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Abstract Key words 
     Samples of Bi1.6Pb0.4Sr2Ca2Cu3O10+δ superconductor were 

prepared by solid-state reaction method to study the effects of gold 

nanoparticles addition to the superconducting system, Nano-Au was 

introduced by small weight percentages (0.25, 0.50, 0.75, 1.0, and 

1.25 weight %). Phase identification and microstructural 

characterization of the samples were investigated using XRD and 

SEM. Moreover, DC electrical resistivity as a function of the 

temperature, critical current density Jc, AC magnetic susceptibility, 

and DC magnetization measurements were carried to evaluate the 

relative performance of samples. x-ray diffraction analysis showed 

that both (Bi,Pb)-2223 and Bi-2212 phases coexist in the samples 

having an orthorhombic crystal structure. Both the onset critical 

temperatures Tc (onset) and zero electrical resistivity critical 

temperatures Tc (R=0) of the samples were determined from the DC 

electrical resistivity measurements. An improvement of the 

superconducting transition temperature of 6.36 % was obtained with 

increasing Au nanoparticles to x = 1.25 wt.%, while the critical 

current density is improved by 220 %. AC magnetic susceptibility 

measurement showed that the diamagnetic fraction and intergranular 

coupling of the x = 1.25 wt.% sample are greater than those of the 

others. The variation of magnetization with temperature (M-T curve) 

of the samples was measured by cooling the sample in zero fields 

(ZFC) and an applied field of 10 Oe (FC). The results of AC 

magnetic susceptibility and DC magnetization measurements were in 

good agreement with DC electrical resistivity measurement. 

Bi(Pb)-2223, Au 

nanoparticle, 

magnetic properties, 

critical current 

density. 

 

 

Article info. 
Received: Jan. 2018 
Accepted: Jan. 2018 
Published: Sep. 2018 

  

ضافة الدقائق أب Bi1.6Pb0.4Sr2Ca2Cu3O10+δ تحسين هعلوات التوصيل الفائق للنظام

 Au النانوية

 اهل كاظن جاسن

 لسى انفٍضٌاء, كهٍح انعهىو, خايعح تغذاد, تغذاد, انعشاق

 الخلاصة

حضشخ انًُارج  Bi1.6Pb0.4Sr2Ca2Cu3O10+δ  انحانح انصهثح نغشض دساسح ذأثٍشأضافحتطشٌمح ذفاعم      

 1.0 ,0.75 , 0.25, 0.50) يساوٌح انى صغٍشجٍح ُسة وصَوت دلائك انزهة انُاَىٌح نهُظاوفائمح انرىصٍم 

خهاص حٍىد الاشعح انسٍٍُح  هعٍُاخ تاسرخذاوانرشكٍثٍح نوذحذٌذ انخصائص  ذشخٍص الاطىاسذى ولذ ٪(. ,1.25

لٍاساخ انًماويٍح انكهشتائٍح  انًسرًشج كذانح نذسخح انحشاسج وكثافح انرٍاس  أخشٌدوانًدهش الانكرشوًَ انًاسح. 

.تٍُد ذحهٍلاخ الاشعح انسٍٍُح وخىد نرمٍٍى الأداء انُسثً نهعٍُاخانحشج وانماتهٍح انًغُاطٍسٍح وانًغُطح انًسرًشج 

 Tc و Tc (onset) واٌ انرشكٍة انثهىسي يعًٍُ لائى. ذى حساب كم يٍ Bi-2223, Bi-2212 انطىسٌٍ
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(R=0) 36.يٍ لٍاساخ انًماويٍح انكهشتائٍح انًسرًشج .ووخذ ذحسٍ فً دسخح الاَرمال نهرىصٍم انفائك تًمذاس  ٪ 

. لٍاساخ % 220تًٍُا كثافح انرٍاس انحشج سىف ذرحسٍ تًمذاس  (,%.x = 1.25 wt)انزهة انىعُذ صٌادج َسثح 

اعهى يٍ تمٍح انًُارج. كًا ذى لٍاط  .x=1.25انماتهٍح انًغُاطٍسٍح انًرُاوتح تٍُد اٌ الالرشاٌ انحثٍثً نهًُىرج 

  (ZFC)ورنك ترثشٌذ انعٍُح فً يدال يساوي انى انصفش(M-T curve) ذغٍٍشانرًغُظ يع دسخاخ انحشاسج 

انماتهٍح انًغُاطٍسٍح انًرُاوتح ولٍاساخ انرًغُظ كاَد يطاتمح َرائح  .Oe (FC) 10وكزنك فً يدال يساوي انى 

 نُرائح انًماويٍح انكهشتائٍح انًسرًشج.

