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Abstract 

   This study aims to investigate the effect of Gd doping on the phase formation, 

microstructure, transport and magnetic properties of the Bi(Pb)-2212 system. A series of 

superconducting bulks with a nominal composition of Bi1.6Pb0.4Sr2Ca1-xGdxCu2O8+δ with x = 

0, 0.05, 0.10 and 0.15 are synthesized by the solid state synthesis route. The formed samples 

are characterized by means of X-ray diffraction analysis (XRD), scanning electron 

microscopy (SEM), energy dispersive X-ray spectrometer (EDS), electrical transport and 

magnetic measurements. The experiment results reveal that all the samples doped are 

composed of Bi-2212 phase and traces of Bi-2201 secondary phase when compared to the 

undoped sample. The refinement of cell parameters shows that the doping reduces the cell 

volume of the samples. The texture degree decreases with doping while the degree of 

orthorhombicity increases. Quantitative EDS analysis confirms that Gd atoms are successfully 

introduced into crystalline structure. The SEM micrographs show randomly distributed grains 

with a flake-like shape. The highest value of onset critical transition temperatures is obtained 

for x = 0.10 and is about 90.22 K, which correlates well with the observed slope of resistivity 

and the hole concentration of the CuO2 layers. Magnetic hysteresis loops suggest that the 

diamagnetism, remanant magnetization and lower critical field are better for x = 0.10. Based 

on the enhancements of both grain boundary weak-links and flux pinning centers, 

improvement of the critical current densities and flux pinning density is obtained  with this 

kind of doping. 
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    In more than three decades elapsed from the discovery of High-Tc cuprate superconductors 

(HTSC) by Bednorz and Müller [1], practical superconducting wires made of these materials 

are now being manufactured, and trials of electrical and industrial applications including a 

train supported by magnetic levitation, a transmission line, a ship’s engine, and many others 

are being implemented [2-6]. The description of the physical properties of HTSC has turned 

out to represent a big challenge to solid-state physics theory. The difficulty of this problem is 

due to the complicated properties, including crystalline structures of materials displaying high 

superconducting critical transition temperature (Tc), the presence of a strong anisotropy, high 

electronic correlations and electron–phonon interactions. It is well known that there are three 

different phases in the Bi-based superconducting oxides (Bi2Sr2Can-1CunO2n+4+δ, n =1, 2, 3). 

These phases are Bi-2201, Bi-2212 and Bi-2223 having Tc values around 20 K, 80 K, and 110 

K, respectively [7]. Bi-2212 phase is the most important of these series because of its high 

stability and facility of preparation with very high proportion. Also, its oxygen stoichiometry 

is relatively invariant with respect to cationic doping when the samples are prepared in 

identical conditions [8,9]. The problem of weak links is then less pronounced when compared 

to Bi-2223 phase having the highest Tc. An understanding of the electrical and magnetic 

properties of the HTSC must start out from an analysis of their electronic structure, chemical 

composition, valences, oxygen content as well as preparation conditions. The topic of 

inhomogeneities has always been present in HTSC systems. Initially, it is simply due to (i) the 

oxygen non-stoichiometry necessary to dope the materials, and to (ii) the difficulty in 

producing homogeneous samples even on a several-nanometer scale. The Bi-based 

superconductors have layered perovskite-like crystal structures which consist of conducting 

CuO2 planes separated by donor metal oxide layers. Doping the CuO2 layers with holes or the 

creation of oxygen vacancies in charge reservoirs outside the conducting planes causes the 

appearance of new electronic ordered states. We noticed that, based on the layered structure 

of Bi-2212 system, Ca layer is located between two CuO2 layers. Also, the unit cell contains 

two semiconducting BiO and two insulating SrO layers. The microstructure of Bi-based oxide 

superconductors consists of plate-like grains with the a–b plane along the flat surface of the 

platelets. If the grains are aligned by stacking the platelets like a structure of bricks [10], a 

high critical current density (Jc) can be achieved in the a–b plane. The effect of substitution of 

cations on the superconducting properties of Bi-2212 system has been a subject of great 

interest for both technologists and theoreticians. This is because doping is an effective method 

for improving the structural, transport, superconducting and flux pinning properties of Bi-

