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Abstract
In high-temperature ceramic superconductors, vortices motion is caused by the strong thermal
�uctuations due to the thermally activated �ux �ow (TAFF). The TAFF impedes the transport properties
and critical current density of superconductors. It has been reported that the addition of nanoscale
impurities can create arti�cial pining centers that may improve �ux pinning capability and inter-granular
coupling in ceramic superconductors. Here, the effects of different amounts (0.0 to 1.0 wt%) of ZnO
nanoparticles on the TAFF behavior and zero temperature activation energy of the
Bi1.6Pb0.4Sr2Ca2Cu3O10+δ superconducting phase have been studied using the modi�ed TAFF model.
Moreover, the impacts of the additive on the inter-granular traits and the Josephson coupling energy of
the superconducting phase have been investigated using AC susceptibility measurements. Results
indicate that the vortex phases for all composites are divided into three vortex regions, but the
temperature ranges in each region are different for various amounts of the additives. A vortex glass to
vortex liquid transition at Tg was obtained from the analysis. The vortex liquid region is divided into the
critical and TAFF ones. It was found that the TAFF region is shifted to the higher temperatures and gets
narrower by adding the ZnO nanoparticles up to 0.2 wt%. The Tg increases from 93.8 K for the ZnO free
sample to 101.0 K for the sample with 0.2 wt% ZnO nanoparticles. In addition, the zero temperature
activation energy (U0/KB) increases from ~ 0.4×105 K for the ZnO free sample to ~ 1.4×105 K for the
sample with 0.2 wt% ZnO nanoparticles and then decreases for higher values of additive. Moreover, it
was found that the Josephson coupling energy Ej increases from ~ 0.037 eV for ZnO free sample to ~ 
0.130 eV for the sample with 0.2 wt% additives. These results point out the signi�cant improvement of
the �ux pinning capability and inter-granular coupling of the Bi1.6Pb0.4Sr2Ca2Cu3O10+δ superconducting
phase with the addition of the 0.2 wt% ZnO nanoparticles.

1. Introduction
High-temperature ceramic superconductors opened a way for diverse applications due to the opportunity
of replacing liquid helium with liquid nitrogen as a coolant which leads to overcoming the technical
complexity of the cryogenic system correlated with the production of liquid helium and its high price.
However, in addition to superconducting transition temperature, TC, other essential parameters should be
taken into consideration [1]. Among different ceramic superconductors, the Bi1.6Pb0.4Sr2Ca2Cu3O10+δ ((Bi,
Pb)-2223) phase has a particular place owing to its remarkably high TC (~ 110 K) and especially an
excellent mechanical performance [2]. These properties make it a promising superconducting material to
synthesize different kinds of samples such as wires, thin �lms, tapes, single crystals, and bulks for large-
scale and high-current applications [3–7]. However, the performance of ceramic superconducting
compounds is badly affected by inter-grains voids and inhomogeneous micro-defects, present in their
bulk form [8]. In polycrystalline bulk samples, the inter-granular superconducting transport properties
have become limited by the weak links caused by the grain boundaries, and the intra-granular critical
current is impeded principally by the thermally activated �ux �ow at high temperatures and in applied
magnetic �elds [8]. The second critical issue is the vortex motions in the applied magnetic �eld, which
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can easily damage the superconductivity [8]. Therefore, it can be said, the signi�cant limitations of the
(Bi, Pb)-2223 superconductor applications are the inter-grain weak links and weak �ux pinning capability,
which lead to weak critical current density in bulk samples.

Under equilibrium conditions, magnetic �ux penetrates into the bulk of type-II superconductors above the
lower critical �eld HC1. In the mixed state (HC1 < H < HC2), magnetic �ux exists in the form of a hexagonal
lattice of quantized vortex lines [9]. The vortices strongly interact with each other forming highly
correlated con�gurations such as the vortex lattice [10]. Each vortex is a tube of the radius of the London
magnetic penetration depth λ(T), in which screening currents circulate around a small non-
superconducting core of the radius of the coherence length ξ(T). Bulk superconductivity is destroyed
when the regular cores overlap at the upper critical �eld HC2 [11]. Besides, a Lorentz force FL = J × B acts
on the quantized vortices when a current J is injected into a superconductor. The critical current density
JC(T; H) is then de�ned by the balance of the �ux pinning and Lorentz forces JC(T; H)H = Fp(T; H), where
Fp is the volume pinning force produced by pinning defects in the strongly interacting array of �ux lines
[9, 12]. Growth of the structure of the vortex lattice in weakly pinned high-temperature ceramic
superconductors is of paramount importance since it determines superconducting properties that are
directly suitable for applications [10, 11].