Introduction 
     Many studies concerning the 

preparation techniques, structural and 

superconducting properties of Bi-based 

superconductors have been carried out 

[1-4]. Doping is believed to be 

promising. It favors the 2223         

phase formation and improves 

superconductivity. It is well established 

that the improvement of preparation 

process of high-TC superconductor and 

its conducting properties is important 

for practical applications. Similarly, the 

effect of doping on the 2223 phase 

formation and its superconductivity is 

also influenced by the preparation 

condition. The BSCCO system mainly 

contains three phases in the general 

formula Bi2Sr2Can-1CunO2n+4+y (where 

n = 1, 2 and 3 refers to the number of 

CuO2 layers which yields 10, 85, and 

110 K transition temperatures, 

respectively), these three phases Bi-

(2201), Bi-(2212), and Bi-(2223) are 

commonly have a multiphase structure 

[5]. Among the three phases of high-Tc 

bismuth superconductors, Bi-2223 is 

the most attractive materials that have 

been investigated extensively because 

it has the highest superconducting 

critical temperature.    

      It is difficult to align well the 

superconducting grains of the complex 

formation mechanism of the Bi-2223 

phase. However, the grain connectivity 

and the degree of texturing in the 

samples depend on various parameters. 

It has been widely proved that the 

starting composition, several times of 

intermediate grinding, sintering time 

and temperature, have a strong 

influence on the Bi-2223 phase [6]. On 

the other hand, the formation and 

stability of this phase can be modified 

by the addition or substitution of 

elements of varying ionic radii and 

bonding characteristics. This variation 

is thought to be related to the density 

of charge carriers in the CuO planes 

[7]. The approval of a material for 

application in the Bi(Pb)SrCaCuO 

system necessitates the ability to 

control the effect of different doping 

elements and processing parameters on 

its properties. 

     The influence of dopant materials 

into the Bi-based superconductors has 

been found to improve formation and 

stability of the Bi-2223 phase [8, 9]. Pb 

is the most important doping element 

that influences the microstructure, 

phase composition and the related 

superconducting properties of the 

BSCCO system. The presence of Pb in 

the initial mixture, usually as PbO, 

favors the reaction kinetics of the 110 

K phase. Pb addition results in the 

creation of a superconducting solid 

solution of Bi2−xPbxSr2Ca2Cu3O10 by 

partial substitution of Bi [10-13]. 

Recently, the effect of nano addition 

has been extensively studied to 

improve the superconducting 

properties and to enhance the pinning 

force for BSCCO using nanoelements, 

nano-oxides, and nano-compounds 

[14-20]. The critical current density Jc 

is a crucial parameter of high-

temperature superconductor for a 

variety of possible applications. The 

temperature dependencies of the 

critical current density may provide 

important information for identifying 

the flux pinning mechanism. 

     Superconductor critical current 

density in an applied magnetic field 
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was found to be increased when 

nanoparticles were added in the sample 

[21], which can be attributed to the 

presence of the flux pinning centers. 

By pinning the flux line effectively, 

vortex movement can be prevented. 

Hence, the critical current density is 

increased. A strong interaction between 

flux line network and magnetic texture 

can be expected if the magnetic 

impurities have the same order 

magnitude with the flux line network. 

By adding nanoparticles as pinning 

centers, the critical current density of 

superconductors can be enhanced [22-

26].  

     In this work, the superconducting 

and transport properties of (Au)x 

Bi1.6Pb0.4Sr2Ca2Cu3O10 (x = 0, 0.25, 

0.5, 0.75, 1.0, and 1.25 wt.%) 

specimens were investigated. The 

addition of Au nanoparticle is 

introduced as flux pinning centers to 

enhance the transport critical current 

density of BSCCO. Measurements of 

electrical resistivity (R-T), AC 

magnetic susceptibility, and DC 

magnetization (M-T curve) as a 

function of temperature and intergrain 

properties of Bi-2223 superconductors 

by using scanning electron microscopy 

(SEM) have been discussed. Also, x-

ray diffraction analysis (XRD) has 

been reported in order to calculate the 

lattice parameter and the relative 

portion of both Bi-2223 and Bi-2212 

phases. 