based superconductors making them suitable for the application at higher temperatures and 
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magnetic fields. The doping by lead of Bi-2212 phase is found to improve the highest onset 

critical transition temperature (Tc,on), flux pinning properties (irreversibility line and Jc in 

applied fields) and  reduces structural modulation [11-13]. The rare earth elements have an 

incomplete inner shell, different magnetic moments and different ionic radii. Therefore, they 

have great importance as a substitute for studying the physical properties of HTSC. The 

magnetic field dependent transport properties, flux pinning mechanism, grain connection 

phenomena, thermal properties and crystallization kinetics of HTSC have been investigated by 

many groups [14-16]. Enormous works have focused on the effect of high doping by different 

elements of the lanthanides series (La, Ce, Pr, Nd, Sm, Eu, Dy, Ho …) at Ca or Sr sites of Bi-

2212 phase [17-19]. In general, most of these studies reported that the superconducting 

properties are better when the doping is realized between the CuO2 planes at the Ca site.  

   As a contribution to this field of research, this paper reports on synthesis and 

characterization of bulk polycrystalline Gd doped (Bi,Pb)-2212 phase at Ca site. The study is 

carried out by analyzing magnetization and resistivity results. 

2. Experimental details 

    Various methods like de-carbonation, co-precipitation, melt process, spray pyrolysis and 

sol-gel synthesis routes are adopted today for the preparation of superconductors. Because of 

its reproducibility and simplicity, the solid state reaction method is adopted in this work. The 

nominal composition of the prepared samples is Bi1.6Pb0.4Sr2Ca1_xGdxCu2O8+δ with x = 0, 

0.05, 0.10 and 0.15. They will be labelled CG00, CG05, CG10 and CG15, respectively. The 

starting chemical powders are corresponding stoichiometric quantities of high-purity Bi2O3, 

PbO, SrCO3, CaCO3, CuO and Gd2O3. The mixture powders are hand milled in an agate 

mortar, calcined in air at 800 
◦
C during 12 h. The resultant materials are grinded and pressed 

into pellets under a pressure of 20 kN using a cylindrical die. They are then submitted to two 

successive cycles of sintering in air at 825 
◦
C /24 h and 850 

◦
C /24 h, with an intermediate 

grindings and pressings. X-ray powder diffraction (XRD) is performed at room temperature 

on a Rigaku D/Max-IIIC diffractometer with CuKα radiation with an angle step of 0.02°. 

Phase identification is performed using the ICDD-PDF2 database. The refinement of cell 

parameters is realized by use of Janna2006 software. Microstructural examinations and 

surface morphology are done on a JEOL JSM-6390LV scanning electron microscope (SEM) 

equipped with an Oxford energy dispersive spectrometer (EDS). The temperature dependence 

of resistivity is performed on a closed cycle helium refrigerator (Cryodine CTI-Cryogenics) 



 
 

by use of a standard four probe technique. The contacts are made by the silver paint to rescue 

the extra resistivity. The magnetisation measurements M(H) are registred in the Zero Field 

Cooled (ZFC) mode at 5K on a Vibrating Sample Magnetometer (PPMS-9T). 

3. Results and Discussion  

    Fig. 1 shows the X-ray diffraction patterns of Bi1.6Pb0.4Sr2Ca1-xGdxCu2O8+δ polycrystalline 

samples. The corresponding (hkl) Miller indices of the observed lines are also shown on the 

diagrams. As can be seen, all of samples consist of dominant Bi-2212 [JCPDS-ICDD 41-0317 

file]. The Bi-2201 phase is the only minor detected one [JCPDS-ICDD 46-0392 file]. Its 

characteristic peaks are marked by ♦ symbol. This result also reflects that the phase stability 

limit of Bi-2212 phase can be extended to smaller rare earth ions like Gd. However, XRD 

patterns show that the peaks intensities of Bi-2201 secondary phase increase slightly with 

doping. To reduce the degradation of Bi-2212 to Bi-2201 ratio, it is important then to perform 

a doping by low content of gadolinium. The oxygen stoichiometry and weak coupling 

between BiO–BiO layers plays a crucial role in the production of non-superconducting 

secondary phases [20]. The samples studied do not exhibit any different phases including Gd 

atoms, indicating its complete solubility in the Bi-2212 superconducting crystal structure. 