A key element to take into consideration in the study of vortex motion in ceramic superconductors is the
thermal �uctuations that assist the �ux motion of vortices [13]. In the mixed state, thermal �uctuations
directly affect the vortex motion by the thermally activated �ux �ow (TAFF) and lead to the tail at the
resistive transition [14]. The magnitude of thermal �uctuations can be quanti�ed by the Ginzburg number 

Gi = 10 −9 κ4TCγ2/HC2(0) 2, where κ = λ/ξ is the Ginzburg-Landau parameter (λ is the London

penetration depth and ξ is the superconducting coherence length) and γ = ξab/ξc represents the

anisotropy ratio [14, 15]. The Ginzburg number is Gi∼10−8–10−5 for conventional superconductors, while

Gi∼ 10−2–10−1 for high-temperature ceramic superconductors, which means that thermal �uctuations in
ceramics are very strong [15, 16]. Strong thermal �uctuations give a rich variety of vortex phases and
vortex dynamics in ceramic superconductors [15]. The vortex liquid (VL) and vortex glass (VG) phases
indicate the resistive and pure superconducting states, respectively [17].

Much of the complexity of the vortex dynamics arises from the competing roles of thermal �uctuations,
random pinning, and interactions between the vortices [18]. In a very clean system, it is argued that the
�rst-order transition from a vortex liquid to an Abrikosov vortex lattice occurs at melting temperature, Tm

[18–21]. When the disorders are introduced, the vortex lattice transforms into a glassy vortex state, and
the vortex liquid to glass transition becomes second-order [18, 22–24]. Depending on the type and
strength of the disorder, different types of vortex glass state can be obtained below the glass transition
temperature, Tg [18, 22, 25]. Furthermore, in a system with intermediate disorders, the existence of an
additional vortex slush phase between Tm and Tg characterized by a short-range vortex lattice correlation
without a long-range correlation is proposed by Worthington et al. [26]. This vortex slush phase transition

( )
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can be regarded as the remnant of the clean system’s �rst-order vortex lattice melting, frustrated by
disorder [18, 26].

It had been shown that introducing arti�cial pinning centers in the superconducting matrices, apart from
those which occur naturally, is a very effective method to avoid vortex motion and improve the �ux
pinning capability and superconducting transport properties [8, 10, 27–31]. Different techniques such as
chemical doping [17, 32–34], high energy ions irradiation [31, 35], and different types of additives [1, 2,
36–43] were used in the literature for this purpose. It has been proved that the appropriate amount of
nanosized additives could improve the microstructure, intergranular coupling, and �ux pining capability
of the high-temperature ceramic superconductors [2, 36–39, 42, 44, 45]. Since the size of additives is
smaller than the penetration depth (λ) and larger than the coherence length (ξ), they lead to intense
interactions among �ux lines networks and nanosized additives and consequently improve the �ux pining
capability [38].

Recently, numerous reports have been published on the effects of the different nanosized additives on the
superconducting properties of the (Bi, Pb)-2223 superconducting phase [2, 46–54]. The impacts of ZnO
nanoparticles (NPs) on the �uctuation induced conductivity and pseudogap properties of the (Bi,
Pb)-2223 phase was investigated in our previous study [11]. In the current study, the effects of the ZnO
NPs on the thermally activated �ux �ow (TAFF) behavior and zero-temperature activation energy of the
(Bi, Pb)-2223 phase are studied using the conventional Arrhenius relation and modi�ed TAFF model.
Moreover, the impacts of the ZnO NPs on inter-granular traits and Josephson coupling energy of the (Bi,
Pb)-2223 phase are studied using AC susceptibility measurements.

