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ABSTRACT
This work examines the structural, electrical, and magnetic behaviour of Bi-2212 
superconductors co-doped with sodium and lithium, prepared by the conven-
tional solid-state reaction method. Bulk ceramic samples with fixed sodium sub-
stitution at the calcium site (y = 0.05) and varying lithium content at the copper 
site (x = 0.00–0.20) were produced and analysed using X-ray diffraction (XRD), 
scanning electron microscopy (SEM) coupled with energy dispersive spectros-
copy (EDS), DC resistivity, and magnetic techniques. XRD analysis confirmed the 
dominance of the Bi-2212 phase with minor Bi-2201 and Bi-2223 traces, while Li 
incorporation promoted the growth of (00 l) planes and induced a slight mono-
tonic expansion of the lattice parameters and crystallite size. SEM observations 
revealed that Na–Li co-doping enhanced grain growth and reduced porosity, 
leading to improved intergranular connectivity. EDS analysis confirmed the 
preservation of the Bi-2212 phase composition and revealed a slight decrease 
in oxygen concentration in Li-doped samples, indicating oxygen deficiency, in 
agreement with previous reports and the observed c-axis elongation from XRD 
analysis. Resistivity measurements indicated that optimal doping (Na05–Li10) 
resulted in the lowest residual resistivity (1.59 mΩ·cm) and the highest supercon-
ducting transition temperatures (Tc

onset = 85.4 K, Tc
offset = 75.28 K). Magnetoresist-

ance data analysed within the thermally activated flux flow (TAFF) framework 
showed increased vortex activation energies and improved flux pinning with 
co-doping. Both the irreversibility field Hirr(0) and the upper critical field Hc2(0) 
were significantly enhanced, reaching 25.94 T and 48.55 T, respectively, for the 
Na05–Li10 composition. Magnetic measurements showed enhanced remanent 
magnetization, increased critical current density (Jc), and stronger flux pinning 
force, consistent with improved vortex immobilization in the Na–Li co-doped 
Bi-2212 system. These results indicate that sodium–lithium co-doping signifi-
cantly enhances the microstructural and superconducting characteristics of 
Bi-2212, thereby extending its suitability for high-field applications.
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challenges, various fabrication techniques have been 
investigated, ranging from standard solid-state reac-
tions and polymer-derived methods to sol–gel and 
co-precipitation processes, as well as more advanced 
approaches like laser floating zone (LFZ) and elec-
trically assisted laser floating zone growth (EALFZ) 
[16–21]. The goals of such approaches aim to enhance 
phase purity, crystallographic alignment, and grain 
coupling.

An alternative and highly effective method for 
enhancing the superconducting performance involves 
element substitution or doping. Through altering car-
rier concentration, adjusting lattice constants, and 
creating flux pinning centers, doping enhances the 
critical current density (Jc) and boosts the material’s 
overall performance [22–26]. Among the various dop-
ing strategies, the incorporation of alkali metals (Li+, 
Na+, K+) has proven particularly effective, owing to 
their ionic radii being comparable to those of Ca and 
Cu, as well as their monovalent charge, which enables 
precise tuning of the hole concentration in the CuO2 
planes and promotes the formation of localized defects 
that act as flux pinning centers [27–34]. In particular, 
Li doping has been shown to significantly lower the 
temperature required for the formation of the Bi-2212 
superconducting structure, enabling its development 
at reduced temperatures. For example, glass-form-
ing Bi-2212 compositions produced by rapid melt-
quenching followed by moderate annealing exhibit 
crystallization into the Bi-2212 phase at temperatures 
substantially lower than those required for undoped 
counterparts. This not only accelerates phase forma-
tion but also yields Tc values up to 91 K, alongside an 
increase in the c-axis lattice parameter with rising Li 
content [35]. Likewise, the Tc enhancement observed 
in whiskers, attributed to a modified Sr/Ca ratio rather 
than hole concentration optimization, supports the 
advantageous role of Li in promoting superconduc-
tivity under lower-temperature processing condi-
tions [36]. In addition, Li substitution for Sr or Cu has 
been shown to enhance the onset and zero-resistance 
temperatures while reducing the melting point by as 
much as 140 °C. These effects allow sintering at lower 
temperatures and support the development of more 
refined microstructural features [37]. Lithium incor-
poration at specific lattice sites (e.g., Cu or Ca) also 
leads to distinct modifications in lattice parameters 
and superconducting behavior; Li at the Cu site in 
particular has been correlated with increased Tc and 
reduced processing requirements [28]. Moreover, 

1 Introduction

Superconductivity, a quantum effect marked by the 
total loss of electrical resistance and the exclusion 
of magnetic flux below a critical temperature (Tc), 
remains a focal point of scientific research because 
of its vast potential in advanced technological appli-
cations. Since the discovery of high-temperature 
superconductivity (HTS) in the Ba–La–Cu–O sys-
tem [1], and shortly after in Y-Ba-Cu–O (YBCO) and 
Bi–Sr–Ca–Cu–O (BSCCO) systems [2, 3], extensive 
research efforts have been devoted to understand-
ing and improving the physical properties of these 
materials for practical applications. Among the high-
temperature cuprate superconductors, bismuth-based 
compounds (BSCCO) have attracted significant atten-
tion due to their relatively high Tc, chemical tunabil-
ity, high critical current densities, and strong magnetic 
field tolerance, making them suitable for practical 
applications such as fault current limiters, wires and 
tapes [4–6].