These results are verified through Reitveld refinement by using Jana2006 program [21]. Thus, 

these compounds crystallize in the orthorhombic structure with Bbmb space group [22]. The 

superposition of the observed and calculated diffraction patterns of each sample is given in 

the insets of Fig. 1. The obtained cell parameters as well as the refinement factors (Rp, Rwp) 

and the goodness of fit (GOF) are listed in Table 1, which are close to those obtained by many 

groups [22-25]. The variation of a and b parameters seems to be independent of gadolinium 

doping while c decreases monotonously as well as the cell volume. The behavior of a and b 

lattice parameters is generally associated with the increase in the Cu–O bond length which 

controls the dimension of the basal plane [23]. The reduction of volume indicates that the Gd 

ions are readily incorporated into the structure and could be associated to the difference 

between ionic radius of Gd
3+

 (0.93 Å) and that of the substituted Ca
2+

 (0.99 Å) one [26]. The 

intensities of the (0 0 l) diffraction lines are found to be important which indicates that the 

grains are preferentially oriented along the c-axis. The degree of texture is estimated by: 

 

F00l = ∑ I00l  / (∑ I2212  + ∑ Isp) × 100%                        (1) 

 



 
 

Where I00l represents the intensity of (0 0 l) diffraction peaks of Bi-2212, I2212 is the total 

diffraction intensity of Bi-2212, and Isp is the total diffraction intensity of the secondary phase 

(Bi-2201). Textural structure is a crucial factor for the intergrain in superconductors. The 

obtained degrees of texture and orthorhombicity (b - a)/b are listed in Table 1. F00l decreases 

with Gd doping from 23.79 % (CG00) to 14.48 % (CG15) while the degree of 

orthorhombicity reaches its highest value for CG10 sample corresponding to x=0.1.  

In order to analyze the mean values of the elemental composition of our bulk samples, 

energy dispersive X-ray spectroscopy (EDS) is used. The EDS spectrums illustrated in Fig. 2 

show the elemental distribution in the samples. The atomic contents of elements for each 

sample are also given in the insets of Fig. 2. The results demonstrate that there is no 

undesirable element in all samples. Upon increasing Gd content, it is found that the Ca 

content decrease which confirms that the doping element is effectively incorporated into 

crystalline structure of the samples. The peak intensities of the elements such as Bi, Pb, Sr and 

Cu are not affected and its atomic concentrations are nearly the same for all samples. The 

values of oxygen content are gradually increased which leads to an increase in the carrier 

concentration. When trivalent Gd ion substitutes for divalent Ca one, the excess of positive 

charge is compensated by incorporation of extra oxygen atoms in the BiO planes [27,28]. The 

microstructure of samples plays an important role to determine the transport properties. The 

micrographs of the surface of the pellets are obtained using scanning electron microscopy 

(SEM) as shown in Fig. 3. They are taken in the secondary electron image at 3000× 

magnification. The shape of the grains is no more affected by Gd doping suggesting that the 

doping element my not change the melting point of Bi(Pb)-2212 phase. This result may be 

due to the weak Vander Waal’s forces between oxide layers in which Gd can be easily 

introduced during treatment process. Furthermore, the grain morphology illustrates clear a 

flake-like shape of the grains with layered growth and some pores. In the doped samples, one 

can observe that the grain connectivity is slightly worsened. This is related to the stable 

behaviour of Gd ions in the crystal structure of Bi(Pb)-2212 system where it is more active 

than the Ca ion due to its small ionic radius. As it can be seen, the CG10 sample has smaller 

and more homogenous grain size and relatively low number of boundaries compared to other 

samples, indicating rich formation of the superconducting phase.  

 The dc electrical resistivity versus temperature curves are given in Fig. 4. Some 

superconducting parameters are extracted from these curves and listed in Table 2. It is found 

that all the samples reveal a metallic character above the onset critical transition temperature 

Tc,on from which they exhibit a superconducting behaviour. As a general way, each sample 



 
 

shows a sharp transition into the superconducting state. However, the values of 

superconducting critical temperatures are very sensitive to gadolinium content. The highest 

value of Tc,on is obtained for CG10 sample and is about 90.22 K. Induction of mobile carriers, 

overall oxygen content and disorder in the CuO2 planes are possible mechanisms responsible 

of the variation of Tc,on [29]. It is well known that the offset critical transition temperature 

Tc,off generally gives information about weak links of the superconductor grains and grain 

boundaries, while Tc,on can reveal the superconducting phases occurred in the grain structure. 