2. Materials And Methods
Superconducting composite products of type (Bi, Pb)-2223 / (ZnO NPs)x with 0.0 ≤ x ≤ 1 wt% were
synthesized via the conventional solid-state reaction method using high purity Bi2O3, Pb3O4, SrCO3,
CaCO3, and CuO powders (all of the analytical grades with minimum purities of 99.9%), as raw materials.
As described in the previous study [11], the initial materials were mixed, according to the stoichiometric
ratios, and grounded in an agate mortar. The ground mixture was calcined at 820°C for 24 h in the air.
Then calcinated mixture reground into a �ne powder. The calcining and grinding procedures were
repeated three times. The resulting (Bi, Pb)-2223 precursor was added by various amounts (x = 0.0, 0.1,
0.2, 0.3, 0.5, and 1.0 wt%) of ZnO NPs, with a mean crystallite size of 15 ± 2 nm. The mixed powder
samples were ground in agate vials for 2 h using a planetary ball mill (FRITCH P7). The obtained
mixtures were pressed into blocks (15 mm × 4 mm and about 2 mm in height), under the pressure of 7
tons/cm2 and then subjected to heat treatment at 810°C for 120 h in the air to form the desired (Bi,
Pb)-2223 / (ZnO NPs)x composites. Temperature dependence of the electrical resistivity was measured,
in a magnetic �eld of 100 mT, by the conventional four-point probe technique. The temperature-
dependent of the real part of AC susceptibility was measured using an LCR meter (FLUKE PM 6306
model).
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3. Results And Discussion

3.1. Electrical resistivity analyses.
Temperature dependence of electrical resistivity in the range of 140 K down to 85 K, for (Bi, Pb)-2223 /
(ZnO NPs)x (x = 0.0, 0.1, 0.2, 0.3, 0.5 and 1 wt%) composites are plotted in Fig. 1(a). All the composites

have shown metallic-like behavior in the normal state above onset critical temperature Ton
C , where an

abrupt fall in resistivity begins, followed by a transition to zero resistance ρ = 0, (superconducting state)
at offset temperature TCO. As observed, the magnitude of the electrical resistivity in the normal state

decreases with the increase of the ZnO NPs concentration up to 0.2 wt% and then increases for samples
with higher ZnO NPs concentrations. The normal state electrical resistivity depends on porosity, inter-
granular coupling, grain boundaries scattering, and impurities. As mentioned, the normal state resistivity
is minimum for 0.2 wt% ZnO NPs added sample. It can be concluded that the porosity, heterogeneities,
induced defects, and scattering produced by the grain boundaries and ZnO additive are the lowest in this
sample.

The onset critical temperature Ton
C  for different composites was determined from the crossing point of

the extrapolated linear �t of the highest slope near the midpoint of the electrical resistivity jump and the
linearly extrapolated straight line in the normal state of the ρ(T) curve (Fig. 1(a)). The obtained values of

the Ton
C , and TCo and the broadening transition width ΔTc = Ton

c − Tco are summarized in Table 1. As

can be observed, the Ton
C  is about 108.5 ± 0.5 K and is almost constant for different composites. It

indicates that the host crystal structure and the stoichiometry of the Bi1.6Pb0.4Sr2Ca2Cu3O10+δ

superconductor phase are not affected by adding the ZnO NPs. This result agrees with the XRD results in
our previous work [11], which demonstrate no change in XRD peak positions by ZnO NPs addition. It has
been found that the addition of a small amount of ZnO NPs leads to the enhancement of TCO from 96.0
K for ZnO free sample to 101.0 K for the sample with 0.2 Wt% ZnO NPs. For higher additive values, TCO
is decreased and reach 88.5 K for the sample with x = 1.0 wt%. The obtained results also show that the
transition width is decreased from 12.5 K to 6.0 K as the ZnO NPs concentration enhances from 0.0 wt%
to 0.2 wt%, and then increased for further enhancement of the ZnO NPs concentration until reached to
20.5 K for the sample with 1.0 wt% additive.