The BSCCO family is typically represented by the 
formula Bi₂Sr₂Can−1CunOy (n = 1, 2, 3), giving rise 
to three major phases: Bi-2201 (n = 1, Tc ≈ 20 K) [7], 
Bi-2212 (n = 2, Tc ≈ 85 K) [3], and Bi-2223 (n = 3, Tc ≈ 
110 K) [8]. These phases are distinguished by the num-
ber of CuO2 planes per unit cell, which strongly influ-
ence their superconducting and structural properties. 
The crystal structure of these compounds features a 
layered arrangement with alternating bismuth oxide, 
strontium oxide, and copper oxide planes aligned 
along the c-axis. While the Bi-2223 phase offers the 
highest Tc, its synthesis is complicated by phase insta-
bility, slow reaction kinetics, and difficulty in achiev-
ing a single-phase material. The formation of Bi-2223 
is often accompanied by residual Bi-2212 intergrowths 
and requires long sintering times, narrow tempera-
ture windows, and controlled atmospheric conditions 
[9–11]. In contrast, the Bi-2212 phase is more ther-
modynamically stable and can be synthesized more 
readily via conventional solid-state methods within 
shorter durations and broader temperature ranges. 
These characteristics, along with its lower processing 
cost and moderately high critical temperature, make 
Bi-2212 a more practical and scalable candidate than 
Bi-2223 for technological applications [12]. Neverthe-
less, its application is limited by drawbacks including 
weak intergranular links, poor grain alignment, short 
coherence length, high anisotropy, and sensitivity to 
applied magnetic fields [13–15]. To overcome these 
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susceptibility and resistivity analyses have demon-
strated that lithium improves intergranular connectiv-
ity and homogeneity, leading to stronger flux pinning 
and enhanced overall superconducting performance at 
optimal doping levels [38].

In addition to lithium, sodium doping has also been 
demonstrated to significantly enhance the supercon-
ducting properties of BSCCO. For instance, melt-pro-
cessed Na-doped Bi2Sr2CaCu2O8+y samples exhibited 
an increase in the Tc up to 100 K, which was attrib-
uted to an optimal redistribution of hole density in 
the CuO2 planes induced by Na incorporation [39]. 
Electron spin resonance (ESR) studies on Na-doped 
Bi-2212 polycrystals confirmed that increasing Na 
concentration at the Ca site raises Tc and decreases 
the magnetic penetration depth, indicating stronger 
superconducting coupling and improved vortex lat-
tice properties [40]. Cu K-edge X-ray absorption fine 
structure (XAFS) spectroscopy investigations on 
Bi1.6Pb0.4Sr2Ca2-xNaxCu3O10₊δ samples revealed that 
increasing Na content reduces distortions in the CuO2 
planes, leading to a more stable crystal structure. This 
stabilization is accompanied by a contraction of the 
in-plane Cu–O bond and an increase in the average Cu 
valence state, which together contribute to enhanced 
superconducting behavior [41].

While the individual effects of Na and Li substi-
tution have been extensively studied, their com-
bined (co-doping) influence on the Bi-2212 system 
has received comparatively less attention.When 
properly optimized; co-doping strategies can com-
bine the advantages of both elements and provide a 
broader parameter space for tailoring superconduct-
ing performance.

Specifically, Na–Li co-doping may stabilize the hole 
concentration in the CuO2 planes, modify the charge 
distribution, promote the formation of nanoscale 
pinning centers, and introduce defect structures, all 
of which collectively contribute to enhancements in 
transition temperature, critical fields, and current-
carrying capacity. In our previous investigations, Na 
incorporation at the Ca site was shown to significantly 
improved phase purity, grain connectivity, and key 
superconducting parameters [23, 31].

Motivated by these findings, the present study 
seeks to further enhance the superconducting prop-
erties of Bi-2212 by partially substituting Ca2+ with 
5% Na+ (x = 0.05) and introducing Li+ substitution at 
the Cu site. The choice of Cu-site substitution for Li+ 
was motivated by previous reports indicating that 

replacing Cu with Li yields more favorable super-
conducting characteristics compared to substitution 
at the Bi, Sr, or Ca sites [27]. Therefore, in addition to 
fixed Na doping, a series of samples with varying Li 
content at the Cu site were prepared using the conven-
tional solid-state reaction method, which remains a 
widely used synthesis route due to its simplicity, scal-
ability, and reproducibility [42, 43]. The synthesized 
samples were characterized using X-ray diffraction 
(XRD) to assess phase composition and lattice param-
eter changes, scanning electron microscopy (SEM) 
coupled with energy dispersive spectroscopy (EDS) 
to obtain microstructural and compositional analy-
sis, DC resistivity measurements to probe the field-
dependent superconducting transition behavior. To 
further elucidate the vortex dynamics and the role of 
flux pinning, magnetoresistance measurements were 
performed under external magnetic fields ranging 
from 0 to 5 T. The resulting broadening of the resis-
tive transition was analyzed within the framework of 
the thermally activated flux flow (TAFF) model [44], 
allowing extraction of the activation energies (U) as a 
function of magnetic field.

The variation of these energies with the applied 
field provides key insights into the efficiency of flux 
pinning in the Na-Li substituted samples. Addition-
ally, magnetic hysteresis measurements were con-
ducted to determine the remanent magnetization and 
critical current densities.

In short, this study provides a detailed and system-
atic examination of how Na–Li co-doping influences 
the structure, electrical transport, and magnetic char-
acteristics of Bi-2212 superconductors. By correlating 
these properties with doping level and microstructural 
evolution, the findings offer valuable insights into the 
optimization of alkali-doped Bi-2212 systems for high-
performance superconducting applications.

