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Abstract
Excess conductivity and dimensional fluctuation effects on the superconducting parameters with the addition of nanoparti-
cles (NPs) or nanorods (NRs) of NaNbO3 in polycrystalline YBa2Cu3O7−δ (YBCO) have been studied. Two series of sam-
ples were synthesized by solid-state reaction route on addition of 0.5 wt% to 2.0 wt% NaNbO3 NPs or NRs in pure YBCO 
superconductor. X-ray diffraction results show the unaffected orthorhombic crystal structure for all the synthesized samples. 
The field emission scanning electron microscope and high-resolution transmission electron microscope images reflect the 
addition of NPs or NRs in the YBCO material and indicate that the higher wt% of additive material leads to agglomeration 
of NPs or NRs. Using the Aslamazov–Larkin model, the fluctuation conductivity and the superconducting parameters such 
as coherence lengths, critical magnetic fields (BC1(0) and BC2(0)), effective layer thickness (d) and critical current densities 
(JC) have been estimated. It has been observed that 0.5 wt% concentration of addition of NaNbO3 NPs or NRs in YBCO 
compound shows significant enhancement in BC1(0), BC2(0) and JC(0), whereas a further increase in additive material results 
in a decrease in superconducting parameters. In comparison with the pure YBCO, the addition of NPs or NRs is causing a 
reduction in the magnetic vortex motion that leads to an enhancement in the vortex pinning capability which is responsible 
for increasing the BC1(0), BC2(0) and JC(0). Furthermore, a detailed analysis confirmed that the addition of NRs of NaNbO3 
in YBCO is much more effective compared to the NPs for the same wt% of additive material.

Keywords  YBCO superconductor · NaNbO3 nanoparticles · NaNbO3 nanorods · Excess conductivity · Coherence length · 
Critical current density

1  Introduction

Most of the oxides-based superconductors such as 
YBa2Cu3O7−δ (YBCO) and Bi2Sr2CaCu2O8+x (BSCCO) 
are among the most studied high-temperature superconduc-
tors (HTSs) due to their several interesting superconducting 
properties such as high critical temperature (TC), low charge 
carrier concentration, anisotropic nature, granular morphol-
ogy and small coherence length, which make them suitable 
candidate for using in various practical applications [1–3]. 

High values of critical current density (JC) at high magnetic 
fields are desirable for using these compounds in practical 
applications. Low connectivity between the weak links of 
the grain boundaries and moderate values of JC for YBCO at 
higher magnetic fields and temperatures impose limitations 
for their use in several applications [4–7]. Various methods 
have been used in previous studies to improve the supercon-
ducting properties, like chemical doping, ion irradiation and 
addition of the nano-entities in the superconducting mate-
rials [4, 5, 8, 9]. It has been observed that the appropriate 
amount, optimal density, size and type of the added nano-
entities in the matrix of YBCO play a crucial role during the 
interaction between these entities and flux line networks. 
Furthermore, these nano-entities can create defects (point 
and columnar defects), oxygen vacancies, impurity phases 
and precipitate, etc., in the superconductor crystal structure 
which can cause a variation in the coupling strength and 
composition of the grain boundaries [10–13]. In addition, 
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an excess density of these nano-entities can produce disor-
der in the superconducting system which can deteriorate the 
superconducting properties [12–14].

For YBCO superconductor, various parameters like small 
coherence length, anisotropy and low density of charge car-
riers are responsible for rounding off the resistivity curve 
which is correlated with the fluctuation in the order param-
eter of the superconducting Cooper pair in the large tem-
perature range away from the superconducting transition 
[15, 16]. Existence of the Cooper pairs above the critical 
temperature provides finite lifetime due to the thermal fluc-
tuations, and their creation provides an increase in the excess 
conductivity which is used to estimate the microscopic 
parameters [17, 18]. The concept of excess conductivity 
arises due to the discontinuous second-order phase transi-
tion occurring near the critical temperature. The excess con-
ductivity induced due to the thermal fluctuations is used to 
understand the conduction mechanism in the HTS materials. 
The excess conductivity fluctuations measured in HTS due 
to anisotropic nature show structure dependence of the order 
parameter. Various microscopic and macroscopic parameters 
such as order parameter dimensionality, coherence length 
(along c-axis), crossover temperature, penetration depth, 
upper and lower critical magnetic field and critical current 
density can be estimated from the excess conductivity analy-
sis [19, 20]. There are various models like Lawrence–Doni-
ach (L-D) [21], Aslamazov and Larkin (A-L) [22], and 
Maki–Thompson (M-T) [23] to investigate the fluctuation-
induced conductivity effects. A-L approach is the most con-
venient and easy method to extract the intrinsic supercon-
ducting parameters from the excess conductivity analysis. 
Recently, Hannachi et al. [13] has shown dominance of the 
3D region and enhancement in the critical current density 
of the YBCO–TiO2 nanowires (NWs) composite samples 
for 0.1 wt% added sample which reduces flux motion due 
to addition of TiO2 NWs. A decrease in the value of coher-
ence length and an enhancement in the superconducting 
parameters such as BC1(0), BC2(0) and JC(0) for x = 0.05 
wt.% concentration of WO3 nanoparticles (NPs) have been 
reported [24]. It has been observed that the improvement in 
the flux pinning ability is due to the decrease in the vortex 
motion in the composite samples, while on a further increase 
in the WO3 content, a decrement has been observed in the 
superconducting properties [24]. Slimani et al. [25] have 
also illustrated an improvement in the BC1(0), BC2(0) and 
JC(0) for x = 0.1 wt.% concentration of WO3 NWs inclusion 
compared to pure sample. Sahoo et al. [5] have reported an 
increment in the 2D fluctuation and decrement in 1D and 
3D fluctuation regime after addition of cobalt ferrite nano-
particles of average size 58 nm. Al-Otaibi et al. [26] have 
illustrated a comparative study between the SiO2 NPs and 
NWs composite samples and reported an improvement in 
the BC1(0), BC2(0) and JC(0) values with the addition of NPs 