 

Experimental work    
     Samples of nominal composition 

Bi1.6Pb0.4Sr2Ca2Cu3O10+δ were 

synthesized using a solid state reaction 

method. Au nanoparticles were added 

by small weight percentages (0.25, 

0.50, 0.75, 1.0, and 1.25 wt%) in the 

first step of the synthesis process. High 

purity powders (99.99%) of Bi2O3, 

Pb3O4, Sr(NO3)2, CaO, CuO, and Au 

were mixed together by using a mill 

machine (SPEX Industries Inc.-USA), 

for a period of 15 minutes followed by 

manually grinding of powder using 

agate mortar and pestle for 15 minutes. 

The mixture homogenization takes 

place by adding a sufficient quantity of 

2-propanol to form a paste during the 

process of grinding. The mixture was 

ground to a fine powder and then 

calcined in air by using a tube furnace 

at 810˚C for 24 h with a heating and 

cooling rate of 2˚C/min. The mixture 

was then pressed into pellets of 

diameter 13 mm and thickness (2-3) 

mm by using a hydraulic press 

(SPECAC) under a pressure of 0.7 

GPa. The pellets were sintered at 

845˚C for 140 hr. Pure BiPbSrCaCuO 

pellet (0 wt% Au) was prepared for 

comparison. XRD, EDX, and SEM 

were used for the structural 

investigations of the samples. DC 

electrical resistivity (R-T), critical 

current density Jc, AC magnetic 

susceptibility and DC magnetization 

measurements were conducted to study 

the superconducting properties of the 

prepared samples. The X-ray 

diffraction pattern for the samples was 

obtained using CuKα (1.54 Å) 

radiation in the range 2θ = 20–60
◦
 by 

Shimadzu-6000 Diffractometer. 

Volume fraction of the present phases 

was obtained from these patterns. A 

computer program was used to 

calculate the lattice parameters, based 

on Cohen’s least square method. The 

surface morphology and grain structure 

of the samples were studied by 

scanning electron microscopy (SEM) 

(FEI Co. system SN: 9922650 – 2013/ 

Holland). The R–T curves of the 

samples were studied in order to 

determine the superconducting 

transition temperature (Tc). The 

electrical resistance measurements and 

the critical current density Jc for the 

samples were measured by using the 

four-probe technique. The magnetic 

properties measurements were carried 

out employing a Quantum Design 



Iraqi Journal of Physics, 2018                                                                                          Amal K. Jassim 

 102 

SQUID magnetometer MPMS-XL7 

with an applied magnetic field of 10 

Oe (FC) using the zero-field-cooled 

mode, that is, by cooling the sample at 

zero fields to 2 K, then applying a 

magnetic field and collecting data 

during the warming up process. The 

mutual inductance bridge method was 

used for the AC magnetic susceptibility 

measurements in 50–150 K 

temperature range. 

 

Results and discussion 

      XRD patterns for 

(Au)xBi1.6Pb0.4Sr2Ca2Cu3O10+δ where     

x = 0, 0.25, 0.5, 0.75, 1.0, and 1.25 

wt.%, are shown in Fig. 1. The patterns 

indicate that all the samples have an 

orthorhombic structure and consisted 

of two phases; Bi-2212 and Bi-2223, 

with Bi-2223 being the dominant phase 

[27] in addition to a weak impurity 

phases of Sr2Ca2Cu7O at 2θ = 36.8˚, 

and Ca2PbO4 peak at 2θ = 32.5
o
 were 

identified in some samples. Similar 

results were obtained by Mawassi et al. 

[28] and Tanaka et al. [29]. No peaks 

belong to Au nanoparticles were found 

in the XRD pattern as the amount of 

addition is very low and it was 

incorporated into the crystal structure. 