2 �Experimental procedure

In this study, bulk ceramic superconductors with the 
nominal composition Bi2Sr2Ca1-yNayCu2-xLiₓO8 (where 
y = 0.00, 0.05 and x = 0.00, 0.05, 0.10, 0.15, 0.20) were 
fabricated using the conventional solid-state reaction 
method. Precisely measured stoichiometric propor-
tions of high-purity raw materials, namely Bi2O3, CuO, 
SrCO3, CaCO3, Na2CO3, and Li2CO3 were thoroughly 
ground in an agate mortar to ensure uniform mixing. 
The resulting powder mixture underwent a two-step 
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calcination process: first at 750 °C for 12 h, followed 
by regrinding and a second heating stage at 800 °C 
for another 12 h. After natural cooling and additional 
grinding, the powders were compressed into disc-
shaped pellets (1.3 cm in diameter, 2 mm thick) using 
a hydraulic press with an applied pressure of 6 tons/
cm2. The sintering process followed a multi-step ther-
mal profile: an initial heating to 795 °C at 5 °C/min, 
further increased to 850 °C at 1 °C/min, held at 850 °C 
for 60 h, then gradually cooled to 795 °C at 1 °C/min, 
maintained at this temperature for 12 h, and finally 
quenched to ambient conditions. Post-sintering, the 
samples were characterized using multiple analyti-
cal techniques. Phase composition, crystallinity, and 
lattice parameters were examined by X-ray diffrac-
tion (XRD) on a PANalytical Empyrean system with 
Cu-Kα radiation (λ = 1.54 Å), over a 2θ scan range 
from 5° to 60° at room temperature. Microstructural 
and surface features were investigated using a FEI-
Quanta FEG 650 scanning electron microscope (SEM) 
coupled with energy dispersive spectroscopy (EDS). 
Electrical transport properties under magnetic fields 
up to 5 T were measured using a Physical Property 
Measurement System (PPMS) employing the four-
probe method. Furthermore, magnetic hysteresis 
(M–H) loops were recorded with the same system to 
evaluate flux pinning effects and current transport 
behavior. The samples with the nominal composition 

Bi2Sr2Ca1-yNayCu2-xLiₓO8 (x = 0.00, 0.05; y = 0.00, 0.05, 
0.10, 0.15, 0.20) are referred to throughout the text 
as Na00-Li00 (x = 0.00, y = 0.00), Na05-Li00 (x = 0.05, 
y = 0.00), Na05-Li05 (x = 0.05, y = 0.05), Na05-Li10 
(x = 0.05, y = 0.10), Na05-Li15 (x = 0.05, y = 0.15), and 
Na05-Li20 (x = 0.05, y = 0.20), respectively.

3 �Results and discussion

Figure 1 illustrates the room temperature X-ray dif-
fraction (XRD) patterns of undoped and Na-Li co-
doped Bi-2212 samples collected in the 2θ range 
from 5° to 60°. A general examination of the patterns 
reveals that the all samples exhibit remarkably similar 
peak profiles, with the Bi-2212 phase (marked as “2”) 
clearly dominating in each case. Minor reflections cor-
responding to the Bi-2201 (marked as “1”) and Bi-2213 
(marked as “3”) phases are also detected with very 
low intensity (< 5%).No distinct peaks associated with 
Na- or Li- containing oxides (such as Na2O, Li2O, 
or LiCuO2) were observed even at high sensitivity 
scans, confirming that Na+ and Li+ are incorporated 
into the Bi-2212 lattice rather than forming separate 
impurity phases [45]. The presence of a predominant 
Bi-2212 phase with trace secondary reflections is typi-
cal for polycrystalline Bi-based superconductors and 
does not significantly influence the superconducting 

Fig. 1   XRD Patterns of 
Pure and Na–Li Co-Doped 
Bi-2212 Samples
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characteristics. In particular, the sharpness of the 
main (00 l) reflections and the absence of additional 
unidentified peaks indicate that phase purity is main-
tained across the doping series. This suggests that the 
observed improvements in superconducting proper-
ties mainly originate from intrinsic lattice modifica-
tions caused by Na and Li co-substitution rather than 
from secondary phase effects.

When evaluating the differences between the sam-
ples, the three most intense peaks for the undoped 
sample are located at 2θ = 33.09°, 27.42°, and 30.94°, 
corresponding to the (110), (015), and (017) Miller indi-
ces, respectively—all of which correspond to non-(00 l) 
type reflections. Upon the introduction of Na and Li, 
a clear redistribution of peak intensities is observed, 
with the intensities of non-(00 l) reflections decreasing, 
while those of (00 l)-oriented reflections increase. For 
instance, in the Na05-Li10 sample, the most intense 
reflection is indexed to the (0010) plane, appearing at 
2θ = 28.85°. Similarly, in the Na05-Li15 sample, the 
three most intense peaks are located at 2θ = 28.85°, 
23.01°, and 5.73°, corresponding to the (0010), (008), 
and (002) reflections, respectively. These observations 
indicate that the incorporation of Na+ and Li+ cations 
enhances the preferential orientation along the c-axis, 
thereby promoting the growth of (00 l)-type planes 
within the Bi-2212 structure, which is commonly asso-
ciated with improved grain alignment and anisotropic 
superconducting transport.

The XRD peaks corresponding to the Bi-2212 phase 
were indexed using a tetragonal structure belonging 
to the P4/mmm space group. Lattice parameters were 
calculated based on the equation:

In this formula, d denotes the spacing between crys-
tal planes, while h, k, and l are the Miller indices, and 
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a, b, and c refer to the unit cell parameters. The lat-
tice parameters of Bi2Sr2Ca1-yNayCu2-xLiₓO8 ​ show a 
systematic variation with Li doping, as presented in 
the Table 1. The in-plane parameter (a = b) increases 
gradually from 5.4107 Å for the undoped sample to 
5.4193 Å for the highest Li-doped composition (Na05-
Li20), while the c-axis parameter shows a slight but 
consistent elongation from 30.9576 Å to 30.9681 Å. 
Although the total change in both parameters is rela-
tively small, the monotonic trend confirms that Li is 
effectively incorporated into the Bi-2212 lattice. Simi-
lar linear increases in the c-axis with Li concentration 
have been reported in earlier studies, supporting the 
conclusion that Li enters the crystal structure success-
fully [46]. Considering the ionic radii of the constituent 
cations (Cu2+ < Li+1 < Ca2+ < Sr2+ < Bi3+), Li is most likely 
to substitute for Cu sites, leading to a minor lattice 
expansion [47]. The slight elongation of the c-axis can 
be attributed to a reduction in oxygen content asso-
ciated with Li incorporation. During synthesis, Li2O 
partially replaces CuO, resulting in a small decrease 
in oxygen stoichiometry and a corresponding increase 
in the interlayer spacing [46]. Furthermore, it was also 
indicated that Li addition without Cu removal pro-
duces strong CuO impurity peaks, while Li addition 
accompanied by Cu reduction yields a typical Bi-2212 
diffraction pattern with Li retained in the crystal and 
Cu deficiency observed within the grains, confirming 
that Li ions occupy the Cu site [38, 46].

