinct phases: the vortex liquid, the 

crystalline and glassy solid phases which related to [67, 68] the phases transition from a 

quasi-ordered low magnetic field phase to a disordered high field phase [67, 

69].Through the swept field, the critical state was established (full flux penetration 

throughout the sample). The lower branch of the loop was subsequently measured as the 
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field was ramped from 0 Oe to ±10 kOe, and the upper branch was collected as the field 

was swept back down. The curves of the samples with/without Bi2Te3 additions exhibit a 

distinct shape with a conspicuous feature: a second magnetization peak (SP) at ±5 kOe. 

In general, this shape and the magnitude of the magnetization is indicative of a vortex 

pinning regime at low fields below ±5 kOe and get stronger pinning at higher fields. The 

source of pinning is likely point defects in the Bi-O layer—specifically, oxygen 

interstitials and Bi vacancies [67: 69] , and this should be the main source of disorder in 

the bulk that hinders thermal wandering of vortices. 

In HTSC crystals, a surface barrier—called the Bean-Livingston (BL) barrier—

often plays a significant role in determining the magnetic properties and shaping 

the M(H) loops [70,71]. It originates from competing effects: vortices are repelled from 

the surface by Meissner shielding currents and attracted by a force arising from the 

boundary conditions (usually modeled as the attraction between the vortex and an image 

antivortex [72]). On the other hand, wider hysteresis loops in the critical state picture 

can entail both larger Jc's and/or larger grain size. Furthermore, the strong flux pinning 

and more well-defined anisotropy. 

 

The inductive critical current density Jc (A/m2) or the magnetic critical current Jc 

have been computed from DC magnetization of hysteresis loops of a fixed temperature 

and slow field sweep. The expression linking the hysteresis loop opening ΔM and Jc 

includes assumptions on Jc(H) dependencies collectively according to the critical state 

models. Also, the geometry of sample appears into the formula. Jc values for the 

investigated samples were calculated using the following formula [73]:- 

𝐽𝑐 =
20 𝛥𝑀

𝑎(1−𝑎
3𝑏⁄ )

                                                          (1) 

Jc signifies the critical current density in A/m2, ΔM represents the width of the 

magnetization hysteresis loop in emu/cm3 and a, b symbolize the side dimensions of 

pellet in cm. This expression is used to evaluate the critical current density for the 

isotropic superconducting materials with rectangular shape cross-sections positioned in 

the plane perpendicular to the external magnetic field [73]. Figure (6) concludes that the 

ΔM for the hysteresis loops decrease with increasing the temperatures, which 

characterize the critical current density due to Bean's model by assuming an identical 

and steady current density throughout the entire sample. 
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Improvement of M-H performance in HTSC considerably relies on creating the 

well crystallizations of superconductors' grains, including the inter-granular 

conductivity, and the volume fraction of the preferred phases. In order to enhance the 

magnetization hysteresis loops at high temperatures, they are generally related to the 

achievement of the flux pinning properties in intra-grain regions, involving M-H curves 

with larger areas [74, 75]. The standard diamagnetic signal of type II superconductors is 

obviously obtained in all the samples, revealing that the desired superconducting phases 

are achieved. Both the pure sample and the sample with 3 % wt. of Bi2Te3 concentration 

display a large M-H, in comparison with the other samples, indicating the enhancement 

of better electrical connectivity between the grains of superconducting material, the 

existence of high amounts of superconducting phases, and the formation of the pinning 

centers effectively in the perfect amounts. On the contrary, 1% wt. with Bi2Te3 content 

illustrates a smaller diamagnetic performance in M-H loops, indicating weak grain 

connections and a low degree of crystallinity. 

 

It is well-known that the hysteresis loops in the low-field region is related to the 

inter-grain currents, whereas that for the high-field region is correlated to the intra-grain 

currents. The irreversible magnetic moments include contributions of both inter- and 

intra-granular [76]. Because the obtained samples show the polycrystalline nature, and 

the inter-grain connectivity verifies the bulk critical current density (Jc) to a large extent.  