As observed, the ρ(T) curves show two drops as the temperature is decreased below the onset of
superconducting transition. To more exact studying of the transition region, we differentiated each
electrical resistivity by temperature, dρ(T)/dT, and plotted them as a function of temperature in
Fig. 1(b). The temperature derivative of ρ(T) indicates two peaks. This dual step transition is due to the

granular structure and weak link nature of the samples. The �rst peak at Tmf
C  (intra-granular transition

temperature) is associated with intra-granular �uctuation and presents the pairing transition temperature
within grains, and the second one at TCJ (inter-granular transition temperature) corresponds to the inter-

granular coupling. In the temperature range between Tmf
C and TCJ, the superconducting grains are
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decoupled, and the system as a whole is resistive. Below TCJ, the grains are coupled, or in other terms,
phase-locked with zero phase difference across the inter-granular junctions [55]. The intra-granular

transition temperature Tmf
C  is determined to be sensitively unchanged by the addition of ZnO NPs and is

~ 104 K for all samples. However, the inter-granular transition temperature TCJ is affected by the amount
of ZnO NPs addition. As shown in Table 1, the TCJ increases from 99.5 K for the ZnO free sample to its
maximum value of about 102.5 K for the sample with 0.2 wt% additive and then drops for higher values
of ZnO NPs and reaches 96.5 K for x = 1.0 wt%. These results show that the inter-granular coupling
between grains improves by increasing the ZnO NPs concentration up to 0.2 wt%.

Table 1
The deduced parameters from temperature dependance of electrical resistivity

measurements.
x (wt%) Ton

C  (K) TCO (K) ΔTC (K) Tmf
C  (K) TCJ (K) hole concentration, p

0 108.5 96.0 12.5 104.0 99.5 0.121

0.1 109.0 100.0 9.0 104.0 102.0 0.127

0.2 108.0 101.5 6.5 104.0 102.5 0.129

0.3 108.5 96.0 12.5 104.0 98.5 0.121

0.5 108.5 94.0 14.5 104.0 97.5 0.118

1 109.0 88.5 20.5 104.0 96.5 0.111

Furthermore, it is well-known that the variation of the hole concentration in the CuO2 planes could affect
the TCO. The concentration of hole carrier per copper ion, p, can be determined using the following
expression [56, 57]:

p = 0.16 − (1 −
TCO

Tmax
C

)/82.6
0.5

1
,

where Tmax
C  is the highest critical temperature of (Bi, Pb)-2223 superconducting phase and taken as 110

K. The calculated values for hole concentration are recorded in Table 1. With increasing the content of
ZnO NPs from 0.0 to 0.2 wt%, the hole concentration, p, increases from 0.121 to 0.129. For higher
amounts of ZnO NPs, it decreases and reaches 0.111 for x = 1.0 wt%. The improved inter-grain
connectivity and grain morphology are the primary sources of increased hole carrier concentration after
the inclusion of ZnO NPs in the (Bi, Pb)-2223 matrix.

[ ]
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3.2. Thermally activated �ux �ow analyses.
In the mixed state of high-temperature superconductors, disorders and defects induce barriers for the
vortex motion, and three different situations can be expected; (1) unpinned vortex liquid (UVL) state: the
energy barrier U0 is lower than the temperature and can be neglected, (2) Thermally activated �ux �ow
(TAFF) regime: The energy barrier U0 is higher than the temperature and plays a vital role in vortex
motion. (3) Vortex-glass (VG) state: the barrier grows unlimitedly at low critical current density and the
linear resistivity drops to zero [58]. In the TAFF and UVL regimes, the temperature dependence of
resistivity is de�ned according to the TAFF theory as [59, 60]:

ρ(T, B) = 2ν0LB/J exp − JC0BVL/T sinh(JBVL/T)

2
,

where ν0 is an attempt frequency for a �ux bundle hopping, L is the hopping distance, B is the magnetic
induction, J is the applied current density, JC0 is the critical current density in the absence of �ux creep, V
is the bundle volume, and T is the temperature [61]. If the applied current is small enough so that 
JBVL/T ≪ 1, Eq. (2) can be simpli�ed to

ρ(T, B) = 2ρcU/T exp( − U/T) = ρ0fexp( − U/T)

3
,

where U = Jc0BVL is the thermal activation energy and ρc = ν0LB/Jc0. The detailed de�nitions of U
and ρc indicate that 2ρcU/T is dependent on temperature and magnetic �eld [31]. In cuprates and FeAs-
based superconductors, ρ0f = 2ρcU/T is assumed as a temperature-independent constant [14, 31, 58,
61]. The temperature dependence of the activation energy U is usually assumed as 
U(T, B) = U0(B)(1 − T/TC), where U0 is the apparent activation energy. In this assumption, the

natural logarithm of electrical resistivity is expressed as

lnρ(T, B) = lnρ0 − U0(B)/T

4
,

where lnρ0 = lnρ0f + U0(B)/TC. This equation is known as the Arrhenius relation [31, 61, 62].
According to the Arrhenius relation, the plot of lnρ vs. 1/T should show a linear behavior in the TAFF

region. Consequently, the temperature dependence of the derivative D = − ∂(lnρ)/∂ T −1  shows a