Additionally, the average crystallite size (D) was 
estimated using the Debye–Scherrer equation given 
as [48]:

In this equation, λ represents the wavelength of 
the incident X-ray radiation, β denotes the full width 
at half maximum (FWHM) of the selected diffraction 

(2)D =
K�

� cos ��

Table 1   Key Structural and Electrical Transport Parameters of the Samples

Sample a ≈ b(Å) c (Å) D (nm) ρ0 (mΩ.cm) ρ95K (mΩ.cm) Tc
onset (K) Tc

offset (K) ΔTc (K)

0 T 0.5 T 1 T 3 T 5 T

Na00-Li00 5.4107 30.9576 41.33 44.35 53.97 81.6 71.10 60.10 54.30 44.20 38.05 10.5
Na05-Li0 5.4138 30.9558 49.62 36.52 46.10 82.9 74.58 64.52 60.79 52.21 47.50 8.3
Na05-Li05 5.4155 30.9603 55.51 4.41 7.52 83.1 75.15 65.47 62.25 53.65 48.64 7.9
Na05-Li10 5.4163 30.9636 59.90 1.59 3.68 85.4 75.28 63.58 58.98 50.16 45.23 10.1
Na05-Li15 5.4174 30.9652 59.48 2.29 4.35 85.1 75.36 62.80 58.16 48.89 43.84 9.7
Na05-Li20 5.4193 30.9681 49.82 18.51 27.26 81.9 75.52 61.81 56.36 46.47 41.05 6.4
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peak, and θβ corresponds to the Bragg angle. For each 
specimen, the three most intense diffraction peaks 
were employed in the calculation, and the final crystal-
lite size (D) was obtained by averaging the individual 
results. According to the results in Table 1, the crys-
tallite size ranges from 41.33 to 59.90 nm and shows a 
slight increasing trend with rising Li content up to a 
10% substitution level.

To investigate the microstructural characteristics 
of the samples, scanning electron microscopy (SEM) 
images were acquired for all specimens using second-
ary electron (SE) mode at an accelerating voltage of 

20 kV and a magnification of 10KX, as presented in 
Fig. 2. SEM analysis enables the evaluation of various 
physical features, including grain morphology and 
alignment, micro-voids, porosity, and the connectiv-
ity between grains. From the SEM micrographs, it is 
evident that all samples are composed of randomly 
oriented, plate-like grains along with sporadic micro-
structural voids. This morphology is recognized as a 
typical feature of Bi-2212 synthesized via the solid-
state reaction route [49]. Furthermore, the SEM images 
reveal that the presence of Na and Li promotes grain 
growth, as reflected by the increase in grain size. 

Fig. 2   SEM images of the samples taken at 10KX magnification: a Na00-Li00, b Na05-Li00, c Na05-Li05, d Na05-Li10, e Na05-Li15, 
and f Na05-Li20
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In samples with higher Li content, partially melted 
regions are also observed, indicating local melting 
during synthesis. The presence of Li in the Bi-2212 
system appears to lower the crystallization tempera-
ture, thereby facilitating the formation of larger grains. 
Literature reports support these findings, noting that 
the incorporation of alkali metals, particularly lithium, 
into BSCCO systems can reduce the melting point and 
the formation temperature of the Bi-2212 phase [35]. 
This modification improves the intergranular connec-
tivity by reducing voids at grain boundaries and can 
enhance the superconducting transition temperature 
(Tc) as well. Additionally, expanded molten regions 
observed in the micrographs suggest improved grain 
connectivity, which enhances the coupling between 
superconducting grains [27]. The local elemental com-
position of the Bi-2212 samples was examined using 
energy dispersive spectroscopy (EDS), with results for 
the Na00-Li00 and Na05-Li20 samples shown in Fig. 3. 
Since Li is a very light element, it is not detectable by 
EDS [50]; however, all other expected elements were 
detected, and no additional elements were observed, 
indicating the absence of contamination. EDS meas-
urements for Na00-Li00 sample contains Bi 34.73 
wt%, Sr 25.55 wt%, Ca 3.93 wt%, Cu 13.17 wt%, and O 
22.61 wt%. While the Sr content matches the nominal 
stoichiometry, Bi, Ca, and Cu are slightly lower than 
expected. Such deviations are commonly observed in 
Bi-2212 ceramics and are likely due to local composi-
tional inhomogeneity including regions with lower Bi 
and Cu content (which are present in all samples) [51], 
indicated by black areas in the SEM images (arrow #1, 
Fig. 3e). The relatively high measured oxygen content 
can be attributed to surface oxidation and the limited 
quantification accuracy of EDS for light elements. In 
Li-doped samples, a slight decrease in oxygen con-
centration is observed (Fig. 3d), suggesting that Li 
incorporation promotes oxygen deficiency or modi-
fies the oxygen coordination environment, consistent 
with previous reports and the observed increase in the 
c-axis parameter from XRD analysis [46]. Overall, the 
results indicate that the samples preserve the Bi-2212 
phase composition, with minor elemental and micro-
structural variations typical of polycrystalline BSCCO 
ceramics.