Figure (7) illustrates the critical current density values calculated from the magnetization 

hysteresis loops results. Jc of 2223 and Bi2Te3-addittive samples decrease drastically 

with the increase of the magnetic fields because of the demolition of weak links in 

higher magnetic fields   between the grains and  the pinning effect, which related to the 

misorientation of the grains and improve of the local structural distortions, including the 

lattice strains and porosity as well [77]. For both 5 &50 K results, the pure sample 2223 

has the highest critical currents density (1.5 x 104 and 350 A/cm2, respectively), where 

the sample with (1% wt. Bi2Te3) has the lowest critical current density values (4x 103 

A/cm2) at 5 K. On the other hand, for 50 K, sample with (2% & 3%wt Bi2Te3) registered 

the lower values of Jc (98 & 100 A/cm2, respectively). The values of Jc of the higher 

concentrations of Bi2Te3 overlapped at the higher values of Jc for 50 K. Phase analysis 

and identifications by XRD obviously confirms that there are no impurity phases from 

Bi2Te3 nanoparticles. Therefore, the nano-sized Bi2Te3 as a secondary phase can 

colonize in intra-grains and among the inter-grain regions as seen and confirmed from 
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TEM images, producing poor crystallinity rather than the creation of new efficient 

pinning centers in the samples.  

 

Although Bi2Te3 nanoparticles don't have the magnetic nature of the magnetic 

nanoparticles, it affects on the superconducting parameters and the behavior of BSCCO 

and the variation of its phase volume fractions. One is supposed to construct a better 

consideration in understanding the interaction and the solubility of nanoparticles inside 

the superconductors besides the current-carrying mechanisms in different temperature 

ranges. Consequently, it is supposed that Bi2Te3 nanoparticles may destroy 

superconductivity and deteriorate their current carrying capability when diffuse into the 

BSCCO system which is seen in Figures (6 & 7) and lowering the Jc like the behavior of 

the magnetic nanoparticles [78]. 

 

Representative plots achieved for pure sample 2223 and 2223 with various 

concentrations from Bi2Te3 samples at 5 &50 K are depicted in Figure (8). An avalanche 

of flux is observed in the (M–H) hysteresis loops, resulting from the increasing and 

decreasing magnetic field. This flux avalanche behavior has been articulated earlier in 

BSCCO when local adiabatic conditions and the additive of various kinds from 

nanoparticles are satisfied [42, 44, 45, 79]. The pure BSCCO which have the lower 

vortex pinning centers have the higher values for both measured temperatures (5 &50 

K). The Bi2Te3 nanoparticles have remarkable impact on both the connectivity and 

BSCCO matrix structure, so the effective sign of it appears clearly on the Jc as well as 

Jc0.5 H0.25 determinations as seen in Figure (8). 

 

In general, Hirr(T) is defined as a crossover field that separates the solid vortex 

region from the liquid vortex region. In other words, Hirr(T) is donated as the field above 

which vortex depinning starts. At the same time, Hc2(T) is the crossover field between 

the superconducting and the normal state of the superconducting materials. But in the 

low-temperature superconductors, these two fields are almost the same and 

consequently, Hc2 (T) is typically used as a scaling field. Conversely, for intermediate 

and high-temperature superconductors, this liquid vortex region appears, and hence, 

pinning force cannot be characterized above the depinning line (viz., above Hirr (T)). 

Thus, in this class of superconductors, irreversible field (Hirr (T)) is commonly exploited 

as the scaling field in place of Hc2(T) [80].  In order to investigate Jc–H behavior of 
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Bi2Te3 added 2223, the irreversible field (Hirr) for the obtained set of samples are 

estimated by the assistance of Kramer plot (viz., Jc 
0.5H0.25 vs. H) at T=5 &50 K. Hirr is 

determined by extrapolating the linear portion of the Kramer plot up to the field for 

which Jc
0.5 H0.25 reaches to zero [81, 82]. Figure (8) illustrates plots of schematic 

representations for the obtained set of samples at 5 & 50 K, where Figure (9) shows the 

calculated irreversible fields Hirr with different Bi2Te3 weight percents. The highest 

value of Hirr was for the pure sample 2223 and there were a slightly deviations in the 

values of the Bi2Te3 additive samples as seen into Figure (9). 

