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Abstract The effect of MgO nano-oxide on both su-
perconducting and dielectric properties of polycrystalline
(Cu0.25Tl0.75)-1234 was studied. The MgO-content varied
from x = 0.0 up to 1.0 wt% of the sample’s total mass.
The volume fraction of the prepared samples (x = 0.0, 0.2,
0.6 and 1.0 wt%) was estimated from the room-temperature
X-ray powder diffraction patterns. The superconducting
transition temperature Tc, calculated from resistivity data,
increased from 122 to 136 K as x increased from 0.0 to
0.8 wt% and then it decreased to 117 K for x = 1.0 wt%.
Also, the dielectric properties of all samples were measured
in the frequency range from 100 Hz to 4 MHz at different
temperatures from 113 to 300 K. The real part of dielectric
constant ε′ was strongly dependent on both temperature and
frequency for all x values. The imaginary part of dielectric
constant ε′′ and loss factor tan δ showed dispersion which
shift toward lower frequencies with decreasing temperature.
The ac conductivity σac was derived from the admittance
and sample dimensions in the same frequency range. It fol-
lowed the power law σac(ω) ∼ ω−γ with γ ≈ 0.8.

Keywords (Cu,Tl)-1234 · MgO nano-particles · Dielectric
constants · Loss factor

1 Introduction

The crystal structure of (Cu1−xTlx )-1234 superconducting
phase is a tetragonal unit cell and it has four CuO2-planes,
acting as a conduction band, whereas the charge reservoir
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of (Cu1−xTlx )-1234 is Cu1−xTlxBa2O4−δ [1]. (Cu1−xTlx )-
1234 superconducting phase was prepared by Ihara et al.
[2] under a high pressure of 3.5 GPa and low pressure of
0.1 GPa at 950–1100 ◦C for 1–3 hours in a gold capsule.
They found that the superconducting transition temperature
Tc for this phase was higher than that of Cu-1234 and Tl-
1234 by 8 K and 4 K, respectively. Also, the anisotropy pa-
rameter for (Cu1−xTlx )-1234 was found to be almost iden-
tical to that of Tl-1234 phase [3] and smaller than that
of Cu-1234 [4]. Unfortunately, the high-pressure synthesis
technique is not economical for practical applications. So,
Khan et al. [1] reported a simple and direct method for
(Cu1−xTlx )-1234 synthesis at ambient pressure based on
two steps of solid-state reaction technique. A single phase
of (Cu1−xTlx )-1234 was achieved at Tc around 120 K and
zero resistivity temperature T0 of about 106 K. The first
chemical substitution in this phase was performed by Khan
et al. [5], who substituted Be at Ca-site to improve the in-
terplanar coupling. This study showed that Be-substitution
at Ca-site contracted the lattice parameter c and the post-
air annealing increased the oxygen content. Also, in a pre-
vious work, Mohammed et al. [6] had successfully synthe-
sized Cu0.25Tl0.75Ba2Ca3−yEryCu4O12−δ superconducting
phase by a single step of a solid-state reaction technique at
ambient pressure and studied the effect of Er-substitution
at Ca-site on its physical properties. It was found that the
small content of Er (0.0 ≤ y ≤ 0.05) decreased the transi-
tion width and this result was attributed to the enhancement
of volume fraction of this phase. Awad [7] studied the ef-
fect of MgO nano-oxide on the electrical and mechanical
properties of Cu0.25Tl0.75Ba2Ca3Cu4O12−δ superconduct-
ing phase. He found that the lower concentration of MgO
nano-addition to (Cu0.25Tl0.75)-1234 phase improved the
critical current density Jc, enhanced both Tc and the Vick-
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ers microhardness and enhanced the volume fraction of the
formed phase.

The high dielectric constant of high-temperature super-
conductors found numerous technological applications. Re-
cently, materials with giant dielectric constant played an in-
creasingly significant role in the growth of microelectron-
ics because of the desire for smaller and more robust de-
vices such as capacitors and memory devices [8]. In the
case of memory devices based on capacitive components,
such as static and dynamic random access memories, the
static dielectric constant will ultimately decide the level of
miniaturization [9]. The higher values of the dielectric con-
stant were observed in many high-temperature supercon-
ductors [8, 10–20]. So with the advent of these HTSC com-
pounds, the field of electronics had a great deal of potential
in using this technology for a variety of applications. Rela-
tively higher values of dielectric constants were reported for
Bi2Ba2Nd1.6Ce0.4Cu2O10+δ [8], Tl2Ba2CaCu2O8−δ [10],
Tl2Ba2Ca2Cu3O10−δ [10], Bi1.84Pb0.34Sr1.9Ca2.03Cu3.06

