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Abstract
In the present work, the magnetoresistance behavior of (TlF)x-substituted (Cu0.5,Tl0.5)Ba2Ca2Cu3O10−δ superconducting 
samples, with x = 0.0, 0.1, 0.2, 0.3 and 0.4, was investigated. According to the thermally activated flux creep (TAFC) model, 
the flux pinning energies U(H, T) were calculated from the resistivity temperature (ρ–T) curves at applied DC magnetic fields 
ranging from 0.29 to 4.44 kOe. The results indicated that flux pinning energy was increased with increasing the F-substituting 
up to x = 0.1 and then decreased with increasing the applied field up to 4.44 kOe. Moreover, significant resistive broadening 
(ΔT) was observed with increasing the values of the applied magnetic fields. Furthermore, the (TlF)x substitution, boost-
ing the transport critical current density Jc(0) and irreversibility magnetic field Hirr(0) up to x = 0.1 and then decreasing for 
x > 0.1 at various applied magnetic fields, demonstrates strong flux pinning for x = 0.1.
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1  Introduction

In high-temperature superconductors (HTSCs) such as (Cu, 
Tl)-1223, the vortex motion in the external magnetic fields 
is considered a crucial issue [1]. This vortex motion has the 
potential to rapidly destroy superconductivity [2]. The ther-
mal fluctuations of the thermally activated flux flow (TAFF) 
alter vortex motion in the mixed state, causing a tail effect on 
the resistivity transition in the lower temperature region [3]. 
Although the pinning force is greater than the Lorentz force, 
which is created by the applied current on the flux bundle and 
results in energy dissipation, the vortex motion can still be pro-
duced via TAFF and flux creep [4]. Since the Ginzburg num-
ber, G, (~ 10−2–10−1) of TAFF is of a high magnitude, it plays 
a highly useful role in ceramic superconductors. As a result, 
substantial thermal fluctuations in high-temperature supercon-
ductors (HTSCs), vortex phases, and dynamics vary [5, 6]. The 

two distinct vortex phases, such as the liquid and glass phases, 
respectively, determine the normal and superconducting states 
[7]. Most of the dynamical complexity of the vortices is due 
to the battle between thermal fluctuations, arbitrary pinning, 
and the interaction of vortices [8]. At melting temperature, 
Tm, the Abrikosov vortex lattice is a first-order phase transi-
tion from a vortex liquid is specified in a pure phase [9–11]. 
Defects and disorders cause the vortex lattice to transition into 
the vortex glass phase, where the order of the phase transition 
from vortex liquid to vortex glass is regarded as second order 
[12, 13]. At the vortex glass phase transition temperature, Tg, 
numerous forms of vortex glass phases may exist depending 
on the nature and capabilities of the disorders [14]. In addi-
tion, a separate slushy vortex phase exists in systems with 
intermediate disorders in the temperature range of Tm < T < Tg.
[15]. In pure phases, the slushy vortex phase transition can be 
conceived of as the remnant of a disordered first-order vortex 
lattice transition [8, 15]. The foregoing discussion has shown 
that flux pinning has a significant impact on superconductor 
transport parameters and that the vortex formation in HTSCs 
having poor pining flux capability is of fundamental relevance 
[16]. As a result, in addition to naturally occurring disorders, 
establishing artificial ones in the HTSCs lattices is an efficient 
way to prevent the motion of vortices and enhance the pinning 
flux and transport parameters of superconductors [16–18].
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Most of the studies [19–21] concentrated on the effect of 
an applied external magnetic field on the resistive transition 
to better comprehend the mechanism of flux pinning and 
flux mobility. As a result, the thermally activated flux creep 
(TAFC) can adequately represent the data for the resistiv-
ity region approaching the zero-resistivity temperature Tco 
(ρ = 0) [22–24]. According to the TAFC model, in the pres-
ence of a magnetic field, the resistivity transition in HTSCs 
broadens and obeys the Arrhenius relation [25]:

where U(H, T) is the pinning energy that depends on both 
temperature and magnetic field.