in comparison with NWs-added samples. There have been 
various studies on NPs and NWs-added YBCO composite 
samples, but few reports on their comparative study have 
been performed earlier. The purpose of choosing NaNbO3 
in the present study as a nano-additive in YBCO is due to 
its perovskite’s crystal structure. NaNbO3 material has an 
orthorhombic crystal structure at room temperature [27, 28]. 
We have used NaNbO3 powder in two different morpholo-
gies, viz. nanoparticles and nanorods. The main objective 
of the present work is to analyze the effect of addition of 
NPs or NRs on the superconducting properties of YBCO 
and thereby deduce its effect on superconducting properties 
such as coherence length, penetration depth, BC1(0), BC2(0) 
and JC(0).

In the present work, we have carried out a comparative 
study of the impact of NaNbO3 NPs or NRs on the fluctu-
ation-induced conductivity above the critical temperature 
in the pure YBCO and nanocomposite samples. AL and 
LD model has been used to perform the excess conduc-
tivity analysis to calculate the crossover temperatures and 
various fluctuation regimes. The dimensionality and various 
superconducting parameters like BC1(0), BC2(0), JC(0) and 
coherence length along c-axis have been calculated, and the 
mechanism of conduction has been discussed, in order to 
study the impact of NPs or NRs on pure YBCO.

2 � Experimental details

2.1 � Synthesis methods

2.1.1 � Synthesis of NaNbO3 nanoparticles

Hydrothermal method was used to synthesize sodium 
niobate nanoparticles. Firstly, a 3 M of sodium hydroxide 
(NaOH) (99.99%) was dispersed in 80 ml of deionized water 
with vigorous stirring for 30 min. Afterward, 30 mM of nio-
bium pentoxide (Nb2O5) (99.99%) was put into the above 
mixture and stirred for 2 h. The above aqueous solution was 
transferred to the 100 ml Teflon-lined stainless steel auto-
clave and put into a hot air oven at 150 °C for 24 h. Finally, 
the product was washed with deionized water several times 
and dried at 70 °C for 24 h.

2.1.2 � Synthesis of NaNbO3 nanorods

Sodium niobate nanorods were synthesized using a hydro-
thermal method. Nb2O5 (99.99%) and NaOH (99.99%) 
were used as a starting precursor. For the typical procedure, 
60 mM of Nb2O5 was dispersed in 50 ml of deionized water 
and stirred for 30 min. Afterward, 12 M of NaOH was mixed 
in the above aqueous solution with vigorous stirring for 2 h. 
The solution was transferred to a Teflon-lined stainless steel 
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autoclave and was kept into a hot air oven and heated at 
160 °C for 4 h. The resultant product was washed several 
times with deionized water and dried at 70 °C for 24 h. 
Finally, the product was heat-treated at 550 °C for 6 h.

2.1.3 � Synthesis of pure YBCO and nanocomposite samples

Pure YBCO and nanocomposite samples were synthesized 
by the standard solid-state reaction method. The precursors 
used were of high-purity powders of Y2O3 (99.99%), BaCO3 
(99.99%) and CuO (99.99%), respectively. The precursors 
used were mixed according to the stoichiometric ratio of 
Y:Ba:Cu = 1:2:3 and grinded thoroughly for 3–4 h. The 
grinded powder was placed in alumina boat for calcination 
in the tubular furnace at 900 °C for 12 h, and this step was 
repeated two more times with intermediate grinding to get 
homogenous powder of YBCO. The calcined powder was 
regrinded and pressed in a pellet using hydraulic machine 
with a pressure of 2500 psi. The pellet was kept in the fur-
nace for sintering at the temperature of 930 °C for 12 h under 
oxygen atmosphere with an intermediate annealing at 600 °C 
for 8 h. For synthesizing nanocomposite samples, NaNbO3 
powder in the form of NPs or NRs was added with 0.5, 1.0 
and 2.0 wt% concentration in the calcined YBCO powder 
and then grinded and pelletized. Afterward, the pellets were 
sintered using the heating and cooling rate similar to the one 
used for the synthesis of pure YBCO.