( ) ( )

( )

( )
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distinct plateau in the TAFF region. The plots of −∂(lnρ)/∂ T −1  vs. T, for composites with x=0.0, 0.2,

and 1.0 wt%, as typical samples, are depicted in Figs. 2(a-c) to indicate the temperature region that
satis�es the Arrhenius relationship. As can be observed, however, the plateau is not seen but rather
increases as temperature decreases. Such behavior has been observed in cuprates and iron-based
superconductors [14, 17, 31, 61]. To solve this contradiction in the TAFF model, Zhang et al. [63, 64]
established a new model, called the modi�ed TAFF model, by suggesting non-linear activated energy of
the form U(T, B) = U0(B)(1 − T/TC)q. By applying this non-linear activation energy, in the TAFF

regime, to Eq. (3), it can be derived that

lnρ = ln 2ρcU0 + qln 1 − T/TC − lnT − U0(1 − T/TC)q/T

5
,

and

−∂lnρ/∂T −1 = [U0 1 − T/TC
q − T][1 + qT/(TC − T)]

6
,

where q is a free parameter. According to the condensation model, q = 2 is expected in the case of high-
temperature superconductors with large anisotropy, which shows 2D vortex behavior, whereas q = 1.5 was
seen in high-temperature superconductors with small anisotropy showing 3D vortex behavior [14, 15, 58].
To determine the TAFF regime, zero temperature activation energy U0, and q parameter, the −∂lnρ/∂T −1

vs. T, Ln ρ vs. T, and Ln ρ vs. 1/T plots were �tted using Eqs. (5 and 6). The Ln ρ vs. T curves for
composites with x = 0.0, 0.2 and 1.0 wt% are shown in Figs. 2(d-f), as typical samples. The red solid line
shows the best �t with Eqs. (5). Moreover, the Ln ρ vs. 1/T curves for different samples are represented in
Fig. 3. The solid lines demonstrate the best �ts with the modi�ed TAFF model. As can be observed, these
best �ts agree well with the experimental values in the temperature range T* < T < Tk, which indicate the
TAFF regions for different samples. The Tk is de�ned as the temperature on the higher side deviating
from the TAFF �tting. It is the characteristic temperature that determines the transition temperature from
the TAFF regime to the unpinned vortex liquid phase [58]. The T* is de�ned as the critical temperature
below which the curve deviates from TAFF �tting. It represents the upper-temperature limit of the critical
region for the vortex liquid to vortex glass state transition [65].

The obtained values for Tk, T* and temperature width of TAFF region, ΔTTAFF = Tk − T ∗ ,  are
summarized in Table 2. As can be observed, the Tk and T* increase with the increase of the ZnO NPs
concentration up to 0.2 wt% and then decrease for higher values of the addetive. The ΔTTAFF is

decreased from 6 K for the ZnO-free sample to 4 K for the sample with x = 0.2 wt% and then increased for

( )

( ) ( )

( )
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higher values of the ZnO NPs and reached 12 K for the sample with x = 1.0 wt%. These results indicate
that the TAFF region is shifted to the higher temperatures and gets narrower by adding the ZnO NPs up to
0.2%. For higher values of additive, the TAFF region gets wider and transferred to lower temperatures. The
deduced values for zero temperature activation energy U0, determined by the �tting of the experimental
data, using Eqs. (5 and 6) in the TAFF region, are shown in Fig. 4. As seen, by increasing the ZnO NPs
concentration, U0 increases from ~ 0.4×105 K for the ZnO free sample to ~ 1.4×105 K in the sample with

0.2 wt% ZnO NPs and then decreases for higher values of additive and reaches ~ 0.17×105 K for the
sample with 1.0 wt% ZnO. This indicates that the addition of the 0.2 wt% ZnO NPs improves �ux pinning
capability of the (Bi, Pb)-2223 superconducting phase signi�cantly.