A power-law can be used to estimate the magnetic field 
dependence of flux pinning energy [26]:

where β is a constant that depends on the magnetic field’s 
orientation concerning the basal plane and the variety of 
applied magnetic fields.

In addition, the magnetic field dependence on transition 
width ΔT = (Tc -To) obeys a power-law [27]:

According to Ambegaokar–Halperin (AH) theory, the fol-
lowing relationship represents the magnetic field and tem-
perature dependence of U [28]:

where Io is the modified Bessel function, ρn is the resistivity 
in the normal state and γ is the Josephson coupling energy 
EJ to thermal energy ratio.

The Josephson coupling energy may be thought of as pin-
ning energy, according to Tinkham’s concepts [29, 30]:

Finally, from the TAFC model and AH theory, U(H, T) 
can be represented in the form [31]:

The distinction of thermal and magnetic field effects in 
the normalized barrier height can be rewritten from the 
physical image in AH theory as follows [32]:

where t = T/Tc denotes the reduced temperature and q = β/n. 
The magnetic field-dependent parameter, C(H), is used to 
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calculate the critical current density at 0 K and is given as 
[33]

where d is the average grain size determined using scanning 
electron microscope images.

In the present work, the effects of F-substituted (Cu, Tl)-
1223 samples on the flux pinning energy using the thermally 
activated flux creep (TAFC) model under different applied 
fields in the range of 0.29–4.44 kOe were studied. Moreover, 
the dependence of the critical currents on external magnetic 
fields and the irreversibility fields was investigated.

2 � Materials and methods

A single-step solid-state reaction method was success-
fully used to prepare superconducting samples of (Cu0.5, 
Tl0.5)Ba2Ca2Cu3 O10−δ that were substituted with varying 
amounts of (TlF)x at the Tl site with x = 0.0, 0.1, 0.2, 0.3, 
and 0.4. The nominal composition of the starting reagents is 
(Cu0.5[Tl0.5−x]Tl2O3[Tlx]TlF)Ba2Ca2Cu3O10−δFx, where the TlF 
is used as a source of fluorine to substitute the F ion at the 
O site and is directly mixed with the other starting reagents 
from the beginning. The preparation and characterization of 
the samples have been described in detail elsewhere [34]. 
The temperature dependence of the resistivity under different 
magnetic fields ranging from 0.29 to 4.44 kOe at a constant 
deriving current of 1 mA was obtained by employing the four-
probe method. With the aid of helium gas through a cryo-
genic diplex system, the refrigeration of the samples was done 
until the temperature reached its zero-resistivity temperature 
(To). The samples had dimensions of about 1.2 × 0.4 × 0.4 cm3 
and the connection of the copper leads with the samples was 
made using conductive silver paste. The temperature of the 
sample was monitored by a Chromel versus Fe–Au thermo-
couple and stabilized with the aid of a temperature controller 
to within ± 0.1 K. The potential drop across the sample was 
measured using a Keithley 181 digital nano voltmeter. The 
voltage was determined by taking the average of the values 
measured with the normal and the reverse directions of the 
applied current to eliminate the thermoelectric voltages of the 
junction leads. The measurements were carried out in a mag-
netic field upon heating after zero-field cooling (ZFC). The 
generated magnetic field from a DC electromagnet is applied 
normally to the direction of the driving current.

3 � Results and discussion

The room temperature XRD patterns of the prepared sam-
ples: (Cu0.5[Tl0.5−x]Tl2O3[Tlx]TlF)Ba2Ca2Cu3O10−δFx, with 
x = 0.0, 0.1, 0.2, 0.3 and 0.4, are depicted in Fig. 1. The 

(8)Jc(0) = C(H)eKBTC∕ℏd
2
.
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diffraction peaks are mostly associated with the tetragonal 
structure of the (Cu, Tl)-1223 phase, which has the space 
group P4/mmm [35] with limited indexed low-intensity 
peaks suggesting the existence of both the (Cu, Tl)-1212 
phase and BaCuO2. Kamar et al. [34] previously reported 
on the features and examinations of these samples, and the 
results are compiled in Table 1.