2.2 � Characterization

The confirmation of phase formation for the pure and 
nanocomposite samples was done by X-ray diffractometer 
(XRD) with Rigaku Ultima IV diffractometer instrument 

equipped with Ni-filtered using CuKα radiation source with 
wavelength, λ = 1.54 Å. The surface morphology analysis 
was performed by using field emission scanning electron 
microscope (FESEM) with Oxford energy-dispersive X-ray 
(EDX) spectroscopy system (Model no. FEI Quanta 200 
FESEM). High-resolution transmission electron micros-
copy (HRTEM) studies were conducted using FEI Tecnai 
transmission electron microscope. Four-probe method was 
used to perform the transport measurement to observe the 
resistivity variation with temperature by using Lakeshore 
temperature controller (model no. 325), Keithley Nanovo-
ltmeter (model no. 2182A), Keithley DC and AC current 
source (model no. 6221) and liquid helium cryostat.

3 � Results and discussion

3.1 � XRD analysis

The confirmation for phase formation was carried out from 
XRD spectra for the pure and composite samples as shown 
in Fig. 1. The XRD diffraction spectra of pure YBCO were 
matched with the standard spectra and found to be in good 
agreement with JCPDS file 89–5732, which confirms the 
orthorhombic phase formation, whereas in the XRD spec-
trum of the NaNbO3 nanostructure, i.e., NPs or NRs, the 
peaks are in good correlation with JCPDS data 82–0606, 
which has confirmed the orthorhombic phase of NaNbO3. 
In addition, the XRD spectra of composite samples have 
shown neither any kind of peak shifting nor extra peak cor-
responding to any other phase formation which indicates 
that the crystal structure of YBCO in the YBCO–NaNbO3 
nanocomposites remains unchanged, while no other peaks 

Fig. 1   XRD spectra of the a pure YBCO, NaNbO3 NPs, YBCO–xNaNbO3 NPs nanocomposite samples, and b pure YBCO, NaNbO3 NRs, 
YBCO–xNaNbO3 NRs nanocomposite samples with x = 0.5, 1.0, 2.0 wt% concentrations
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were observed in the XRD spectra because most of the peaks 
of NaNbO3 were observed at the same 2θ position as in pure 
YBCO sample.

3.2 � Morphology and microstructure analysis

FESEM pictures of the nanorods (NRs) and nanoparticles 
(NPs) are depicted in Fig. 2a and b, respectively, for estimat-
ing the dimension of the added NRs or NPs. The length of 
these nanorods is in the range from 0.5 to 2 μm, whereas 
its diameter is in the range of 100–150 nm. The nanopar-
ticles of NaNbO3 have spherical shapes with diameter as 
100–200 nm.

The morphology, size, and shape of the microstructure 
in the pure and nanocomposite samples were analyzed by 
FESEM and HRTEM techniques, and the images are shown 
in Figs. 3 and 4, respectively. Randomly oriented grains of 
different shapes and sizes in pure YBCO were observed in 
FESEM images as shown in Fig. 3, while in the nanocom-
posite samples, NRs and NPs were observed on the surface 
and between the grain boundaries among the pore spaces 
of YBCO compound. The presence of NPs or NRs between 
the grains of YBCO may be useful to improve the pinning 
properties in the YBCO–NaNbO3 nanocomposite samples. 
Increasing concentration of NPs or NRs in the composite 
samples leads to the denser and compact packing of grains 
along with the agglomeration of NPs or NRs on the surface.

In HRTEM images (Fig. 4), the lattice fringes were clear 
with inter-planar spacing of 0.24 nm which corresponds to 
the plane (103). In the 2 wt% NRs and NPs NaNbO3-added 
YBCO composite samples, the lattice fringes were being 
observed with inter-planar spacing of 0.24 nm correspond-
ing to (103) plane of YBCO and the inter-planar spacing of 
0.34 nm corresponding to (020) plane of NaNbO3. It can be 
concluded from HRTEM study that NPs and NRs are present 
in the matrix of YBCO compound and hence are expected 
to improve the pinning properties.

3.3 � Electrical resistivity curve analysis

Figure 5 presents the variation of resistivity (ρ) with temper-
ature for the pure YBCO and nanocomposite samples. The 
plot of resistivity curve is exhibiting two types of variations: 
(i) nonlinear behavior near the superconducting transition 
region and (ii) linear behavior in the normal metallic state 
which is expressed by the Anderson and Zou formula [29]:

where �(T) is the normal state resistivity which depends on 
the porosity, inter- and intra-grain properties of the sample, 
� is the slope, 

(
d�

dT

)
 is calculated from the linear fitting of the 

resistivity curve and �0 is the intercept obtained from extrap-
olating the linearly fitted data to 0 K which is equivalent to 
the residual resistivity and independent of temperature but 
influenced by the presence of impurity, defects density and 
heterogeneity [24, 25]. Table 1 shows the value of TC, TC0, 
Tonset
C0

 , �300 and �0 for YBCO and nanocomposite samples. 
Tonset
C0

 is the temperature where the resistivity starts decreas-
ing, and TC0 is the temperature where the resistivity becomes 
zero. TC is the temperature corresponding to the maximum 
value of d�

dT
 in the plot of d�

dT
 versus T curve.