The DC resistivity as a function of temperature, 
recorded in the range of 15 K to 150 K for all synthe-
sized samples, is depicted in Fig. 4. The figure clearly 
illustrates that, variations in Na and Li content 
lead to pronounced modifications in the electrical 

resistivity behavior, providing strong evidence for 
the effective incorporation of Na and Li into the 
Bi-2212 matrix. The resistivity curves reveal three 
clearly distinct temperature regions. At higher tem-
peratures, a nearly linear increase in resistivity with 
temperature is observed, representing the normal 
metallic behavior. As the temperature drops further, 
a nonlinear deviation appears due to the emergence 
of superconducting fluctuations associated with the 
formation of Cooper pairs. At lower temperatures, 
the resistivity drops sharply toward zero, indicating 
the development of global phase coherence among 
the Cooper pairs due to enhanced interlayer cou-
pling. Based on these characteristic regions, several 
key transport parameters are extracted: residual 
resistivity (ρo), resistivity at 95 K (ρ95K), and the onset 
(Tc

onset) and offset (Tc
offset) superconducting transition 

temperatures. For the higher-temperature metal-
lic region (above (ρ95K), resistivity follows a nearly 
linear decline with temperature (dρ/dT < 0), which 
reflects metallic-like behavior. This linear section 
can be effectively analyzed using Matthiessen’s rule:

Here, ρo denotes the temperature-independent 
resistivity component, primarily arising from struc-
tural defects, including vacancies, dislocations, 
grain boundary irregularities, and disoriented 
CuO2 planes. Conversely, ρep corresponds to the 
temperature-dependent portion, predominantly 
associated with electron–phonon scattering mecha-
nisms [52–54]. The values of ρo are determined by 
extrapolating the linear part of the high-temperature 
region of each curve, as shown in Fig. 4. According 
to Table 1, the pristine sample (Na00-Li00) exhibits 
a ρo value of 44.35 mΩ·cm. Introducing 0.05Na leads 
to a noticeable drop in this value, and as Li content 
increases, ρ₀ reaches its minimum (1.59 mΩ·cm) for 
the Na05-Li10 composition. However, further Li 
incorporation reverses this trend, increasing ρo to 
18.51 mΩ·cm in Na05-Li20. The pronounced reduc-
tion in ρo at optimal doping levels suggests a sup-
pression of lattice disorder and improved structural 
homogeneity, resulting from the synergistic effect of 
Na and Li co-doping.

Another crucial parameter is the resistivity meas-
ured at 95  K (ρ95K), which reflects the combined 
impact of impurity scattering and lattice strain fields 

(3)� = �
0
+ �

ep
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Fig. 3   a Selected areas of Na00-Li00 for EDS measurement, b EDS results for Na00-Li00, c Selected areas of Na05-Li20 for EDS 
measurement, d EDS results for Na05-Li20, and e EDS results for black regions (arrow #1)
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[55]. A trend similar to ρo is observed: ρ95K initially 
decreases from 53.97 mΩ.cm to a low of 3.68 mΩ.cm 
as Li content increases (up to x = 0.10), followed by a 
rise to 27.26 mΩ.cm in Na05-Li20. This suggests that 
co-doping with Na and Li not only improves grain 
connectivity but also alleviates microstructural irreg-
ularities, enhancing metallic intergranular pathways.

The influence of Na-Li co-doping on the onset 
and offset superconducting transition temperatures, 
denoted as Tc

onset and Tc
offset, was evaluated based on 

the DC resistivity measurements. Tc
onset marks the 

point where superconductivity first emerges within 
isolated grains (intra-grain regions), typically indi-
cated by the deviation from metallic conductivity 
and the beginning of a sharp resistivity decline [56]. 
In contrast, Tc

offset is associated with the final stage 
of the superconducting transition, representing the 
point where inter-grain coherence is established and 
the material attains near-zero resistance. This param-
eter offers insights into the extent of superconduct-
ing volume and the connectivity across grain bound-
aries [57]. Tc

onset and Tc
offset values for all samples (at 

0 T) are tabulated in Table 1. A clear trend is observ-
able: Tc

onset increases consistently from 81.6 K for the 
undoped sample to a peak of 85.4 K in the Na05-
Li10 composition, after which it gradually declines, 
reaching 81.9 K at x = 0.20 (Na05-Li20). A compara-
ble progression is seen in the Tc

offset values. The ini-
tial improvement in these transition temperatures 
can be attributed to enhanced carrier concentration 
within the CuO2 planes, increased pairing strength 

(Ψ₀), improved connectivity among superconducting 
domains, and more uniform oxidation states across 
the structure [58]. The ΔTc values were determined 
from the resistivity measurements (ρ–T curves) 
and are presented in Table 1. The undoped sample 
(Na00–Li00) exhibits a relatively broad transition 
with ΔTc≈10.5  K, whereas the co-doped samples 
generally show narrower transitions (e.g., Na05–Li05 
ΔTc ≈ 7.9 K and Na05–Li20 ΔTc ≈ 6.4 K), indicating 
improved phase uniformity and better intergranular 
coupling compared to the undoped material.

In Type II superconductors, magnetic vortex lines 
penetrate the material when the external magnetic 
field exceeds the lower critical field (Hc1). Under 
these conditions, applying a current density J gener-
ates a Lorentz force FL = J × B, which acts on the vor-
tices and causes them to move. This vortex motion 
induces dissipation and leads to a finite resistance. 
To suppress this motion, pinning centers must be 
introduced within the material to counterbalance the 
Lorentz force. These centers are typically associated 
with structural imperfections such as microstructural 
inhomogeneities, dislocation networks, and grain 
boundaries. When effective pinning is achieved, vor-
tex mobility is reduced, thereby minimizing energy 
losses. However, even under strong pinning condi-
tions, thermally activated flux creep may occur at 
elevated current densities, causing vortices to hop 
between pinning sites [59]. Additionally, as the tem-
perature approaches the critical temperature, vortex 
motion can take place even at very low current den-
sities (J <  < Jc) [60]. Resistivity measurements under 
varying magnetic fields offer valuable information 
regarding flux dynamics and pinning efficiency. In 
this respect, magneto-resistivity measurements were 
performed between 10 and 150 K in magnetic fields 
of 0, 0.5, 1, 3, and 5 T, with the resulting resistivity 
curves shown in Fig. 5. From these curves, the cor-
responding Tc

onset and Tc
offset values were extracted 

and compiled in Table 1.
As the Tc

onset temperatures show negligible depend-
ence on the applied magnetic field, only the zero-field 
results are presented. In contrast, a marked suppres-
sion in Tc

offset is observed as magnetic field strength 
increases, which is a well-established characteristic of 
the Bi-2212 system. This behaviour indicates that the 
applied magnetic field primarily affects intergranular 
superconducting pathways, weakening the coherence 
between grains and thereby limiting long-range super-
conducting current transport [61].