The superconducting properties of the (Cu, Tl)-1223 sys-
tem are dependent on the hole concentration or the number 
of holes per Cu-atom [36, 37]. A parabolic relationship [38] 
holds between the superconducting transition temperature 
and the hole concentration as indicated in the following 
equation:

where P represents hole concentration and Tmax
c

 is taken 
as 132 K for the (Cu, Tl)-1223 system [39]. The supercon-
ducting transition temperature, Tc, which corresponds to 

(9)Tc∕T
max

c
= 1 − 82.6(P − 0.16)2

the curve’s maximum, can be determined using Gaussian 
fitting of the temperature dependence of the dρ/dT curves 
as pictured in Fig. 2. The Tc value of the pure sample was 
around 119.5 K. It rises by 4.82% to reach its optimum 
value at 124.5 K for x = 0.1, and then it declines by 6.41% 
to 117 K for x = 0.4. The preliminary rise in Tc may have 
been caused by many reasons, including the boosting of 
the forming of the main (Cu0.5,Tl0.5)-1223 superconduc-
tor phase, as shown by XRD measurements and the crea-
tion of cooper pairs during the transition from the normal 
to the superconducting states by the partial replacement 
of oxygen with fluorine [40]. Moreover, Tl-based oxides 
are over-doped with a value of hole concentration in the 
Cu–O planes greater than the optimum one related to the 
optimum Tc. As Tc was found to increase by removing 
oxygen from the structure by F-substitution resulted in 
reducing hole concentration and optimizing superconduct-
ing features at an optimum concentration of x = 0.1. These 
findings are consistent with XRD and RBS analysis. On 
the other hand, Tc suppressions for x > 0.1 might well be 
associated with a boost in the volume fraction of impu-
rity phases, as assisted by XRD analysis. It could also 

Fig. 1   XRD patterns of (TlF)x doped (Cu, Tl)-1223 with x = 0.0, 0.1, 
0.2, 0.3, and 0.4. The peaks indexed by (*) and (#) represent (Cu, Tl)-
1212 and BaCuO2

Table 1   The lattice parameters 
(a and c), the O and F elemental 
content [34], hole concentration 
(P), thermoelectric power 
(S), and fitting parameters for 
magnetoresistance (β, n, η, and 
q) of the (Cu0.5, Tl0.5)-1223 
phase with (TlF)x substitution, 
0.0 ≤ x ≤ 0.4.

x Lattice parameter (Å) Elemental 
content

P S (µV/K) � n � q

a c O F

0.0 3.858 (4) 15.852 (3) 9.800 0.000 0.194 3.35 0.229 0.250 0.479 0.916
0.1 3.843 (4) 15.874 (4) 9.706 0.095 0.186 7.63 0.281 0.319 0.592 0.900
0.2 3.833 (3) 15.882 (6) 9.454 0.261 0.190 5.34 0.210 0.244 0.454 0.862
0.3 3.833 (7) 15.911 (9) 9.423 0.284 0.194 2.98 0.197 0.294 0.491 0.670
0.4 3.827 (1) 15.920 (3) N/D N/D 0.196 1.92 0.160 0.268 0.428 0.597

Fig. 2   Variation of resistivity derivative concerning temperature for 
all samples
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be due to the trapping of mobile holes and some mecha-
nisms associated with oxygen vacancy disorder. [41] The 
estimated values of hole concentration are represented in 
Table 1. It is obvious that P values decrease with increas-
ing F-substituting up to x = 0.1 and reach their optimum 
value of Tc at 124.5 K. For more additive values of F-sub-
stituting, they decrease and reach the minimum values of 
Tc at 117.5 K. The charge carrier transport mechanism in 
high-Tc superconductors determines thermoelectric power, 
S, and is given by [42]

where kB is the Boltzmann constant and e is the electron 
charge. As seen in Table 1, all the thermoelectric power 
values are positive, indicating that hole conduction is the pri-
mary mechanism. Thermoelectric power is generally under-
stood to be extremely sensitive to oxygen doping, which is 
closely connected to Tc. The maximum value of thermoelec-
tric power for x = 0.1 confirmed that the sample is ideally 
doped in the CuO2 layer with 0.186 holes per Cu-atom.