Figure 6a depicts the variation of �300 and �0 with the 
x wt% (x = 0.5, 1.0 and 2.0 wt%) of NaNbO3 NPs or NRs 
added in YBCO–xNaNbO3 nanocomposite samples. The 
values of �300 and �0 are observed to decrease after 0.5 wt% 
addition of NRs or NPs of NaNbO3 in YBCO samples. After 
a further increase in the addition of NRs or NPs, the value 
of �300 and �0 shows an increment. The increase in resis-
tivity of YBCO nanocomposite samples can be attributed 
to enhanced disorder and heterogeneity after adding NPs 
or NRs in YBCO samples. The value of TC for NPs-added 
YBCO composite sample shows an increase of 0.5 wt% 
addition, whereas it decreases as the added percentage is 
increased. However, for the NRs-added YBCO, it has been 
observed that TC shows a decrease with addition of more 

(1)�(T) = �0 + �T

Fig. 2   FESEM images of the 
synthesized a NaNbO3 NRs, 
and b NaNbO3 NPs
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percentage of NRs of NaNbO3. The change in the value of 
TC is mainly attributed to the increase in disorder and modi-
fication in the grain boundary characteristic with additions 

of NPs or NRs in the nanocomposite samples, which is in 
the good correlation with the FESEM images. The addition 
of higher percentage of NaNbO3 in YBCO resulted in the 

Fig. 3   FESEM images of the 
a pure YBCO, b 0.5, c 1.0, d 
2.0 wt% NPs-added and e 0.5, 
f 1.0, g 2.0 wt% NRs-added 
YBCO–xNaNbO3 nanocompos-
ite samples
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excess disorders and agglomeration which tends to affect the 
superconducting transition temperature by decreasing both 
the TC0 and Tonset

C0
 (as shown in Fig. 6b) as compared to the 

pure sample [25].
The broad width of the transition region was an indicator 

of change in the intergranular properties. TOn
C0

 is affected by 
concentration of the hole carriers (p) in the YBCO matrix 
which can be estimated by using the following formula [30]:

where Tmax
C0

 is the relative maximum value of TC0 among the 
pure and composite sample. Table 1 also shows the value 
of p for YBCO and all nanocomposite samples. The maxi-
mum value of TC0 was 90.74 K for pure and NRs-added 
samples, and hence, the value of p was calculated according 
to this value. For NRs-added samples, the value of p = 0.16 
was maximum for pure YBCO, and with the increase in the 
concentration of NRs in the composite samples, the value 
of TC0 starts decreasing which was representing a decre-
ment in the hole carrier concentration in the CuO2 planes 
with the increase in the concentration of NRs, while in the 
case of NPs-added samples, it was observed that with an 
increase in the value of NPs concentration, the value of TC0 
first increases and then decreases with the increase in the 
concentration of NPs. The value of Tmax

C0
 = 92.19 K was for 

the 0.5 wt% NPs-added sample among the pure and NPs-
added samples. The value of p for the 0.5 wt% NPs and 
pure sample was 0.160 and 0.146, respectively, which indi-
cates an increase in the hole carrier concentration in 0.5 wt% 
NPs-added sample as compared to the pure sample, while 
a decrease in the value of p was observed with a further 
increase in the NPs concentration in the composite samples. 

(2)p = 0.16 −

⎡
⎢⎢⎢⎣

�
1 −

TC0

Tmax
C0

�

82.6

⎤
⎥⎥⎥⎦

0.5

Fig. 4   HRTEM images of the a pure YBCO and, b 2 wt% NPs-added, c 2 wt% NRs-added YBCO–NaNbO3 nanocomposite samples

Fig. 5   Electrical resistivity versus temperature dependence curve 
of pure YBCO and YBCO–xNaNbO3 with x = 0.5, 1.0, and 2.0 wt% 
NPs- or NRs-added nanocomposite samples

Table 1   Characteristics parameters deduced from the resistivity vs 
temperature curve for YBCO + xNaNbO3 nanocomposite

(NPs—nanoparticles; NRs—nanorods)

x wt% concentration T
C0

± 1

(K)
T
C
± 1

(K)
α
(mΩ-cm.K−1)

p

0.0 90.74 91.69 0.0029 0.146
0.5 wt% NPs 92.19 93.05 0.0013 0.160
1.0 wt% NPs 91.43 93.12 0.0019 0.150
2.0 wt% NPs 91.17 93.61 0. 0040 0.148
0.0 90.74 91.69 0.0029 0.160
0.5 wt% NRs 90.60 91.84 0.0015 0.156
1.0 wt% NRs 90.10 90.65 0.0017 0.151
2.0 wt% NRs 89.44 90.27 0.0025 0.147
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The increase in �300 value for 2.0 wt% NPs-added composite 
sample as compared to pure sample can be attributed to low 
hole charge carrier concentration in CuO2 plane and also due 
to more agglomeration of NPs on the surface of YBCO grain 
which was reducing the coupling strength of superconduct-
ing grains by creating weak links, and these were modify-
ing the intergranular links properties by converting them 
from non-dissipative to dissipative state, hence decreasing 
the value of TC.