This means that Au nanoparticle does 

not enter the crystal structure of the 

BSCCO system and does not lead to a 

variation in the crystal structure of the 

samples. To estimate the volume 

fraction of the present phases, the 

corresponding Bi-2212 and Bi-2223 

peaks were used in the following 

formulas [30]: 

 

𝑉𝐻(𝐵𝑖−2223) =
∑𝐼(2223)

∑𝐼(2223) + ∑𝐼(2212)
× 100% 

𝑉𝐿(𝐵𝑖−2212) =
∑𝐼(2212)

∑𝐼(2223) + ∑𝐼(2212)
× 100% 

 

where I (2223) and I (2212) are the 

intensities of Bi-2223 and Bi-2212 

phases respectively. The volume 

fraction and the lattice parameters of 

the (Bi,Pb)-2223 superconducting 

samples added with Au are listed in 

Table 1. The relative volume fraction 

of (Bi,Pb)-2223 decreases with 

increasing the Au nanoparticles 

addition. Moreover, the transformation 

process of the (Bi,Pb)-2212 phase into 

(Bi,Pb)-2223 phase is impeded and 

retarded by the presence of 

nanoparticles [31,32]. The crystal 

structure of Au-free sample was found 

to be orthorhombic with the lattice 

parameters a=5.396432 Å, b=5.419031 

Å and c = 37.11888Å. Almost, the 

same lattice parameters were obtained 

for the Au nanoparticles added 

samples. Increasing Au nanoparticles 

fraction to x=1.25 wt% slightly 

enhances the c-axis. There is no 

distortion in the crystal structure of the 

Au-added samples, which shows that 

Au nanoparticles do not participate in 

the crystal structure of the (Bi,Pb)-

2223. This means that the added 

nanoparticles are sited between the 

superconducting grains. Furthermore, 

the role of such impurity nanoparticles 

can be either as the pinning centers to 

fix vortices or enhancing connectivity 

between grains, which may lead to 

higher Jc [33]. 
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Fig.1: X-Ray diffraction patterns of (Au)xBi1.6Pb0.4Sr2Ca2Cu3O10+δ, where x = (0, 0.25, 0.5, 

0.75, 1.0, and 1.25 wt%) 

 
Table 1: Lattice parameters and phase volume fraction of (Au)xBi1.6Pb0.4Sr2Ca2Cu3O10+δ 

samples for different Au nanoparticles weight percentage. 

 
Nano-Au 

wt.% 

 

a 𝐀° 
 

b 𝐀° 
 

c 𝐀° 

𝒄

𝒂
 Volume Fraction 

HTc% LTc % 

0.0 5.396432 5.419031 37.11888 6.8784 69.07 30.93 

0.25 5.393031 5.428991 37.11920 6.8828 72.14 27.86 

0.50 5.391864 5.418775 37.11959 6.8501 75.54 24.46 
0.75 5.394778 5.424538 37.12017 6.8807 78.16 21.84 
1.0 5.392425 5.419431 37.12293 6.8499 80.02 19.98 
1.25 5.396303 5.419551 37.12518 6.8503 80.25 19.75 
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     The SEM micrographs of the 

surface view of the Au nanoparticles-

free and -added samples are shown in 

Fig. 2. Superconducting grains are seen 

to be connected with each other 

strongly and the surface morphology of 

the samples comprises of a common 

feature of platelets and layered grains 

with uniform and homogenous 

microstructure. The grain size is larger 

in the Au nanoparticles added samples. 

As the weight % of Au nanoparticles 

increases, the size of platelets 

gradually increases. This means that 

increasing Au addition concentration to 

1.25 wt% does not hinder the grains 

growth; on the contrary it increases the 

formation of randomly bigger platelet 

grains on the surface. Flower like 

grains were also observed, which may 

enhance the connectivity among the 

grains and they can increase the 

pinning centers to fix the vortices [34]. 

SEM results corroborate well with 

XRD results. In addition to the 

intergranular distribution of the 

nanoparticles, the presence of the 

nanoparticles can be observed in the 

other parts of microstructure of          

Au-added samples. Grains size of the 

1.25 wt% sample increases comparing 

to the other samples, which may cause 

an increase in the superconducting 

properties of this sample. 