F− can be substituted into a structure in one of three 
ways [43]: (i) by directly replacing an O2− ion with an 
F− ion; (ii) by replacing one O2− ion with one or more F 
ions; or (iii) by adding F ions to the structure’s intersti-
tial spaces. The successful replacement of oxygen ions 
with fluorine ions has a few justifications. This is further 
discussed as follows: (i) According to the XRD analysis 
of Fig. 1, there is no appreciable impact on the samples’ 
tetragonal structure and the locations of the diffraction 
peaks. Due to the similarities in the ionic radii of O2−and 
F− (140 and 136 pm, respectively), for VI coordination 
number) [44], it indicates that F ions can easily replace 
O2. As evidenced further by the variation of the lattice 
parameters (a and c), whose values slightly drop and rise, 
respectively. Abu Hlaiwa et al. [24] and Anas et al. [45] 
came to similar findings when examining the impact of 
PbF2 on the physical characteristics of the (Cu, Tl)-1223 
and (Bi, Pb)-2223 superconducting phases, respectively. 
(ii) The charge balancing issues caused by the substitution 
of fluorine ions for oxygen ions should lead to a reduction 
in the carrier (holes) density in p-type superconductors 
[43]. This is supported by the positive values of the S and 
P as presented in Table 1, which demonstrate the strong 
link between the improvement in Tc values up to x = 0.1 
with rising F-content and falling oxygen content. Saoudel 
et al. [46] reported a similar pattern of behavior when 
examining the impact of doping TlF3 on the superconduct-
ing characteristics of (Bi, Pb)-2223 phase. (iii) As can be 
observed from Table 1, which summarizes the results of 
the PIGE and RBS methods used to calculate the fluorine 
content values. The values are nearly equal to those of x 

(10)S =
kB

e

[

ln(
1 − p

2P
) − ln2

]

and rise with increasing TlF substitution concentrations. 
It was expected that the oxygen content would decrease as 
fluorine ions replaced oxygen ions.

The magnetic field dependence of resistivity with 
respect to temperature of the (Cu0.5[Tl0.5−x]Tl2O3[Tlx]TlF)
Ba2Ca2Cu3O10−δFx, with 0.0 ≤ x ≤ 0.4 , at different applied 
magnetic fields of 0.00, 0.29, 1.2, 2.34, 3.53, and 4.44 kOe 
is shown in Fig. 3 (a–e). There are two regions where the 
magnetic field can affect the resistivity curve. The first one 
occurs in the normal-state region (T > Tc), where normal-
state resistivity changes vary very slightly when the applied 
magnetic field increases due to defects and inhomogeneities 
in the samples [47, 48]. The mixed state region that contains 
both the pairing transition and the tail parts is the second 
one. The pairing transition part, which is connected to the 
transition of isolated grains to the superconducting state, 
Tonset
c

 , may alter somewhat when magnetic fields are applied, 
indicating the significant intra-grain energy that restricts 
vortex motion [49]. On the other hand, the broadening tail 
part of resistivity is more sensitive to the applied magnetic 
field, even at low values, due to flux penetration into the 
inter-granular regions of the weak coupling between grains 
and shifts to lower temperatures as the applied magnetic 
field increases [50].