3.4 � Excess conductivity

Excess conductivity for high-temperature superconductors 
(HTS) was studied by Aslamazov–Larkin (A-L) theory and 
Lawrence–Doniach (L-D) model in the mean field region or 
Ginzburg–Landau (G-L) region where the thermodynamic 
fluctuation appears [22, 31, 32]. Such thermal fluctuations 
lead to the formation of Cooper pairs above the supercon-
ducting transition region. In the high-temperature cuprates-
based superconductors, high anisotropy and short coherence 
length are responsible for the thermally induced conductivity 
[33]. The dimensionality of such fluctuation is affected by 
the nature of grain size, grain boundary junctions and carrier 
concentration in the conducting CuO2 planes [33]. Accord-
ing to the AL theory, the excess conductivity diverges as 
[22, 32]:

where � =

(
T

TC
− 1

)
 is the reduced temperature and 

� =

(
2 −

D

2

)
 , D is the dimensionality. λ is the Gaussian criti-

cal exponent that describes the conduction dimensionality 
of the system in the mean field regime, and the values can 
be determined by the slope of linear fit from the experimen-
tally observed curve between excess conductivity versus 
reduced temperature [13]. The effective values of λ for three-
dimensional (3D), two-dimensional (2D) and one-dimen-
sional (1D) regimes are 0.5, 1 and 1.5, respectively [13], 
whereas the λ values for critical regime (CR) and shortwave 

(3)Δ� = A�−�

fluctuation regimes (SWF) are 0.33 and 3, respectively [24]. 
The constant ‘A’ is an independent parameter which could 
be obtained using Eq. (3). The constant ‘A’ for different 
regimes can also be expressed as [34]:

Here, �C(0) is the coherence length along c-axis, ‘e’ is the 
electronic charge, ℏ =

h

2�
 , h is the Planck’s constant, ‘d’ is 

the effective conduction layer thickness in the 2D regime 
and ‘s’ is the cross-sectional area of conducting strips which 
is responsible for the conduction of charge carrier in 1D 
regime.

Also, Δσ is defined as [34]:

where ρ(T) is the measured resistivity and ρn(T) is the 
extrapolated resistivity. In our calculation, we have taken 
the temperature range of 150 K to 225 K for the determina-
tion of ρn(T). The crossover temperature TLD showing the 
transition from 2D to 3D state can be expressed as [24]:

where EJ is the Josephson coupling constant and it can be 
expressed as EJ =

(
2�C(0)

d

)2

.
Figure 7 shows the ln(Δσ) versus ln(ε) plots for pure 

YBCO, NPs- or NRs-added YBCO–NaNbO3 nanocom-
posite samples, and the fitted regions are shown by the 
colored lines. Each plot can be divided into three main 
regimes, namely the SWF regime, mean field regime and 

(4)A3D =
e2

32ℏ�C(0)
, for 3D fluctuation regime

(5)A2D =
e2

16ℏd
, for 2D fluctuation regime

(6)A1D =
e2�C(0)

32ℏs
, for 1D fluctuation regime

(7)Δ� =
1

�(T)
−

1

�n(T)
= �(T) − �n(T)

(8)TLD = TC[1 + EJ]

Fig. 6   Variation of a �
300

 and 
�
0
 , and b Tonset

C0
 with the x wt% 

of NaNbO3 NPs or NRs added 
in YBCO–xNaNbO3 nanocom-
posite samples with x = 0.5, 1.0 
and 2.0 wt%
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critical fluctuation regime [5]. The mean field regime 
is broadly classified into three distinctive regimes, i.e., 
1D, 2D and 3D regimes. The fitted values of the criti-
cal exponents for SWF region, 1D region, 2D region, 3D 
region and critical regions are represented by λSWF, λ1D, 
λ2D, λ3D and λCR, respectively. Also, the crossover tem-
peratures from SWF to 1D region, 1D to 2D region, 2D 
to 3D region and 3D to critical regions are represented by 
TSWF-1D, T1D-2D, TLD and Tg, respectively, as depicted in 
Fig. 8 for YBCO–NaNbO3 NPs- or NRs-added nanocom-
posite samples. For all the synthesized samples, the fitted 

values of critical exponents from the curves are shown in 
Fig. 7 and are given in Table 2.

In much higher-temperature region above Tonset
C0

 
(T > Tonset

C0
 ), SWF dominates when the characteristic wave-

length of the order parameter becomes the order of coher-
ence length. Such behavior is mainly due to the change in 
the carrier concentration in this region that causes a change 
in the order parameter [33, 35]. For all the studied samples, 
the critical exponent values for the pure and NPs- and NRs-
added YBCO samples are close to 3, which confirms the 
presence of SWF regime [24]. SWF regime width is mainly 

Fig. 7   Logarithmic plot of the 
dependence of excess conduc-
tivity ∆σ on the reduced tem-
perature ϵ for a pure YBCO, b 
0.5, c 1.0, d 2.0 wt% NPs-added 
and e 0.5, f 1.0, g 2.0 wt% 
NRs-added YBCO–xNaNbO3 
nanocomposite samples
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associated with the oxygen vacancies in CuO2 layer or CuO 
chains. Furthermore, the crossover temperature TSWF-1D 
shows a shifting of transition from SWF regime to the mean 
field regime as evident from Fig. 7. Moreover, the transi-
tion boundary of mean field region and critical region is 
governed by the Ginzburg temperature (Tg). In the critical 
fluctuation region, the creation and destruction of Cooper 
pair is rapid [32]. The observed λCR values are in the range 
of 0.31–0.35, indicated the dynamical critical fluctuations, 
and the corresponding crossover temperatures are depicted 
in Table 2.