InxO10+δ [11] and Cu0.5Tl0.5Ba2Ca2−xCdxCu3O10−δ [20]
superconductors. Furthermore, Mumtaz et al. [21, 22] stud-
ied the dielectric properties of Cu0.5Tl0.5Ba2(Ca2−yMgy )
(Cu0.5Zn2.5)O10−δ and Cu0.5Tl0.5Ba2Ca3Cu4O12−δ bulk
superconductors in the range of 10 KHz to 10 MHz and
a negative capacitance (NC) phenomenon was observed.
Also a similar phenomenon (NC) was observed by Cav-
dar in Tl2Ba2CaCu2O8−δ [10]. It is well known that there
are four primary mechanisms of polarization in materi-
als. Electronic polarization, atomic and ionic polarization,
dipolar or oriental polarization and interfacial polariza-
tion, and each mechanism involves a short-range motion of
charges and contribute to the total polarization of the mate-
rial.

In this work, the effect of MgO nano-oxide additions
on the superconductivity and dielectric properties of Cu0.25

Tl0.75Ba2Ca3Cu4O12−δ superconducting phase was stud-
ied. The real and imaginary parts of dielectric constant ε′
and ε′′, dielectric loss factor tan δ and ac conductivity σac

for (MgO)xCu0.25Tl0.75Ba2Ca3Cu4O12−δ samples with x =
0.0 wt%, 0.2 wt%, 0.4 wt%, 0.6 wt%, 0.8 wt% and 1.0 wt%
were calculated using the capacitance Cp, conductance G

and admittance Y measurements in the frequency range of
100 Hz to 4 MHz and at different temperatures from 113 K
to 300 K.

2 Experimental Technique

Samples with the nominal composition of Cu0.25Tl0.75

Ba2Ca3Cu4O12−δ with different added amounts of nano-
oxide MgO (0.0–1.0 wt%) were prepared by a single step
solid-state reaction technique at ambient pressure. Amounts
of Tl2O3, BaO2, CaO and CuO were used to prepare

a sample of about 2.1 g with nominal compositions as
0.75:2:3:4.25. These compositions were ground in an agate
mortar and then were sifted by a 65 µm sieve. After sieving,
the nano-oxide MgO (40 nm, Sigma Aldrich) was added as a
weight % to the sifted powder. The powder was pressed into
a disc (diameter of 1.5 cm and thickness of about 0.3 cm),
and then the disc was wrapped in a silver foil to minimize
the thallium losses during the sintering process. The sam-
ples were heated in a sealed quartz tube (1.8 cm diameter
and 12 cm long) at a rate of 2 ◦C/min to 780 ◦C, followed by
a heating rate of 1 ◦C/min to 860 ◦C, and finally held at this
temperature six hours. At the end of this period, the samples
were slowly cooled to room temperature.

The samples were characterized by X-ray powder diffrac-
tion (XRD) using Shimadzu 7000 with CuKα-radiation (λ =
1.5418 Å) in the range 20◦ ≤ 2θ ≤ 60◦. The grain size and
homogeneity of the samples were identified using a Jeol
scanning electron microscope JSM-5300, operated at 30 kV,
with a resolution power of 4 nm. Energy dispersive spec-
troscopy (EDS) analysis were performed for the prepared
samples using an Oxford X-ray micro-probe analysis con-
nected to Jeol scanning microscope JSM-5300.

The electric resistivity of the prepared samples was mea-
sured by the conventional four-probe technique from room
temperature down to T0 via a closed cryogenic system, em-
ploying helium gas as a working medium. The samples
had the shape of parallelepipeds of approximate dimensions
1.5 × 0.2 × 0.3 cm3, and a conductive silver paint was used
for the connections of copper leads with the sample. The
temperature of the sample was monitored by a chromel ver-
sus Fe-Au thermocouple and stabilized with the aid of a tem-
perature controller to within ±0.1 K. A typical excitation
of 1 mA was used to avoid heating effects on the samples.
The potential drop across the sample was measured using a
Keithly 181 digital nano-voltmeter. The voltage was deter-
mined by taking the average of the values measured with the
normal and reverse directions of applied current to eliminate
the thermoelectric voltage of the junction leads.

The frequency dependent dielectric measurements were
performed using Hioki-3532 LCR Hitester from f = 100 Hz
to 4 MHz at different temperatures. Silver paint was painted
in both sample surfaces and dried at room temperature. The
sample is heated at 180 ◦C for one hour to ensure the good
contact between silver metal and superconductor sample.
Two copper leads were attached to the silver electrode sur-
face to measure the capacitance. By measuring the capac-
itance Cp, conductance G and admittance Y for the pre-
pared samples with different MgO nano-concentrations. The
real and imaginary parts of dielectric constant ε′ and ε′′,
dielectric loss factor tan δ and ac conductivity σac of the
prepared samples were calculated using the following rela-
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tions:

ε′ = cpd

Aε0
(1)

tan δ = G

cpω
(2)

= ε′′

ε′ (3)

σac = Yd

A
, (4)

where Y is the admittance (Y = 1/Z, Z is the impedance
in 
), d is the thickness of the sample (m), A is the area

Fig. 1 XRD patterns for (MgO)xCu0.25Tl0.75Ba2Ca3Cu4O12−δ su-
perconducting samples (x = 0.0, 0.2, 0.6 and 1.0 wt%)

of the electrode (m2), ε0 is the permittivity of free space
(ε0 = 8.85 × 10−12 F/m) and ω (=2πf ) is the angular fre-
quency.