In addition, when the applied field increases, the Tco of 
F-substituted (Cu, Tl)-1223 samples decreases regularly 
toward lower temperatures, as seen in Fig. 3. By substi-
tuting with fluorine ions, the resistive tail decreases up to 
x = 0.1, then it increases up to x = 0.4. This increase could 
be due to the increased volume fraction of the samples in 
the mixed state. At lower temperatures, the pinning disorder 
and pinning interaction should dominate thermal effects at 
the vortex glass phase T < Tg, where Tg is the glass tran-
sition temperature that separates between the liquid vor-
tex phase (T > Tg) and the glass vortex phase (T < Tg). The 
Vogel–Fulcher relation (dln�∕dT)−1 ∝ (T − Tg) [51] was 
used to calculate Tg. Figure 4 shows the variation of Tg ver-
sus the applied magnetic fields for F-substituted (Cu, Tl)-
1223 samples. It follows that the values of the Tg decrease as 
the applied magnetic field increases. To further understand 
the effect of F-substitution, a further investigation was con-
ducted into the flux pinning energy, transport critical current 
density, and irreversibility field of the samples [22].

The graphs of ln (ρ) vs 1/T for (Cu0.5[Tl0.5−x]Tl2O3[Tlx]TlF)
Ba2Ca2Cu3O10-δFx, with 0.0 ≤ x ≤ 0.4 , are shown in Fig. 5 
(a-e). The flux pinning energy, U, could be evaluated from 
the slope of linear data points in the tail part as a function 
of the applied magnetic fields as represented in Fig. 5. It is 
noted that, as the applied magnetic field was raised to H = 1.2 
kOe, the U values for all F-substituted samples rapidly 
declined, owing to weak links in the inter-granular spaces 
[52]. Following that, by raising the applied field strength 
to H = 4.44 kOe, the drop in U decreased and essentially 
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plateaued. This could be owing to a larger external magnetic 
field causing an increase in the population of vortices [53]. 
Furthermore, as F-substitution increases, the flux pinning 
energies of U increase until they reach an optimum level of 
x = 0.1, confirming Tc behavior. An increase in F-content 
up to x = 0.1 produces an increase in the number of pinning 
centers, supporting an improvement in their flux pinning 
character, which may improve the energy barriers needed for 
flux pinning. Similar results were reported by Shakil et al. 

[50]. U decreases as x > 0.1, and the weak links increase, 
causing the vortices to creep more easily [54].

According to Eq. (2) and the data extracted from Fig. 6, 
for each sample, the β value is obtained and listed in 
Table 1. The value of β varies between 0.16 and 0.28. This 
is similar to the results (0.28–0.33) reported for Zn and Ni-
doped Tl-1223 [55], but less than the results (0.39–0.69) 
obtained for Sc-doped Tl-1223 [56]. However, there are 
no expected values of β since they are extremely sensitive 

Fig. 3   The temperature dependence of resistivity of (Cu0.5[Tl0.5−x]Tl2O3[Tlx]TlF)Ba2Ca2Cu3O10−δFx, samples with (a) x = 0.0, (b) x = 0.1, (c) 
x = 0.2, (d) x = 0.3 and (e) x = 0.4 at different magnetic fields
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to numerous factors affecting the U and crystal structure 
features, such as weak link quality, oxygen content, and 
atom position.

The variation of ΔT versus H for F-substituting samples 
is illustrated in Fig. 7, according to Eq. (3). The high number 
of randomly oriented grains that freeze and cluster in ran-
dom places during the cooling process increases ΔT for all 
samples as the applied magnetic field increases. As a result, 
the samples contain more resistive regions, resulting in 
weaker vortex pinning as the superconducting current path 
is shortened. Furthermore, a reduction in the microscopic 
inhomogeneous superconducting phase and/or an increase 
in inter-grain connection might be attributed to a decrease 
in ΔT with F-substituting up to x = 0.1.