Table 2
The deduced parameters from TAFF analyses.

x (wt%) T* (K) TK (K) ΔTTAFF (K) Tg (K) s U0

0 97.0 103.0 6.0 93.8 2.4 40894

0.1 101.0 105.0 4.0 99.8 1.5 83416

0.2 103.0 105.5 2.5 101.0 2.3 146217

0.3 98.0 103.0 5.0 94.9 1.9 34247

0.5 96.5 102.0 5.5 92.9 2.4 28935

1.0 89.5 101.5 12.0 87.4 2.0 17082

As observed in Figs. 2(d-f), the Lnρ curves begin to deviate upward from the solid red line, interpreted as
the TAFF regime, in the temperature region below T*. It indicates a second-order phase transition from the
vortex liquid phase to the vortex glass phase [14]. From this point of view, the deviation below T* is due to
the increased effective activation energy caused by gradual vortex glass development as the temperature
decreases in the vortex liquid phase. This temperature region is called a critical region present in the
vortex liquid phase [14]. In the critical region, the vortex glass theory [66] predicts the temperature

dependence of the linear resistivity through the relation ρ(T) ∝ T − Tg
s, where s = ν(z + 2 − d) is

the critical exponent and d is the dimensionality of the sample (d = 3 in the present samples), ν is the
static index for vortex-glass correlation length, and z is the dynamic index for correlation time. According
to Liu et al. [67], the electrical resistivity is given as

ρ(T) = ρn exp( − Ueff/kBT) s

7
,

and the thermal activity energy in the critical region, present in the vortex liquid phase, is given as [14]

( )

[ ]
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Ueff = kBT
(TC − T)
(TC − Tg)

8
.

Moreover, according to the vortex glass phase transition theory [18, 23, 60], at the glass temperature Tg,

one has ρ Tg = 0. At the critical temperature TC, one has ρ TC = ρn, thus (Ueff/kBT) = 0. Hence

one has 0 ≤ Ueff/kBT ≤ 1 in the temperature region Tg ≤ T ≤ TC. A �rst-order series expansion in

Eq. (7) around TC gives ρ(T) = ρn 1 − Ueff/kBT s. Using Eq. (8) the temperature-dependent

resistance in the vortex glass critical region is obtained as

ρ = ρn
T − Tg
Tc − Tg

s

9
,

which is consistent with the vortex-glass theory. The experimental data in the vortex glass critical region
has been �tted with Eq. (9). The dash lines in Figs. (2 and 3) represent the corresponding best �ts for
different composites. As can be seen, the �ts agree well with the experimental values below T*. From the
�tting using Eq. (9), the vortex glass temperature Tg and critical exponent s were evaluated. According to
the vortex-glass theory, s ≤ 2.7 corresponds to the 2D vortex glass state while the values of s in between
2.7 to 8.5 correspond to the 3D vortex glass state [14, 17, 58]. As represented in Table 2, the obtained s
values for different composites are smaller than 2.7, which indicates the 2D vortex glass state for the
prepared composites. Therefore, all the samples undergo a phase transition from 2D vortex glass with s < 
2.7 to 2D vortex liquid with q = 2 at Tg, which means that the 2D correlation created below Tg is
maintained up to high temperature [14]. In other words, the 2D vortices in vortex liquid, which are
determined from the q-values discussed above, are frozen into the 2D vortex glass with decreasing
temperature, in agreement with the vortex glass theory [58]. As recorded in Table 2, by increasing the ZnO
NPs concentration, the vortex glass transition temperature Tg increases from 93.8 K for the ZnO free
sample to 101.0 K for the sample with 0.2 wt% ZnO NPs and then drops for more additives until it
reaches 87.4 K for the sample with 1.0 wt% ZnO NPs.