The transition width for 1D, 2D and 3D regimes is rep-
resented by ΔT(1D), ΔT(2D) and ΔT(3D), respectively, 
and is shown in Table 3. In HTS, the 1D crystal structure 

feature does not exist, whereas the excess conductivity in 
1D regime is governed by the 1D conduction channel. This 
conduction channel consists of a layered structure in which 
the high-conductivity planes of CuO2 are well separated by 
the low-conductivity planes, and in this region the excess 
conductivity is governed by the behavior of these conduc-
tion planes. Moreover, in this regime the conduction is pos-
sible through the charge strips with cross-sectional area ‘s.’ 
The 1D regime shows temperature range in between the 
intersection of TSWF-1D and T1D-2D. The obtained λ1D values 
for all the synthesized samples confirm the presence of 1D 
fluctuations as shown in Table 2. The transition width of 
1D region, i.e., ΔT(1D), shows modification both in NPs- 
and in NRs-added YBCO samples as compared to the pure 

Fig. 8   Variation of various 
crossover temperatures (Tg, 
TLD, T1D−2D and TSWF-1D) with 
x wt% of NaNbO3 a NPs and b 
NRs added in YBCO–xNaNbO3 
nanocomposite samples with 
x = 0.5, 1.0, and 2.0 wt%, 
respectively

Table 2   Parameters deduced 
from the different fluctuation 
regimes such as conduction 
exponent from the excess 
conductivity analysis 
for YBCO + xNaNbO3 
nanocomposite

(NPs—nanoparticles; NRs—nanorods)

x wt% concentration λCR λ3D λ2D λ1D λSWF

0.0 0.35 ± 0.03 0.49 ± 0.02 0.96 ± 0.01 1.54 ± 0.04 3.03 ± 0.12
0.5 wt% NPs 0.34 ± 0.03 0.52 ± 0.03 1.00 ± 0.06 1.52 ± 0.05 3.09 ± 0.14
1.0 wt% NPs 0.33 ± 0.01 0.52 ± 0.01 0.96 ± 0.03 1.58 ± 0.08 2.99 ± 0.46
2.0 wt% NPs 0.32 ± 0.03 0.49 ± 0.01 1.00 ± 0.02 1.48 ± 0.03 3.05 ± 0.11
0.5 wt% NRs 0.31 ± 0.04 0.50 ± 0.04 0.98 ± 0.03 1.59 ± 0.09 2.95 ± 0.11
1.0 wt% NRs 0.34 ± 0.02 0.53 ± 0.02 1.00 ± 0.01 1.47 ± 0.02 3.04 ± 0.10
2.0 wt% NRs 0.32 ± 0.03 0.50 ± 0.01 1.00 ± 0.02 1.52 ± 0.04 3.01 ± 0.00

Table 3   Parameters 
derived from the excess 
conductivity analysis such 
as fluctuation region width 
and various other parameters 
for YBCO + xNaNbO3 
nanocomposite

(NPs—nanoparticles; NRs—nanorods)

x wt% concentration d (nm) s (nm2) NG (× 10−2) ΔT(3D)
(K)

ΔT(2D)
(K)

ΔT(1D)
(K)

0.0 9.45 19.90 7.75 5.71 11.21 10.18
0.5 wt% NPs 3.69 2.82 5.30 4.07 5.26 10.88
1.0 wt% NPs 4.83 5.47 6.59 4.0 14.98 4.05
2.0 wt% NPs 20.91 19.02 7.09 5.06 17.23 9.48
0.5 wt% NRs 3.16 2.22 6.89 4.06 8.11 12.15
1.0 wt% NRs 3.80 2.46 5.35 5.35 10.21 13.34
2.0 wt% NRs 8.72 13.07 5.32 4.05 14.13 11.13



	 M. Dahiya et al.

1 3

308  Page 10 of 13

sample due to the presence of high number of charge strips 
[5]. Furthermore, the transition width for the 1D region is 
also affected by the influence of elastic distortion and micro-
scopic inhomogeneity caused by the addition of NPs or NRs 
which could be responsible for destabilizing the conducting 
charge strips. Comparing the results for the pure sample, the 
1D width in NPs-added YBCO samples shows a decrease, 
while the NRs-added YBCO shows a significant increase, 
which clearly indicates that the destabilization of conducting 
charge strips in NPs-added samples is higher in comparison 
with NRs-added YBCO.