 

 
0.0 wt%  Nano-Au                                0.25 wt% Nano-Au 

 
0.5 wt% Nano-Au                              0.75 wt% Nano-Au 

 
1.0 wt% Nano-Au                            1.25 wt% Nano-Au 

Fig. 2: SEM surface micrographs of (Au)xBi1.6Pb0.4Sr2Ca2Cu3O10+δ samples, where  x = 0.0 

- 1.25wt.% 
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     The variation of the DC electrical 

resistance with temperature (R-T) for 

(Au)xBi1.6Pb0.4Sr2Ca2Cu3O10+δ with        

x = 0, 0.25, 0.5, 0.75, 1.0, and          

1.25 wt.%,  is shown in Fig. 3. All the 

samples displayed a metallic-like 

behavior at high temperature followed 

by a superconducting transition as the 

temperature is lowered. The plots show 

that the onset temperatures Tc (onset) 

of the sample 0.0wt% is in the close 

vicinity of 110 K. Tc (onset) for other 

samples are slightly increased to 108 K 

with increasing Au addition 

concentration to 1.25wt%. The zero 

resistivity critical temperature    for 

Au free sample (x = 0.0 wt%) was 108 

K and the transition temperature width 

(ΔTc) was narrower than those of the 

other samples. Since the Tc (onset) for 

sample 1.25 wt.% is the highest, the 

DC electrical resistance measurement 

show a good result for this sample, 

means that increasing Au nanoparticles 

addition to the BSCCO system resulted 

in increasing of both ΔTc and inter-

grain connectivity [35], which 

consequently increase intergranular Jc. 

This result is in a good agreement with 

the XRD and SEM results where an 

increase in the grain size was observed 

and caused an enhancement in their 

superconducting properties. Tc for all 

samples is tabulated in Table 2. The 

variation of Tc with Au nanoparticles 

content x is shown in Fig. 4. 

 

 
Fig. 3: ρ-T plots of (Au)xBi1.6Pb0.4Sr2Ca2Cu3O10+δ samples with x = 0.0 - 1.25 wt.%. 

 
Table 2: The residual resistivity ρ0, normal state resistivity ρn,  𝑻𝒄, 𝑻𝒄 𝑹=𝟎, transition 

width ∆𝑻𝒄 and Jc of (Au)xBi1.6Pb0.4Sr2Ca2Cu3O10+δ samples with x = 0 - 1.25wt.% 

(Au-NPs) 

wt% 
ρ0(mΩ.cm) ρn(Mω.cm) 𝑻𝒄 (K) 𝑻𝟎 (K) Δ𝑻𝒄 (K) Jc (A/cm

2
) 

0.0 0.1602 0.930 110 108 2 16.91 

0.25 0.1545 0.875 110.7 107.7 3 20.35 

0.50 0.1432 0.792 112 107.9 4.1 25.50 
0.75 0.1277 0.720 113.5 108 5.5 30.08 
1.0 0.1154 0.665 115.2 107.5 7.7 34.77 

1.25 0.9112 0.627 117 108 9 37.28 
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Fig. 4: Variation of critical temperature 𝑻𝒄 and the Au nanoparticles weight percentage. 

 

     The critical current density for the 

samples of x = 0.0 – 1.25 wt% was 

measured at 77K in zero magnetic field 

as shown in graph of V – J curves in 

Fig. 5. Jc values of all samples are 

given in Table 2. It can be noticed that 

the results show an enhancement in the 

critical current density of the Au 

nanoparticles added samples as 

compared to the Au-free sample, this 

enhancement is proportional to the 

concentration of the Au in the samples. 

The critical current density 

improvement may be attributed to the 

enhancement in the flux pinning and 

the connectivity between the grains. 

 

 
Fig. 5: Critical current density of (Au)xBi1.6Pb0.4Sr2Ca2Cu3O10+δ samples with x = 0.0, 0.25, 

0.5, 0.75, 1.0 and 1.25 wt.%. 

 

     The measurement of the real part χ
/
 

of the AC magnetic susceptibility on 

the (Au)xBi1.6Pb0.4Sr2Ca2Cu3O10+δ 

samples is widely used as a 

nondestructive method for 

determination and characterization of 

the intra-and inter-grain features of the 

high temperature superconductors. 

This measurement was done for all the 

samples. The real parts of the AC 

susceptibility versus temperature 

measurements of samples are shown in 

Fig. 6. It is clearly showing that there 

are two phases. The figure displays 
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two significant drops as the 

temperature is decreased below Tc for 

granular superconductors which reflect 

the flux penetration between and into 

the grains, as temperature decreases. 