To verify the accuracy of the obtained values for U0 from the above indirect approach, the temperature
dependence of activation energy was calculated directly from the measurement data using the Arrhenius

equation (Eq. (3)) by U(T, H) = − TLn ρ(T, H)/ρ0f . The calculated temperature dependence of

activation energy for different composites has been shown in Figs. 5(a-f). As observed, all the samples
show a similar temperature dependence. As the temperature decreases from the high temperatures the

( ) ( )

[ ( ) ]

( )

[ ]
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magnitude of U(T, H) increases slowly, then increases steeply. The TAFF region for different composites
is also highlighted in Figs. 5(a-f), which has a different temperature range depending on the amount of
ZnO NPs additive. As mentioned above, the temperature dependence of the activation energy on the TAFF
region is given by U(T, H) = U0(H)(1 − T/TC)q. The U(T, H) had been calculated, using obtained

values for U0, TC, and q, and has been plotted by solid red lines for different composites in Figs. 5(a-f). As
observed in the �gures, the agreement between the experimental data and the
U(T, H) = U0(H)(1 − T/TC)q relation, in the TAFF region, is excellent in all composites.

3.3. AC susceptibility analyses.
The AC susceptibility measurement is extensively employed as a non-destructive and effective tool for
understanding and characterization of the intra-grain and inter-grain components in the polycrystalline
high-temperature superconductors [40, 45, 55, 68–70]. The plots of the real part of AC susceptibility, χ́,
and its derivative, dχ́ /dT, versus temperature at a frequency of 300 Hz and the AC background magnetic
�eld of 250 A/m, for different composite samples are displayed in Figs. 6(a) and (b), respectively. A
characteristic feature of the AC susceptibility in HTSCs is the presence of double drops in χ́ (T) and
correspondingly two peaks in dχ́ /dT. The �rst peak at TC is related to the transition to superconducting
state within grains and correlated to the intra-granular properties, and the second peak at TCJ is related to
coupling matrix and correlated to the inter-granular properties. As mentioned above, in the temperature
range TCJ < T <TC, the superconducting grains are decoupled, and the system as a whole is resistive.
Below TCJ, the grains are coupled, or in other terms, phase-locked with zero phase difference across the
inter-granular junctions. Wide/narrow separation of intra- and inter-granular peaks signi�es a
worse/better connection among the grains. As demonstrated in Fig. 6(b), TC is sensitively unchanged
with ZnO NPs addition. However, TCJ associated with the occurrence of the weak links network among
grains is sensitive to the amount of ZnO additive. This result indicates that the addition of the ZnO NPs
does not have a sensitive effect on the intra-granular properties of samples, while it affects the inter-
granular properties. TCJ was determined from the derivative of χ́ versus temperature graph (Fig. 6(b)). As
shown in Fig. 6(c), by increasing the ZnO NPs concentration, TCJ increases from 95.5 K for the ZnO-free
sample to 102 K for the sample with x = 0.2 wt% and then shows a decreasing behavior for higher values
of ZnO NPs until it reaches to 93 K for the sample with x = 1 wt%. These results can be a clear sign of
enhanced inter-granular properties with ZnO NPs addition. The observed behavior has a good agreement
with obtained values from resistivity measurements.

High-temperature superconductor materials can be modeled as an array of weakly Josephson coupling.
Grains coupling takes place via the Josephson currents in the layers among grains [40]. The Josephson
coupling energy can be expressed as [40]:

Ej =
h

4πeI0

10
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,

where h is the Planck constant, e is the elementary charge, and I0 is the maximum Josephson's current
that passes across the grain boundaries and according to Ambegaokar Baratoff expressed as [40, 71]:

I0 = 1.57 × 10 −8 ×
TC

(TC − TCJ)
× 100

11
.

The Josephson coupling energy, Ej, for different composites, has been calculated using the above
equations, and its value, at H = 250 A/m, as a function of the ZnO NPs concentration is plotted in
Fig. 6(c). As seen, the Ej is increased from ~ 0.037 eV to ~ 0.130 eV by increasing the ZnO NPs
concentration from 0.0 to 0.2 wt% and then is decreased for higher ZnO NPs concentrations until it
reaches 0.029 eV for the sample with 1.0 wt% additive. This result points out the signi�cant improvement
of the inter-granular coupling with the addition of the 0.2 wt% ZnO NPs. The stronger inter-granular
Josephson coupling energy leads to the stronger trapping force, and, therefore, the greater critical current
density will be.