Fig. 4   Temperature dependence of resistivity for all samples
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Fig. 5   Magneto-resistivity curves for a Na0-Li0, b Na05-Li0, c Na05-Li05, d Na05-Li10, e Na05-Li15, f Na05-Li20
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The low-temperature region of the resistivity data 
progressively broadens with increasing magnetic field 
strength, reflecting a weakening of interlayer coupling 
and a corresponding shift of superconducting transi-
tions to lower temperatures. For instance, Tc

offset drops 
from 71.10 K to 38.05 K in the undoped sample, while 
in the Na05-Li10 sample it decreases from 75.28 K to 
45.23 K. Overall, the Na-Li doped compositions con-
sistently demonstrate higher Tc

offset values than the 
pristine material, indicating enhanced interlayer con-
nectivity and reduced lattice imperfections resulting 
from alkali doping [62, 63].

This field-induced shift in the resistivity curves 
is consistent with the thermally activated flux flow 
(TAFF) mechanism, which is described by the relation:

In this formula, U represents the vortex pinning 
activation energy, kB is Boltzmann’s constant, and ρ₀ 
denotes the pre-factor. Since the activation energy van-
ishes above Tc

onset, it is reasonable to approximate ρ₀ 
using the resistivity at 90 K [60]. The dependence of U 
on magnetic field is shown in Fig. 6, where U values 
are obtained from the slope of the linear region in the 
ln(ρ/ρ₀) versus 1/T presented in Fig. 7 (representative 
curves for the Na00–Li00 and Na05–Li10 samples are 
included for clarity). With increasing magnetic field 
strength, the low-temperature region of the resistivity 
gradually shifts toward lower temperatures and the 
linear slope becomes shallower, indicating a reduc-
tion in U. This decrease is pronounced at low fields 
(up to 1 T), followed by a more gradual reduction 
between 1 and 5 T giving rise to a mesa-like behavior. 
At lower magnetic fields, flux penetration occurs pre-
dominantly through weakly coupled grain bounda-
ries, rapidly suppressing superconducting links and 
reducing the activation energy. At higher fields, flux 
lines increasingly penetrate the intra-grain regions, 
where stronger pinning dominates, resulting in a 
saturation-like response of U [64]. Notably, all Na-Li 
doped samples exhibit higher U values compared to 
the undoped specimen, suggesting enhanced vortex 
pinning due to either stronger pinning potentials or an 
increased density of effective pinning centers. Moreo-
ver, the ability of the magnetic field to permeate the 
intergranular regions is closely linked to the nature 
and distribution of weak links between superconduct-
ing clusters. The improved connectivity in the doped 

(4)�(H,T) = �
0
exp

(

−
U(H)

k
B
T

)

samples, particularly in Na05-Li10 indicates more 
robust inter-cluster coupling relative to the undoped 
material [65].

Another important parameter derived from mag-
neto-resistivity measurements is the irreversibility 
field (Hirr). It signifies the magnetic field at which the 
superconducting phase persists, but the magnetiza-
tion (M-H) loop becomes reversible due to the onset 
of vortex motion. In this regime, the vortex pinning 
weakens, allowing vortices to depin and move freely, 
thus causing the magnetization hysteresis to vanish. 
Hirr is particularly important for practical applica-
tions, as it correlates strongly with the maximum 
sustainable critical current. In high-Tc superconduc-
tors, current-carrying capability diminishes rapidly 

Fig. 6   ln(ρ/ρ₀) versus 1/T plots for a Na00-Li00 and b Na00-
Li05
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as magnetic reversibility emerges. Determining 
Hirr allows for the construction of the irreversibil-
ity line (IL), which marks the boundary between the 
vortex glass and vortex liquid phases in the phase 
diagram. Plotting Hirr as a function of the irrevers-
ibility temperature Tirr establishes the IL. At higher 
temperatures, where Tirr < T < Tc

onset and Hirr < H < Hc2 
thermal fluctuations dominate over pinning, leading 
to ohmic behavior and reversible magnetism. Below 
Tirr, however, flux pinning becomes effective, and 
vortex dynamics are frozen, resulting in irreversible 
magnetic behavior due to flux trapping.

To map the IL for the synthesized materials, Hirr 
with respect to Tc

offset plots (Fig. 8) were utilized [66]. 
These curves indicate that samples co-doped with 
Na and Li display a noticeable upward shift in their 
IL compared to the undoped specimen, suggesting 
enhanced interlayer connectivity and stronger flux 
pinning in the doped samples. This improved vor-
tex immobilization points to better superconducting 
performance in the modified Bi-2212 system.

The extrapolated Hirr values at 0 K are summa-
rized in Table 2 and show a clear increase with dop-
ing, reaching a maximum of 25.94 T for the Na05-
Li10 composition corroborating earlier conclusions 
regarding enhanced coupling and vortex pinning 
efficiency.

In addition, upper critical field (Hc2) values were 
derived from resistivity data using the temperature 
where the resistivity reached 50% of its normal-state 
value at 95 K, corresponding to the midpoint tran-
sition temperature Tc

mid [65]. The Hc2 vs. Tc
mid plots 

(Fig. 9) clearly show that the curves shift toward 
higher temperatures with increasing dopant levels, 
in agreement with the Hirr vs. Tc

offset trends.
The upper critical field at absolute zero, Hc2(0), 

was determined by the Werthamer–Helfand–Hohen-
berg (WHH) relation [67]:

Fig. 7   Activation energies (U) for Na–Li co-doped Bi-2212 sam-
ple

Fig. 8   Irreversibility field (Hirr) as a function of Tc
offset curves for 

all samples

Table 2   Summary of critical 
fields, coherence length, 
penetration depth, and 
remanent magnetization

Sample Hirr (0) (T) Hc2 (0) (T) ξ(0) (Å) λ (0) (Å) MR (emu/cm3)

10 K 20 K 30 K

Na00-Li00 17.32 19.41 41.23 43.63 9.88 4.56 2.91
Na05-Li0 22.02 24.08 36.98 38.68 11.46 5.17 3.35
Na05-Li05 23.53 29.89 33.19 37.41 17.06 8.95 5.68
Na05-Li10 25.94 48.55 26.04 35.63 22.14 10.19 6.37
Na05-Li15 23.91 42.25 27.92 37.12 19.15 9.25 5.86
Na05-Li20 22.71 24.85 36.41 38.08 16.35 8.23 5.22
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The computed Hc2(0) parameters are listed in 
Table 2, showing a progressive enhancement with 
doping, peaking at 48.55 T for the Na05-Li10 sample. 
This further demonstrates that another key supercon-
ducting property of Bi-2212 has been positively influ-
enced through Na-Li incorporation.