The 2D regime is represented in between the transi-
tion temperature T1D-2D and TLD as shown in Fig. 7. In this 
regime, the charge carrier conduction is possible through the 
conducting layer of thickness ‘d,’ where the thermal fluc-
tuations are not high. The critical exponent in this region 
is close to 1 as shown in Table 2, which is in accordance 
with the theoretical predictions [26]. Also, the transition 
for Tg < T < TLD shows the thermal fluctuations in the 3D 
region where the thermal fluctuations are very high that 
causes charge carriers to move among the CuO2 plane. An 
increase in the TLD value for NPs-added samples (as shown 
in Fig. 8a) with higher concentration indicates the domi-
nance of the 3D regime, while the NRs-added samples (as 
shown in Fig. 8b) show shift toward lower temperatures with 
increasing concentration of NRs, indicating the dominance 
of the 2D regime. It is clearly observed from Table 3 that 
ΔT(3D) values are decreasing compared to the respective 
ΔT(2D) for the same sample. The difference in the ΔT(3D) 
and ΔT(2D) regions is more evident in the samples with 
the addition of higher concentration of NRs or NPs, which 
in turn suggests that the grains are influenced with increas-
ing concentration of additive nano-entities, and it can also 
be clearly observed from the results of FESEM images. 
The transition from 2D to 3D depends on the content of 
the added nano-entities, and also if the added nano-entities 
resides at the grain boundaries, it influences the supercon-
ducting transition tailing without having any significant 
change in the mean field region.

In the mean field region, the shifting from 3D region to 
2D region toward the lower temperature is governed by the 
increase in the magnetic vortex motion by a reduction in the 
pinning capability in the system through the weak pinning 
source [36]. However, the increase in 2D region width spe-
cially for the higher concentration of additive material sug-
gests that the charge carrier motion in the 2D region is very 
smooth which could possibly be due to the weak pinning in 
the system. Comparing the addition of NRs or NPs mainly 
for the higher concentration, the results for NPs-added sam-
ples show higher ΔT(2D) which in turn suggests that the 
pinning capability for NPs is weak as compared to NRs. 
This result is also consistent with the results of 1D region 
where the ΔT(1D) is higher and at close temperature range 

for NRs-added YBCO composite samples as compared to 
NPs-added YBCO composite samples that confirms the 
existence of the conduction charge strips [24]. In the mean 
field regions, the crossover temperatures Tg, TLD and T1D−2D 
(as shown in Fig. 8) get influenced by the combined effect 
of added concentration of NPs or NRs, their pinning capa-
bility in YBCO matrix and accumulation on the surface of 
YBCO grains that causes modification in the dimensionality 
which is reflected in the transport properties of synthesized 
samples. The critical exponent in all the three regions shows 
good resemblance with the similar studies for YBCO super-
conductors [13, 24].

The crossover of 3D region to critical region associated 
with the relation between Ginzburg number (NG) and the 
thermodynamic critical field (BC(0)) under the assumptions 
of GL theory is expressed as [34]:

Here, kB is the Boltzmann constant and γ is the anisotropy 
constant.

The value of BC(0) is calculated by using Eq. (9). The 
value of penetration depth λpd(0) is calculated by using the 
following formula [24]:

where �0 is the flux quantum number.
The values of various thermodynamic parameters such 

as lower critical magnetic field (BC1(0)), upper critical mag-
netic field (BC2(0)) and critical current density (JC(0)) have 
been estimated using the following relations [13, 34]:

where � = �pd∕� is the GL parameter.
Using these relations, the superconducting parameters 

such as �C(0) , BC(0), BC1(0), BC2(0), JC(0), and κ have been 
calculated and are given in Table 4. A significant change 
in the superconducting parameters was observed both in 
the NPs- and in the NRs-added composite samples, with 
respect to the pure YBCO sample. The observed value of 
coherence length for the pure YBCO samples is 1.72 nm, 
and on addition of NPs or NRs with 0.5 wt% concentration, 

(9)NG =

|||||
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− 1

|||||
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1

2

[
kB

B2
C
(0)�2�3

C
(0)

]2

(10)BC(0) =
�0

�
√
8�C(0)�pd(0)

(11)BC1(0) =
ln �√
2�

BC(0)

(12)BC2(0) =
√
2�BC(0)

(13)JC(0) =
�0

3�
√
3�C(0)�pd(0)

2



Comparative study of dimensionality and superconducting parameters in YBCO–NaNbO3…

1 3

Page 11 of 13  308

the coherence length shows drastic decrement that implies 
an increase in the charge carrier density in the conducting 
planes [24]. With the increase in the concentration level of 
additive material, the coherence length shows an increase 
which is due to the enhancement in the interlayer coupling 
strength. In 1D and 2D regions, the interlayer coupling 
sources are the charge strips with cross-sectional area ‘s’ and 
the conducting layers with the thickness ‘d,’ respectively, 
that also show significant enhancement with an increase in 
concentration. The reduction in the value of d for NRs-added 
YBCO composite sample in comparison with pure sample 
can be attributed to the better connectivity of grains, while 
in NPs-added YBCO composite sample, an increase in the 
value of 2 wt% NPs-added composite sample shows excess 
disorder and weak connectivity between the superconduct-
ing grains.