It is clearly evident that the Tc,off values are nearly the same for CG00, CG05 and CG10 

samples suggesting that doping by Gd do not affect the intergranular weak links contrary to 

the grain structure. It is obvious that, all samples show almost a very narrow width of 

transition temperature (ΔTc) illustrating a single superconducting transition. Contrary to this, 

large transition widths can be associated with the high disorientation angle which decreases 

the intergranular coupling [30]. The normal state resistivity of the granular superconducting 

sample is given by: 

ρ(T) = α + βT                                          (2) 

where α presents the residual resistivity of the materials. It is related to the defect interfaces 

such as grain boundaries, stacking faults, voids, planar and micro-defects of the materials [31-

33]. As shown in Table 2, the value of α decreases until reaching a minimum at x = 0.10. This 

decrease of α with Gd doping attests of a increase of the hole concentration or of an extension 

of the relaxation time of charge carriers due to a little number of defects created by 

a systematic distribution of the doping element. It is also visible from resistivity curves in the 

normal state that there are also small curvatures. This phenomenon may result from 

thermodynamic fluctuations or an opening of pseudogap. The slope of resistivity curve β may 

be considered as a parameter that depends on intrinsic electronic interactions [34]. The 

maximum of β is also seen for CG10 sample which correlates well with the obtained value of 

Tc,on. The enhancement of superconducting properties in BSCCO system is attributed to the 

optimization of hole concentration in the CuO2 layers. The hole concentrations P per Cu ion  

are calculated by using the generic parabolic law: 

Tc,on /Tc,max = 1 − a (P – P0)
2
                  (3) 

where Tc,max = 95 K for Bi-2212 [35], a= 82.6 determines the doping range for occurring 

superconductivity and P0= 0.16 corresponds to the optimal hole density (when Tc,on = Tc,max). 

The variation of the hole-carrier concentration versus Gd content is also depicted in the insets 



 
 

of Fig. 4. The optimal doping level suggests the occurrence of an electronic phase transition 

separating the underdoped and overdoped regimes in the parabolic behavior. Therefore, it can 

be indicated that the doping changes the samples behavior from overdoped region to 

optimally doped one. One can see from Table 2, the obtained minimum hole number of 0.184 

for CG10 sample suggests that is closer to the optimally dopesd region. The substitution of 

trivalent Gd
3+ 

for divalent Ca
2+

 leads then to a reduction of the number of effective holes, and 

the usually increasing of the oxygen content is insufficient to compensate for the charge 

change. As a consequence, a decrease of the number of holes in the CuO2 planes is obtained. 

The Tc,on of all samples is also found to correlate well with the hole concentration of the CuO2 

layers. 

     Fig. 5 depicts magnetization curves for studied samples measured at temperature 5 K 

under magnetic field up to 9 T. All the hysteresis loops are measured in the zero-field cooled 

(ZFC) mode. Magnetic hysteresis cycles in HTSC allow us to reveal much important 

information [36]. The M–H curves exhibit a characteristic behaviour and reveal that Gd 

doping has an important influence on the hysteresis width which corresponds to the difference 

between the upper and the lower braches of the loop. All of the curves clearly show an 

exponential decay of the width ΔM of the hysteresis loop when the magnetic field is 

increased. At very low fields, the M-H loop is a reversible straight line with a slope of 

magnitude equal to the superconducting volume fraction of the samples. The ΔM of the bulk 

samples shows its higher value for x = 0.10. ΔM increases because of the development of 

inter-granular currents when new pinning centers of fluxons are created. Furthermore, the 

remanant magnetization MR values are identified when the applied field is removed at zero 

(see Table 3). These results also suggest that the diamagnetism and pinning strength of the 