3 Results and Discussion

The room-temperature X-ray powder diffraction patterns
for (MgO)xCu0.25Tl0.75Ba2Ca3Cu4O12−δ superconducting
samples (x = 0.0, 0.2, 0.6 and 1.0 wt%) are shown in Fig. 1.
The major lines of the diffraction patterns are well indexed
by a tetragonal unit cell of (Cu, Tl)-1234 with space group
P4/mmm. The volume fraction of the samples prepared, es-
timated from the peak intensities of the same particular re-
flections [23], increases from 88% to 96% as x increases
from 0.0 to 0.6 wt% and then decreases to 82% as x reaches
1.0 wt%. Some impurities like that observed by Badica et al.
[24], Ba2Cu3O5+δ and (Cu, Tl)-1223, are found in small
amounts. Also, no patterns corresponding to MgO and/or
Mg-rich compounds were detected in XRD up to 1.0 wt%.
The EDS analysis for x = 1.0 wt% sample showed the exis-
tence of Mg in the bulk sample between the superconduct-
ing grains as shown in Fig. 2. A similar result was observed
in (Bi,Pb)2Sr2Ca2Cu3O10−δ superconducting phase added
by nano MgO [25]. So the effect of MgO on (Cu, Tl)-1234
phase can be considered as a catalyst role changing the rate
of reaction that retards the (Cu, Tl)-1234 phase formation.
The change in the rate of reaction could be related to the
change in the viscosity of the forming transient liquid at the
reaction temperature, which in turn affects its homogeneity
and hence the formation rate of (Cu, Tl)-1234 phase [7].

SEM images for (MgO)xCu0.25Tl0.75Ba2Ca3Cu4O12−δ

superconducting samples with x = 0.0, 0.2, 0.6, and 1 wt%
are shown in Figs. 3a to 3d, respectively. More grains with
regular plate-like or bar-like are observed in x = 0.0, 0.2 and
0.6 wt% samples, indicating the formation of (Cu, Tl)-1234

Fig. 2 Typical EDS analysis for
(MgO)xCu0.25Tl0.75Ba2Ca3Cu4O12−δ

with x = 1.0 wt%
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Fig. 3 SEM images for
(MgO)xCu0.25Tl0.75Ba2Ca3Cu4O12−δ

superconducting samples: (a)
x = 0.0 wt%, (b) x = 0.2 wt%,
(c) x = 0.6 wt%, (d)
x = 1.0 wt%

phase [24]. Some blocks of several composed plates or bars
are also observed, especially in x = 0.6 wt% sample. This
means that MgO nano-oxides addition up to x = 0.6 wt%
can heal microcracks and increase the connectivity between
the grains in (Cu0.25Tl0.75)-1234 phase. The grain size de-
creases as x increases, indicating that the spherical MgO
grains act as a barrier and hinders the grains growth. Further-
more, in x = 1.0 wt% sample, the spherical MgO grains are
observed clearly between the superconducting grains, indi-
cating that MgO particles remain as discrete nano-particles
even after sintering process.

The variation of the electrical resistivity with tempera-
ture for (MgO)xCu0.25Tl0.75Ba2Ca3Cu4O12−δ , with x = 0,
0.2, 0.4, 0.6, 0.8 and 1.0 wt%, is shown in Fig. 4. All the
samples show metallic-like behavior from room tempera-
ture down to onset of superconductivity. A higher value of
the normal-state resistivity are recorded for x = 0.4 wt%
sample, whereas a lower value is recorded for samples of

x = 0.6 wt% sample which is closer to that of the pure sam-
ple. The normal-state resistivity may strongly depend on
porosity and grain boundaries scattering. These results are
consistent with SEM results which show that x = 0.6 wt%
sample has the lowest porosity. On the other hand, The
superconducting transition temperature calculated from re-
sistivity data increases from 122 to 136 K as x increases
from 0.0 to 0.8 wt% and then it decreases to 117 K with
x = 1.0 wt% as shown in the inset of Fig. 4.