The Ambegaokar and Halperin (AH) theory [57] is used 
to analyze the effect of an applied magnetic field on the 
motion of a flux line. The AH theory describes how the 
phase of the order parameter is affected by thermal fluctua-
tions throughout a current-driven Josephson junction [33]. 
Table 1, which also demonstrates the change of the esti-
mated parameters β, n, η, and q versus (TlF)x-substituting, 
according to AH theory. It is found that n and q decrease 
until x = 0.1, after which they increase as x increases fur-
ther. This could be due to the F-substituted (Cu, Tl)-1223 
phase formation being suppressed at x > 0.1. Equation (8) 
can be used to calculate Jc(0) using the magnetic field-
dependent C(H) parameter. The variation of Jc(0) vs H for 
(Cu0.5[Tl0.5−x]Tl2O3[Tlx]TlF)Ba2Ca2Cu3O10−δFx, samples are 
depicted in Fig. 8. The single-junction sensitivity to the 
applied magnetic field between superconducting grains is 
demonstrated by the drop in Jc(0) in grain borders when 
the field is increased. The Jc(0) is improved by increasing 

F-substituting up to x = 0.1. This improvement might be 
explained by the impact of F-substituting in enhancing flux 
pinning, acting as pinning centers or establishing locally 
weak superconducting zones. In addition, when x > 0.1, 
the decrease in Jc(0) could be owing to an increase in grain 
boundary resistance or non-superconducting impurities.

The irreversibility line of high-Tc superconductors, which 
separates the vortex glassy and vortex liquid states on the 
H–T phase diagram, is the most prominent curve [58]. This 
line is formed by the irreversibility fields’ temperature 
dependency, and the flux lines are driven to move above it 
by the flowing current. It indicates that energy has been dis-
sipated and that the supercurrent has vanished. In this aspect, 
the irreversibility field of high-Tc superconductors is compa-
rable to the upper critical field of conventional superconduc-
tors. As illustrated in Fig. 9, the irreversibility field Hirr(T) 
was calculated by calculating 10% of normal resistivity from 
magnetoresistance measurements. The stabilization of flux 
lines into (Cu, Tl)-1223 samples following F-substituting is 
confirmed by a larger Hirr value, which correlates to better 
flux pinning.

The temperature dependency of the irreversibility field 
is given as [59, 60]

where Hirr(0) is the irreversibility field at 0 K, Tc0 is the 
zero-resistivity temperature at zero magnetic fields and 
the exponent m (theoretically equals 3/2) can vary widely 
depending on the vortex properties.

Table 2 shows the fitted parameters n and Hirr(0) accord-
ing to Eq. (9). It is clear, for all samples, that the Hirr sam-
ple is given by nearly exponent m ~ 1.5, within the range 
of measurement temperatures. This suggests that Hirr is 
affected by the flux creep phenomenon.

4 � Conclusion

The magnetoresistance of the F-substituted (Cu, Tl)-1223 
phase was investigated, and the results were explained within 
the AH model. The flux pinning strength obtained from 
Arrhenius plots was improved by increasing F-substituting 
up to x = 0.1, which decreased. In addition, it was decreased 
by applying a magnetic field. The increasing transition width 
region was due to the dissipation of energy caused by the 
motion of vortices because of the enhanced volume fraction 
of the sample in the mixed state. The calculated parameters 
like Jc(0), and Hirr(0) were also enhanced by F-substituting 

(11)Hirr(T) = Hirr(0)(1 − T∕Tc0)
m

Fig. 4   The variation of Tg with the applied field magnetic field for 
F-doped samples
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Fig. 5   ℓn(ρ) vs 1/T for (Cu0.5[Tl0.5−x]Tl2O3[Tlx]TlF)Ba2Ca2Cu3O10−δFx, with (a) x = 0.0, (b) x = 0.1, (c) x = 0.2, (d) x = 0.3, and (e) x = 0.4 at differ-
ent magnetic fields.
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up to x = 0.1, indicating that F-substituting can act as pinning 
centers or generate locally weak superconducting regions, 
which improved superconducting magnetic properties. The 
irreversibility line of Hirr was fitted with the power-law 
dependence (1 − T/Tco)m with m ∼ 1.5, confirming the flux 
creep is present in our samples.
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