Therefore χ
/
, is proportional to an 

amount of flux penetration into the 

body of the superconductor [39]. 

Correspondingly, the derivative of the 

χ
/
 (T) displays two peaks. The first 

sharp drop for the Au-free sample in χ
/
 

seems to occur at Tc around 109 K is 

due to the transition within grains. 

Another drop in diamagnetic signal is 

observed around 105 ± 1 K is due to 

the occurrence of the superconducting 

coupling between grains, where 

superconducting current flows from 

grain to grain [40]. This second phase 

has comparatively slow transition and 

it reflects the presence of low-Tc 

(2212) component, which is also 

confirmed by X-ray analysis. Almost 

same behavior of susceptibility versus 

temperature curves was obtained for all 

the samples. However, the intergrain 

transition temperature shows an 

increase directly proportional to Au 

nanoparticle concentration starting 

from 110 K for Au-free sample and 

reaching 117 K for the 1.25 wt.% 

sample. These results suggest that Au 

nanoparticle-added samples up to         

x=1.25 wt.% have a better 

intergranular coupling between the 

grains, which is in good agreement 

with DC electrical resistivity 

measurement. 

      The realization of DC 

magnetization measurements (M-T 

curves) is based on ZFC (zero-field 

cooling) and FC (field-cooling) 

procedures in a superconducting 

sample. The DC magnetization (M) 

was measured for all samples in ZFC 

and FC states with an applied magnetic 

field of 10 Oe and a temperature range 

(2-150) K, as shown in Fig. 7. For the 

Au-free sample, it can be observed that 

when the sample is zero field cooled, it 

showed sharp diamagnetic transition at 

110 K, as in the case of χ
/
 (T). When 

the sample is field cooled, the applied 

external field is trapped, which implies 

existence of very strong pinning. ZFC 

and FC magnetization on Au added 

samples as a function of temperature 

was recorded. A sharp drop 

corresponding to the superconducting 

transition was observed in all the 

samples within a critical temperature 

range 110 – 116 K which is in good 

agreement with AC magnetic 

susceptibility and DC electrical 

resistivity measurements. 
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               x=0.0 wt.%                                                  x=0.25 wt.% 

 
           x=0.50 wt.%                                                  x=0.75 wt.% 

 

 
                            x=1.0 wt.%                                                   x=1.25 wt.% 

Fig. 6: Temperature dependence of the real part of AC susceptibility of 

(Au)xBi1.6Pb0.4Sr2Ca2Cu3O10+δ samples with x = 0 - 1.25 wt.%. 
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                              x=0.0 wt.%                                          x=0.25 wt.% 

  
                           x=0.5 wt.%                                               x=0.75 wt.% 

   
                            x=1.0 wt.%                                               x=1.25 wt.% 
Fig. 7: M–T dependences of (Au)xBi1.6Pb0.4Sr2Ca2Cu3O10+δ samples with x = 0 - 1.25 wt.%, 

measured in zero-field cooled (ZFC) and field cooled (FC). 

 

Conclusions 
     The influence of Au nanoparticles 

addition on the phase formation and 

superconducting properties revealed 

that the high-Tc phase in the (Bi,Pb)-

2223 system by means of gold addition 

in the form Au can be obtained. XRD 

analysis indicated that both Bi-2223 

and Bi-2212 phases coexisted in the 

samples. The volume fraction of the 
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Bi-2223 decreased with increasing the 

Au-nano concentration. SEM results 

showed that the Au-nanoparticles 

settled among the grains boundaries 

without affecting the grain shape and 

improved the grain connectivity. The 

superconducting transition temperature 

enhanced with rate of 6.36 %, while, 

critical current density measurement 

showed an enhancement in the Jc 

values with rate of 220% with 

increasing Au nanoparticle 

concentration up to x = 1.25 wt%. This 

enhancement was attributed to the 

improvement of grain connectivity and 

flux-pinning. The AC magnetic 

susceptibility measurements for the 

samples show that the diamagnetic 

fraction and intergranular coupling of 

the sample of x = 1.25 wt.% are greater 

than those of the others which results 

in better superconducting properties of 

the samples. The ZFC and FC curves 

of the samples are found after final 

sintering at 845
◦
C and show that the 

magnetic onset transition point is close 

to the DC resistive transition point. 
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