 

In order to acquire further information about the effective pinning mechanism,  

the Jc results make it possible to gain additional insight into the origin of improved 

pinning characteristics and estimate the pinning force density (Fp) by Fp=Jc×μ0H [79, 

80]. Figure (10) illustrates the pinning force density for all samples at 5 K. Particularly, 

the flux pinning strength affects strongly due to the existence of the number of pinning 

centers, the changes in structure and size. As remarked into Figure (10), the maximum 

field (Hmax) and the maximum force (FP-max) was determined for each sample. Bi2Te3 

with x= 0.01 has the lower FP-max and compared to other ones while Hmax was nearly the 

same for all samples, as depicted in Figure (10). The Hmax relates to the magnetic field at 

which the FP reaches its maximum. It is known that the higher Hmax specifies the 

stronger pinning strength and the best performance in the 2223 sample is partly 

produced by the improvement of Hmax.  

 

Here, Hmax and FP-max reduce with Bi2Te3 concentration increase, implying a 

reduction in flux pinning with the additive of Bi2Te3 nanoparticles. It is significant to 

mention that the flux pinning strength can be controlled by verifying the additive 

materials as pinning centers and their proper concentration. The obtained result of this 

study denotes a high efficiency of flux pinning by Bi2Te3 nanoparticles.  

To find out the pinning mechanisms, the normalized magnetic field (h=H/Hmax) 

dependence of flux pinning strength (ƒp=FP/FP-max) was investigated. Owing to Dew 

Huges [84], flux pinning force in type II superconductors is generally manipulated by 

the superconducting nature and also the size of the pinning centers, including the 

microstructure parameters and the flux lattice rigidity. Also, this model basically 

discussed the two types that affect on the pinning centers [85]: (i) the non-

superconducting phases or the normal particles which embedded/added into the 
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superconducting matrix influencing on the scattering of the electron mean free path. (ii) 

The shift in the superconducting transition temperature (Tc). Eqs. (2)–(4) represents 

three theoretical models which are often used to analyze the experimental data of ƒp-h of 

the obtained samples [83,85,86]: 

𝑓(ℎ) =
9ℎ

4
(1 −

ℎ

3
)2     normal point pinning     (2) 

𝑓(ℎ) =
25√ℎ

16
(1 −

ℎ

5
)

2

  surface pinning             (3) 

𝑓(ℎ) = 3ℎ2(1 −
2ℎ

3
)    Δk pinning                        (4) 

Figure (11) illustrates ƒp vs. h curves for all the samples with different Bi2Te3 wt. % at 5 

K. The curves for the experimental and theoretical data were estimated by Eqs. (2)–(4) 

are depicted in the Figure to figure out the flux strength. For the fields less than and 

beyond hmax, the data points for the pure and lower Bi2Te3 concentrations samples scale 

positioned between the normal point pinning and Δκ pinning where the highest ratio 3 % 

wt Bi2Te3 sample placed between surface pinning and normal point pinning at lower 

fields and higher than all pinning beyond hmax. The data between point and Δκ pinning 

are scattered, which concluded that the presence of Δκ pinning is not accurately exist 

due to the limitation in the obtained data higher than hmax. In contrast, the similarity 

between the theoretical and the experimental date of fp plots in the samples with and 

without Bi2Te3 nanoparticles implies the activation of surface and point mechanisms 

because of the crossing between Bi2Te3 nanoparticles and the vortices. The surface 

grains of the superconductors are well-aligned at the low field and can be regarded as 

pinning centers. The superconductors' surface grains are well-aligned at the low field 

and can regard as pinning centers. This consequence shows the role of Bi2Te3 additive in 

strengthening pinning centers' contribution in flux pinning characteristics and the 

substantial enhancement in Jc. 