3.4. V-I analyses.
To investigate the effects of the ZnO NPs addition on the critical current density, the V-I curve for different
samples has been recorded at 77 K by the four-point-probe technique. The obtained V-J curves are plotted
in Fig. 7. Critical current densities were determined from the V-J curves, using the criterion of 2 µV/cm. As
observed, the critical current density increases from ~ 114 A/cm2 for ZnO free sample to ~ 249 A/cm2 for
the sample with 0.2 wt% additives. For higher values of ZnO NPs, it decreases and reaches ~ 45 A/cm2

for the sample with 1.0 wt% additive. The improvement of the critical current density by adding the ZnO
NPs up to 0.2 wt% is attributed to enhancing the inter-granular Josephson coupling energy and activation
energy.

4. Conclusion
In conclusion, the impacts of adding different amounts (0.0 to 1.0 wt%) of ZnO nanoparticles (NPs), with
a mean crystallite size of 15 ± 2 nm, on the thermally activated �ux �ow (TAFF) behavior and zero-
temperature activation energy of the Bi1.6Pb0.4Sr2Ca2Cu3O10+δ superconducting phase have been
investigated using the modi�ed TAFF model. Moreover, the effects of the ZnO NPs additive on the inter-
granular traits and Josephson coupling energy of the superconducting phase have been studied, using
AC susceptibility measurement. The obtained results indicate that the vortex phases for all composites
are divided into three vortex regions, but the temperature ranges in each region are different for various
amounts of the ZnO NPs. All composites show a 2D vortex glass region below the Tg which is well
understood by the vortex glass theory. Vortex liquid region exists above Tg that is well described by
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modi�ed TAFF model but is divided into critical and TAFF regions due to the difference in the temperature
dependency of the activation energy. For all composites, in the critical region, the effective activation

energy is well described by Ueff = kBT (TC − T)/(TC − Tg) , and in the TAFF region is well �tted by 

U(T, H) = U0(H)(1 − T/TC)q with q=2 that indicates the 2D vortex liquid behavior. Through the

analysis with the modi�ed TAFF model, it was found that the TAFF region is shifted to the higher
temperatures and gets narrower by the addition of the ZnO NPs up to 0.2 wt%. For more additives, the
TAFF region gets wider and transferred to lower temperatures. The vortex glass to vortex liquid transition
temperature, Tg, increases from 93.8 K for the ZnO free sample to 101.0 K for the sample with 0.2 wt%
ZnO nanoparticles and then drops for higher values of additive until it reaches 87.4 K for the sample with
1.0 wt% ZnO NPs. In addition, by increasing the ZnO NPs concentration, the zero temperature activation
energy increases from ~ 0.4×105 K for the ZnO free sample to ~ 1.4×105 K for the sample with 0.2 wt%
ZnO NPs and then decreases for more additives. From AC susceptibility measurements, important
parameters including inter-granular coupling temperature TCJ and Josephson coupling energy Ej were
estimated and discussed. It was found that inter-granular coupling is improved with ZnO NPs addition
signi�cantly. The Ej value increases from ~ 0.037 eV for the ZnO free sample to ~ 0.130 eV for the sample
with 0.2 wt% ZnO additive. These results point out the signi�cant improvement of the inter-granular
coupling and �ux pining capability in the Bi1.6Pb0.4Sr2Ca2Cu3O10+δ superconducting phase with adding
of the 0.2 wt% ZnO NPs.
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Figure 1

(a) Plots of the temperature dependence of electrical resistivity ρ(T) and (b) it’s corresponding derivative
dρ/dT for the different (Bi, Pb)-2223 / (ZnO NPs)x composites.
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Figure 2

See image above for �gure legend.
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Figure 3

The Ln ρ vs. 1/T curves for different (Bi, Pb)-2223 / (ZnO NPs)x composites. The solid lines are the �ts
according to Eq. (5) and the dashed lines are the �ts according to Eq. (9).

Figure 4

Variations of the zero-temperature activation energy U0, with respect to the ZnO NPs contents.

Figure 5

See image above for �gure legend.

Figure 6

Temperature dependence of (a) the real part of AC susceptibility, χ́ , (b) and its derivative, dχ́ /dT, for
different (Bi, Pb)-2223 / (ZnO NPs)x composites, measured at magnetic �eld amplitude of 250 A/m and
frequency of 300 Hz. (c) Variations of the inter-granular coupling temperature, TCJ, and Josephson
coupling energy, Ej, with respect to the ZnO NPs contents.
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Figure 7

V-J curve for different (Bi, Pb)-2223/(ZnO NPs)x composites at 77 K.