Using the Hirr and Hc2 curves, the regions corre-
sponding to the vortex glass, vortex liquid, and normal 

(5)H
c2

= −0.693T
c

(

dH
c2

dT

)

states are sketched in Fig. 10 for both the undoped 
(Na00–Li00) and Na05–Li10 samples [66]. The Na–Li 
co-doped sample displays a clear enhancement in both 
the irreversibility field and the upper critical field, 
shifting the Hirr and Hc2 lines toward higher tempera-
tures and magnetic fields. This indicates an expansion 
of the vortex glass and vortex liquid regions, effec-
tively suppressing the transition to the normal state. 
The enlarged vortex glass region reflects stronger 
vortex pinning and improved thermal stability, while 
the increase in Hc2 suggests a higher intrinsic super-
conducting performance. These results confirm that 
co-doping with Na and Li significantly improves the 
flux pinning capability and broadens the operable 
superconducting regime, making the material more 
suitable for high-field applications.

From the zero-temperature values of Hirr(0) and 
Hc2(0), two fundamental superconducting parameters, 
the coherence length (ξ) and the magnetic penetration 
depth (λ), can be estimated using the following theo-
retical expressions [68]:

In these equations, Φ0 denotes the magnetic flux 
quantum, valued at 2.07 × 10⁻15 T·m2. Using these rela-
tions, the corresponding ξ and λ values for all compo-
sitions were calculated and are reported in Table 2 The 
results reveal a decreasing trend in both parameters 
with increasing Na-Li content. Specifically, the Na05-
Li10 sample exhibits the most compressed supercon-
ducting state, with a minimum coherence length of 
26.04 Å and a penetration depth of 35.63 Å. This reduc-
tion indicates stronger flux pinning and improved 
superconducting coupling in the doped material.

Figure 11 displays the magnetic hysteresis (M–H) 
curves of pure and Na05-Li10 samples were recorded 
at magnetic field sweeps between –2 and + 2 T, at tem-
peratures of 10, 20, and 30 K. The M–H curves clearly 
demonstrate sensitivity to both the level of Na–Li dop-
ing and the measurement temperature. A key obser-
vation is that all curves exhibit symmetry and revers-
ibility, implying that flux line dynamics are governed 
predominantly by bulk pinning mechanisms rather 
than surface barriers.

With increasing temperature, the area enclosed by the 
M–H loops reduces for all samples, indicating weaker 
superconducting interconnectivity and diminished 
grain coupling. Nevertheless, upon Na–Li co-doping, 

(6)

�(0) =

[

�
0

2��
0
H

c2
(0)

]

1∕2

and �(0) =

[

�
0

2��
0
H

irr
(0)

]

1∕2

Fig. 9   Upper critical field (Hc2) as a function of T mid curves for 
all samples

Fig. 10   Vortex Glass, Vortex Liquid and Normal State region for 
Na00-Li00 and Na05-Li10 samples
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the M–H loops become noticeably broader at all temper-
atures, suggesting enhanced flux pinning and increased 
magnetic irreversibility. Additionally, the remanent 
magnetization (MR), an indicator of trapped magnetic 
flux, was extracted from the zero-field intercepts of the 
M–H loops and summarized in Table 2. These values 
show a consistent decline with rising temperature, 
reflecting a decrease in the overall pinning efficiency 
[69]. Despite this, all doped samples show noticeably 
higher MR values compared to the undoped counter-
part. It can be said that the introduction of Na⁺ and Li⁺ 
ions likely introduces additional point defects and local 
lattice distortions within the Bi-2212 matrix, which act 
as effective pinning centers. These defects hinder vor-
tex motion more efficiently, thereby enhancing the 
material’s ability to carry supercurrents under applied 

magnetic fields. This enhancement in vortex pinning 
highlights alkali-metal co-doping as an effective and 
viable strategy for optimizing the superconducting per-
formance of Bi-based cuprates.

The intra-grain critical current densities (Jc) for all 
specimens at 10 K were estimated from the magnetiza-
tion (M) versus magnetic field (H) curves using Bean’s 
critical state model [70], expressed as:

In this equation, ΔM represents the difference in mag-
netization (in emu/cm3) between the ascending (Mup) 
and descending (Mdown) branches of the hysteresis loop 
at a specific applied field, while a and b correspond 
to the sample dimensions perpendicular to the field 
direction. Figure 12 shows how Jc varies between 0.25 T 
and 2 T. The plot clearly shows that co-doped samples 
demonstrate higher Jc values compared to the undoped 
sample. This suggests that the incorporation of Na and 
Li into the Bi-2212 matrix leads to improved grain con-
nectivity and refined microstructural features supported 
by SEM and reduced residual resistivity, thereby facili-
tating better current transport across grain boundaries.