CG10 sample are better than the others ones, resulting in reduction of grain boundaries. It is 

well established that the pinning strength in the superconductor materials is directly 

proportional to MR. The deviation point of the M (H) virgin curve from linearity (Meissner 

line) gives the value of the first penetration field Hc1
*
, where the vortex starts entering into the 

sample. All of the curves clearly show the common linear dependence of the magnetic 

moment on the field associated with the Meissner effect. The value of lower critical field Hc1 

can be derived as given by Brandt [37]: 

Hc1
*
 = Hc1/ tanh (0.36b /a)

1/2
                   (4) 



 
 

where a and b are the width and thickness of the sample, respectively. The field dependence 

of initial magnetization curves is given in the inset of Fig. 5. The Hc1 is directly related to the 

free energy of a flux line and contains information on essential mixed state parameters while 

Hc1* is a decreasing function of temperature and degree of sample shape deformation [38,39]. 

The highest value of Hc1 and the maximum of the slope of the curve are always seen for CG10 

sample, confirming then the higher superconducting volume fraction for this level of doping. 

According to the Bean’s critical state model for the field independent critical current density, 

the Jc is determined by [40]: 

Jc = 30 (M 
+
- M 

-
)/a(1 − a/3b)                (5) 

where M 
+
 and M 

-
 are the values of magnetization when sweeping fields up and down, 

respectively, a and b are the dimensions of the cross-section of the bars (a < b). As shown in 

Fig. 6, a nearly exponential decrease of Jc with magnetic field is obtained for each sample. A 

large hysteresis curves and high magnetization values lead to highest Jc values (see Table 3). 

An evident increase in Jc of almost 42% in magnitude is obtained for x = 0.10 when compared 

to the Gd free sample. This trend is related to the reduction of the intrinsic anisotropy of 

CG10 sample and to the fact that the doping can furnish new favourable pinning centres 

which are effective at higher fields [41]. The reduction of the Jc value for CG15 sample is 

related to the retrogression of the vortices in the crystal system due to the grain boundary 

resistivity and weak links [42].    Inset of Fig. 6 shows the flux pinning density given by Fp = 

Jc × B for the samples at 5K [43]. The Fp in SHTC is influenced by size and shape of pinning 

sites, microstructure, flux lattice rigidity and thermodynamic properties of the material 

[44,45]. As given in table 3, the results show an improvement in flux pinning with Gd doping 

at the same value of x= 0.10. The gadolinium elements disperse in the superconducting matrix 

and can act as effective flux pinning centers. Also, the bridging of two Cu-O
2 

planes by Ca
2+

 

is accompanied by the creation of flux pinning centers, as structural defects are created when 

smaller ion Gd
3+

 replaces bigger Ca
2+ 

one  in the unit cell. 

4. Conclusion 

    In summary, synthesis and characterization of Bi1.6Pb0.4Sr2Ca1-xGdxCu2O8+δ 

superconductors have been carried in the range 0≤x≤1.5. Doping by low amounts of Gd
3+

 ions 

is observed to be effective on phase formation, grain connectivity, hole carrier concentration, 

superconducting behaviour, diamagnetism and flux pinning. The results demonstrated that the 



 
 

enhancement of coupling between the CuO2 planes, the critical current densities and flux 

pinning density is obtained for the sample with x = 0.10. 
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Fig. 1. XRD patterns of Bi1.6Pb0.4Sr2Ca1-xGdxCu2O8+δ samples. Insets: superposition of 

experimental and calculated patterns. 

Fig. 2. EDS spectrums of Bi1.6Pb0.4Sr2Ca1-xGdxCu2O8+δ bulks. Insets: atomic contents of 

elements of each sample. 

Fig. 3. SEM micrographs of resistivity for Bi1.6Pb0.4Sr2Ca1-xGdxCu2O8+δ samples.   

Fig. 4. Temperature dependence of resistivity for Bi1.6Pb0.4Sr2Ca1-xGdxCu2O8+δ samples.  

Insets: Tc,on and Hole-carrier concentration vs Gadolinium content. 

Fig. 5. Magnetic hysteresis loops measured at 5 K for Bi1.6Pb0.4Sr2Ca1-xGdxCu2O8+δ samples. 

The inset displays the field dependence of initial magnetization curves. 