 

4- Conclusion  

The achieved results have raised two interesting propositions for Bi2Te3 

nanoparticles interaction with the granular BSCCO superconducting network. Firstly, 

the volume fraction of the Bi-2223 phase and Bi-2212 phase changes to each other 

slightly with the increases of Bi2Te3 nanoparticles. Bi2Te3 nanoparticles added samples 

showed a significant impact on the lattice parameters and the other microstructures 

parameters compared with a non-added sample.  Although the onset temperatures of 

BSCCO phases were not affected strongly due to the existence of Bi2Te3 nanoparticles, 
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the lower diamagnetic transition was registered for (Bi2Te3 with x=0.01).Secondly, 

According to the magnetic measurements, the pure sample shows the highest Jc values 

(1.5 Χ104 and 350 A/cm2 at 5 and 50 K, respectively), Hirr , Hmax and Fp-max compared to 

the other samples. These results prove the impact of Bi2Te3 nanoparticles on the 

magnetic and superconductors characteristics. Although the non-magnetic nature of 

Bi2Te3, it is believed that Bi2Te3 nanoparticles affected on the flux pinning, the 

hysteresis loops widths and the critical currents densities. This finding is very 

motivating because the depinning line in the BSCCO system lies much below Tc, even 

in zero magnetic fields. 
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List of Figures:- 

 

 

Figure (1): X-ray diffractogrames at room temperature for the system 

(Bi1.6Pb0.4Sr2Ca2Cu3-yO10+δ)1-x/(Bi2Te3)x with (x=0.00,0.01,0.02,0.03) and 

simulated JCPDS cards. 
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Figure (2): a) The peak shift of the strongest peak due to the Bi2Te3 doping, b) the 

deconvolution analysis using Winfit program for the strongest lines of BSCCO sample. 

 

       

       

Figure (3):  SEM analysis of pellets samples with different magnifications :- (a &b) 

SEM images, and (c) EDX spectrum of (Bi1.6Pb0.4Sr2Ca2Cu3-yO10+δ)0.99/(Bi2Te3)0.01 

sample where (d &e ) SEM images and (f) EDX spectrum of (Bi1.6Pb0.4Sr2Ca2Cu3-

yO10+δ)0.97/(Bi2Te3)0.03 sample, respectively.  
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Figure (4): TEM images of (Bi1.6Pb0.4Sr2Ca2Cu3-yO10+δ)0.99/(Bi2Te3)0.01 sample. 
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Figure (5): Magnetization versus temperature M(T) dc magnetization curves for 

(Bi1.6Pb0.4Sr2Ca2Cu3-yO10+δ)1-x/(Bi2Te3)x with (x=0.00,0.01,0.02,0.03) 

samples: a) Zero field cooled (ZFC), b) Field cooled (FC) and c) dM/dT 

versus temperature  curves calculated from (FC), respectively. 

 

 

  

 

         

 

Figure (6): Typically (M–H) hysteresis loops for pure and 2223containing Bi2Te3 

superconductor evaluated at T = 5 K & 50 K, respectively, between 0 and ±15 KOe.  
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Figure (7): Typical plots of the critical current density (Jc) as a function of H for  2223 

and 2223 containing various amounts of Bi2Te3 at T = 5 K and 50 K, respectively. 

 

 

     
 

Figure (8): Plots of a schematic representation of Jc0.5 H0.25 as a function of H to 

determine the irreversible filed (Hirr) of 2223 and 2223 containing various amounts of 

Bi2Te3 wt.%  at T = 5 &50 K, respectively. 
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Figure (9): Irreversible filed (Hirr) for 2223 and 2223 containing various amounts of 

Bi2Te3 wt.% pellets plotted as a function of Bi2Te3 wt.%  at T = 5 &50 K, respectively. 

A solid line demonstrates the linear fit of Hirr data. 

 

 
Figure (10):  Magnetic field dependencies of Fp for 2223 and 2223 containing various 

amounts of Bi2Te3 wt. % pellets at T = 5 K. 
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Figure (11): Normalized pinning force vs. the normalized magnetic field with various 

Bi2Te3 wt. % at 5 K. Doted (Magenta), solid (red), and dashed (blue) lines signify the 

theoretical plots based on Eqs. (2)–(4) respectively.  

 

 

List of Tables:- 

Table (1): Volume  fractions  and  lattice   parameters (± standard deviation (σ)) of  the 

identified phases in (Bi1.6Pb0.4Sr2Ca2Cu3-yO10+δ)1-x/(Bi2Te3)x with 

(x=0.00,0.01,0.02,0.03) samples. 
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