The flux pinning force (Fp​) of the samples was calcu-
lated using the relation:

where Jc is the critical current density and H is the 
applied magnetic field [71]. Figure 13 compares the 

(7)J
c
=

20ΔM
[

a

(

1 −
a

3b

)]

(8)F
p
= J

c
× �

0
H

Fig. 11   M-H Loops of a Na00-Li00 and b Na05-Li10

Fig. 12   Critical Current Density (Jc) of All Samples at 10 K
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field dependence of ​ Fp for the pure and Na–Li co-
doped Bi-2212 samples. The obtained curves clearly 
demonstrate that Na–Li co-doping in Bi-2212 sig-
nificantly enhances the flux pinning capability of 
the material compared to the undoped sample. This 
enhancement is attributed to the introduction of 
additional effective pinning centers created by the Na 
and Li dopants within the crystal lattice or at grain 
boundaries. The increased Fp indicates stronger vortex 
immobilization under applied magnetic fields, which 
correlates with improved critical current density (Jc) 
performance. The co-doping likely modifies the micro-
structure, promoting defects that act as efficient vortex 
pinning sites. Consequently, the Na–Li doped Bi-2212 
can sustain higher supercurrents in magnetic fields, 
making it more suitable for practical superconducting 
applications where magnetic flux stability is crucial.

Figure 14 shows the Kramer plots, FK = Jc
0.5H0.25, 

as a function of magnetic field for all samples at 
10 K. Kramer analysis is a useful tool to determine 
the irreversibility field Hirr and to gain insight into 
the flux pinning behavior in type-II superconductors 
[72, 73]. As seen in the figure, FK rapidly increases 
at low fields and then reaches a nearly constant 
region before gradually decreasing at higher fields, 
indicating strong flux pinning over a wide field 
range. The extrapolated Hirr values from the Kramer 
plots are 4.15, 4.62, 4.70, 7.83, 5.56, and 4.88 T for 
the Na00–Li00, Na05–Li00, Na05–Li05, Na05–Li10, 
Na05–Li15, and Na05–Li20 samples, respectively. 

The Hirr value reaches its maximum at 7.83 T for 
Na05–Li10, indicating the strongest flux pinning and 
highest critical current density in this composition. 
The enhancement in Hirr up to x = 0.10 suggests that 
moderate Li substitution in the Na-doped Bi-2212 
matrix creates effective pinning centers, likely due 
to improved grain connectivity and an optimal level 
of lattice distortion that favors vortex pinning. How-
ever, at higher Li contents (x ≥ 0.15), a slight reduc-
tion in Hirr is observed which may be attributed to 
reduced intergranular coupling or excessive lattice 
strain that weakens the pinning efficiency. Overall, 
the Kramer analysis confirms that Na–Li co-doping 
effectively enhances the flux pinning capability of 
Bi-2212 ceramics, with Na05–Li10 exhibiting the 
most promising superconducting performance for 
high-field applications.

To determine the dominant flux pinning mecha-
nism, the variation of the normalized flux pinning 
force density (Fp/Fpmax) was plotted as a function of 
the reduced field (H/Hmax) for the Na05-Li10 sample, 
as shown in Fig. 15. This sample exhibited the high-
est pinning force among all investigated samples. 
The experimental data (black squares) are compared 
with theoretical predictions for three classical flux 
pinning models: normal surface pinning (magenta 
dashed line), normal point pinning (red dashed line), 
and δk pinning (blue dashed line). The correspond-
ing equations are given as [74, 75]:

Fig. 13   Variation of pinning force (Fp) with magnetic field for 
all samples at 10 K

Fig. 14   Kramer plots FK = Jc
0.5 H0.25 for all samples obtained at 

10 K
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Analysis of the Fp/Fpmax scaling indicates that the 
Na05-Li10 sample exhibits a peak position and curve 
profile most consistent with the normal point pin-
ning model, suggesting that vortex immobilization 
is primarily governed by localized nanoscale defects. 
Quantitatively, the best fit to the Dew-Hughes model 
Fp/Fpmax = A hp (1-h)q yields parameters p ≈ 1.2 and 
q ≈ 2.0, corresponding to a peak position hpeak = p/
(p + q)≈ 0.4 [73, 76]. This is close to the theoretical 
value for point pinning (hpeak ≈ 0.33), confirming the 
predominance of this mechanism. At lower magnetic 
fields, the experimental curve follows the normal 
point pinning behaviour, while at higher fields, a 
slight deviation toward the normal surface pinning 
trend is observed, indicating a mixed pinning contri-
bution. The presence of both point-like and surface 
pinning centers suggests that alkali co-doping alters 
the microstructural defect landscape, increasing the 
density and distribution of effective pinning centers. 
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This enhanced defect structure improves vortex trap-
ping and consequently increases the critical current 
density of the Na-Li doped samples compared to the 
undoped Bi-2212.

4 �Conclusion

This study demonstrates that Na–Li co-doping in 
Bi-2212 superconductors leads to significant enhance-
ment of superconducting performance by improving 
grain connectivity and introducing effective flux pin-
ning centers. Samples synthesized via the conven-
tional solid-state reaction method showed predomi-
nantly the Bi-2212 phase with minor Bi-2201 and 
Bi-2223 impurities, as confirmed by XRD analysis. 
SEM images revealed a random grain distribution 
with increasing grain size correlated to higher Li con-
tent. Electrical transport measurements under various 
magnetic fields indicated that all Na–Li co-doped sam-
ples exhibit elevated superconducting transition tem-
peratures (Tc

onset and Tc
offset) alongside a notable reduc-

tion in resistivity. These improvements are attributed 
to enhanced charge carrier concentration within the 
CuO2 planes and strengthened interlayer coupling. 
Magneto-resistance and magnetic hysteresis analyses 
further revealed increased activation energies for vor-
tex motion and enhanced vortex pinning, reflected in 
higher irreversibility fields (Hirr), upper critical fields 
(Hc2), critical current densities (Jc), and pinning forces. 
The combined effects of Na substitution at the Ca site 
and Li substitution at the Cu site produce a robust 
superconducting state capable of maintaining struc-
tural integrity while overcoming intrinsic limitations 
of Bi-2212, especially under applied magnetic fields. 
Among the samples studied, the Li substitution level 
of x = 0.10 exhibited the most pronounced enhance-
ment in superconducting and magnetic properties. 
Overall, these findings highlight Na–Li co-doping 
as a promising and effective strategy for optimizing 
Bi-2212 superconductors for high-field applications. 
Future work should focus on fine-tuning the dopant 
concentrations and further elucidating the underlying 
flux pinning mechanisms to maximize performance.
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