Fig. 6. Critical current densities of Bi1.6Pb0.4Sr2Ca1-xGdxCu2O8+δ samples at 5K as a function 

of applied field. Inset: variation of pinning force versus magnetic field. 

 

 

Table 1 Cell parameters (a,b,c), cell volume V, agreement factors (Rp,Rwp), goodness of fit 

(GOF), degree of orthorhombicity and texture degree of of Bi1.6Pb0.4Sr2Ca1-xGdxCu2O8+δ 

samples. 

                       a (Å)                 b (Å)               c (Å)              V (Å
3
)           (Rp,Rwp) %       GOF      (b-a)/b  (% )      F00l (%) 

CG00          5.394 (2)          5.398 (2)       30.759 (3)     895.9 (2)       (10.55,14.56)      2.57          0.0741            23.79 

CG05          5.396 (1)          5.404 (1)       30.701 (2)     895.5 (1)        (9.62,13.55)        2.46         0.140              21.92 

CG10          5.385 (1)          5.423 (9)       30.676 (4)     894.4 (3)       (11.27,15.54)      2.74          0.700              15.77 

CG15          5.387 (3)          5.391 (3)       30.621 (9)     889.4 (6)       (11.67,16.41)      2.79          0.0742            14.48  

 

Table 2 Onset (Tc,on) and offset (Tc,off) critical transition temperatures, transition width (ΔTc), 

residual resistivity (α), slope (β) of resistivity and hole-carrier concentration (P) of 

Bi1.6Pb0.4Sr2Ca1-xGdxCu2O8+δ samples. 

Samples       Tc,on               Tc,off              ΔTc                    α                   β                       P                      

                                                                                                               (K)           (K)           

(K)          (Ω.Cm)      (Ω.cm.K
-1

)
 
    ([hole-carrier]/Cu) 

CG00          78,89         68,24          10,65         2,10.10
-3

        6,95.10
-6                       

0.205 

CG05          86,11         68,97          17,14         1,83.10
-3

        7,04.10
-6    

0.193 

CG10          90,22         70,53          19,69         1,64 .10
-3

       8,91.10
-6    

0.184 

CG15          78,06         58,26          19,80         1,92 .10
-3      8,52.10

-6    
0.206 

 



 
 

Table 3 Critical current density (Jc), force pinning maximal (Fp-max ), remnant magnetization 

(MR) and lower critical field (Hc1) of Bi1.6Pb0.4Sr2Ca1-xGdxCu2O8+δ samples. 

                              Jc                        Fp-max               MR             Hc1     

                (A/cm
2
) at 5K, 0 T            

 
(N/m

3
)       (emu/cm

3)        (mT)                        

CG00               27.01 10
3 
              26.65 10

6 
          16.59             0.93                         

CG05               34.32 10
3 
              41.35 10

6 
          26.52             1.08                          

CG10               47.17 10
3 
              64.70 10

6 
          42.96   1.16                          

CG15               17.33 10
3    

22.06 10
6 
          11.25   0.75                         

 

 

 

  

 

  



 
 

 

 

 

 

 

Fig. 1. XRD patterns of Bi1.6Pb0.4Sr2Ca1-xGdxCu2O8+δ samples. Insets: superposition of 

experimental and calculated patterns. 

  



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. EDS spectrums of Bi1.6Pb0.4Sr2Ca1-xGdxCu2O8+δ bulks. Insets: atomic contents of 

elements of each sample. 

  



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. SEM micrographs of resistivity for Bi1.6Pb0.4Sr2Ca1-xGdxCu2O8+δ samples.   
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Fig. 4. Temperature dependence of resistivity for Bi1.6Pb0.4Sr2Ca1-xGdxCu2O8+δ samples.  

Insets: Tc,on and Hole-carrier concentration vs Gadolinium content. 

  



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Magnetic hysteresis loops measured at 5 K for Bi1.6Pb0.4Sr2Ca1-xGdxCu2O8+δ  

samples. The inset displays the field dependence of initial magnetization curves. 
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Fig. 6. Critical current densities of Bi1.6Pb0.4Sr2Ca1-xGdxCu2O8+δ samples at 5K as a function 

of applied field. Inset: variation of pinning force versus magnetic field. 

 

 