As compared to the pristine YBCO material, the NPs- or 
NRs-added samples show enhancement in BC1(0), BC2(0) 
and JC(0) values and suggest the reduction in the magnetic 
vortex motion while enhancement in the pinning capability. 
Furthermore, it is observed that these values show a continu-
ous decrease on increasing concentration of NaNbO3 NRs 
or NPs, which is possibly due to the increased defects in the 
samples [5]. Figure 9 shows the variation of JC(0) and BC2(0) 
with added percentage of NRs or NPs of NaNbO3 in YBCO 
composite samples. In NPs-added composite sample, as the 

size of the nanoparticles is greater than the coherence length, 
it can be considered as 3D artificial pinning centers (APCs) 
and NRs can be considered as the 2D APCs [36–38]. For 
0.5 wt% concentration of NPs or NRs, the enhancement in 
the value of JC(0) of NRs is more as compared to the pure 
YBCO and NPs-added composite samples which may be due 
to creation of enough number of defect centers in the matrix 
of YBCO due to the presence of NaNbO3 NRs which are act-
ing as efficient pinning centers. However, in 1.0 wt% concen-
tration samples, the number of defect centers has increased 
as compared to the 0.5 wt%, but the reduction in the JC (0) 
can be due to increased agglomeration of the NPs or NRs. 
NPs have more chances of agglomeration on surface and 
between grains which can be observed in FESEM images 
also, so their distribution is more random as their orientation 
can be between the vortices, along a vortex and hence acting 
as less efficient or weak pinning centers, whereas NRs are 
appearing to be more effective and strong APCs due to their 
two-dimensional structure.

4 � Conclusion

In the present work, we have carried out a comparative 
study to analyze the impact of addition of NPs or NRs 
of NaNbO3 on the excess conductivity analysis in the 

Table 4   Microscopic and 
macroscopic parameters 
such as coherence length, 
penetration depth, upper and 
lower critical magnetic field, 
and critical current density 
deduced from fluctuation-
induced excess conductivity 
analysis for YBCO + xNaNbO3 
nanocomposite

(NPs—nanoparticles; NRs—nanorods)

x wt%
concentration

ξc(0) (nm) λ (nm) k BC(0)
(T)

BC1(0) (T) BC2(0) (T) JC(0) × 105 
(A/cm2)

0.0 1.72 8.10 4.76 16.85 3.90 111.67 2.95
0.5 wt% NPs 0.54 4.26 7.76 101.03 18.86 1190.1 11.01
1.0 wt% NPs 0.77 5.18 6.65 57.68 11.61 543.21 6.05
2.0 wt% NPs 3.92 12.05 3.07 4.92 1.27 21.29 0.22
0.5 wt% NRs 0.51 4.30 8.44 105.87 18.90 1264.4 13.3
1.0 wt% NRs 0.61 4.42 7.24 86.05 16.63 881.12 10.6
2.0 wt% NRs 1.34 6.54 4.84 26.33 6.06 180.48 2.18

Fig. 9   Variation of a upper criti-
cal magnetic field and b critical 
current density with added 
wt% of NPs or NRs of NaNbO3 
in the YBCO nanocomposite 
samples
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composite samples as compared to the pure YBCO. It 
has been observed that the orthorhombic crystal struc-
ture of YBCO remains unchanged even after the addition 
of 0.5–2.0 wt% NPs or NRs of NaNbO3. FESEM images 
have shown the distribution of NPs or NRs on the surface 
and between the grain boundaries of YBCO. The pres-
ence of cross-fringes in the HRTEM images for NPs- or 
NRs-added YBCO composite samples has confirmed the 
presence of NPs or NRs in the matrix of YBCO. Variation 
in the normal state resistivity and critical temperature in 
the resistivity versus temperature curve has been attributed 
to creation of the disorders, defects and inhomogeneity by 
the addition of NPs or NRs in the nanocomposite samples. 
The fluctuation-induced excess conductivity has been ana-
lyzed by using AL model which has shown the existence of 
five different fluctuation regimes near and above TC. The 
decrement of 1D region width for NPs and increment for 
NRs have been attributed to the more destabilization of 
charge strips in NPs-added YBCO composite samples in 
comparison with NRs-added YBCO. A shift in the value 
of TLD toward higher temperature with the increase in the 
concentration of NPs in composite samples has indicated 
the dominance of 3D regime, and a shift toward lower 
temperature values has indicated the dominance of the 2D 
regime with increasing concentration of NRs. The trend of 
d is similar to �C(0) . A decrement in the value of �C(0) for 
0.5 wt% added NPs or NRs-added YBCO sample in com-
parison with pure YBCO sample has been attributed to the 
increase in charge carrier density in the conducting planes. 
The enhancement in the superconducting parameters such 
as BC1(0), BC2(0) and JC(0) for the 0.5 wt% added NPs or 
NRs-added YBCO composite samples has been due to a 
reduction in magnetic vortex motion and enhancement in 
the pinning capability. NRs-added composite samples have 
shown more enhancement in BC2(0) and JC(0) in compari-
son with NPs-added samples which can be due to the pres-
ence of NRs in the matrix of YBCO inducing the creation 
of correlated defects which are acting as efficient APCs.
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