To provide more evidence concerning these measure-
ments, the dielectric properties, such as real ε′ and imag-
inary ε′′ parts of dielectric constant, dielectric loss tan δ,
and ac conductivity σac for (MgO)xCu0.25,Tl0.75Ba2Ca3

Cu4O12−δ with x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0 wt% are
measured in the frequency range from 100 Hz to 4 MHz at
different temperatures from 113 to 300 K. The variation of
ε′ with frequency at different temperatures for x = 0.0 wt%
sample is shown in Fig. 5. In general the curve shows the



J Supercond Nov Magn (2012) 25:45–53 49

Fig. 4 The variation of the
electrical resistivity with
temperature for
(MgO)xCu0.25Tl0.75Ba2Ca3Cu4O12−δ ,
with x = 0, 0.2, 0.4, 0.6, 0.8 and
1 wt%. The inset shows the
variation of Tc with x

Fig. 5 The variation of the
dielectric constant of
Cu0.25Tl0.75Ba2Ca3Cu4O12−δ

sample with frequency at
different temperatures

contribution of individual polarization mechanisms to the
dielectric constant and their relaxation frequencies. As each
process relaxes, ε′ becomes smaller because the contribution
to polarization from that mechanism ceases.

At low frequencies, all four sources of polarization (elec-
tronic, ionic, dipolar and space charge polarization) are
dominant. The strong increase of ε′ as detected at lower fre-
quencies (103 Hz) corresponds to Maxwell–Wagner-like ef-
fects and attributed to the interfacial polarization due to in-
homogeneous dielectric structure [26–28]. These take place
at the grain boundaries and/or at the electrode contacts.
Space charge polarization at the electrodes is also consid-
ered as a one of factors that increases ε′ at low frequen-
cies. As the frequency increases (103–104 Hz), the available
time for the drift of charge carriers is reduced and the ob-
served increase in ε′ is substantially less. In this case the
polarizability is associated with the material rather than the
interface and ε′ decreases [29]. With further increase in f

(104–105 Hz), ε′ decreases rapidly. This can be explained
according to the oscillation of the applied field is too fast and
the dipolar polarization characteristic time is longer than the
time constant of the applied field [21]. So the decrease of ε′
is due to the reduction in dipolar polarization role. Beyond
1 MHz, the dielectric constant ε′ becomes temperature inde-
pendent. This indicates that at high frequencies, the dielec-
tric constant response results from the sample in the absence
of dipolar polarization. Therefore, it could be suggested that
the dielectric constant mainly originates from electronic and
lattice polarization contributions on account of their short re-
laxation time [8]. Regarding the effect of the temperature, ε′
decreases as temperature increases, which could be related
to the decrease in polarizability.

The variation of ε′ with frequency at room temperature
for different x is shown in Fig. 6. In the low radio frequency
(kHz), ε′ increases to the largest value for x = 0.4 wt%
which could be related to the existence of secondary phases,
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Fig. 6 The variation of the
dielectric constant, ε′ with
frequency at room
temperature for
(MgO)xCu0.25Tl0.75Ba2Ca3Cu4O12−δ

samples with x = 0.0, 0.2, 0.4,
0.6, 0.8 and 1 wt%

Fig. 7 The variation of the
imaginary part, ε′′ with
frequency for
Cu0.25Tl0.75Ba2Ca3Cu4O12−δ

sample at different temperatures

impurities and grain boundaries scattering. This confirmed
the largest resistivity value of this sample. For further in-
crease in x, ε′ is decreased which could be attributed to
the effect of MgO in the increasing of volume fraction of
the main phase, the healing of microcracks and increase the
connectivity between the grains, the improving in the mi-
crostructures of the samples and relatively reduction in both
impurities and electrical inhomogeneity.

The variation of the imaginary part of dielectric ε′′ with
frequency, for (MgO)xCu0.25Tl0.75Ba2Ca3Cu4O12−δ sam-
ples with different x values at room temperature, is shown
in Fig. 7. It is clear that all the studied samples exhibit the
dielectric dispersion where ε′′ decreases as the frequency
increases from 100 Hz–4 MHz. It decreases rapidly in the
low-frequency region and the rate of decrease is slow in high
frequency region, the behavior almost approaches to fre-
quency independent behavior. The phenomenon of dielec-
tric dispersion has been explained on the basis of Maxwell–
Wagner model [30] and Koop’s phenomenological theory
[31] of dielectrics. In this model, a dielectric medium has

been assumed to be made of well conducting grains, which
are separated by poorly conducting grain boundaries. There-
fore the grains are highly conductive and have high values of
permittivity, while the grain boundaries are less conductive
and have smaller values of permittivity. At lower frequen-
cies the grain boundaries are more effective than electrical
conduction grains. The variation of the loss factor with fre-
quency for Cu0.25Tl0.75Ba2Ca3Cu4O12−δ sample at differ-
ent temperatures is shown in Fig. 8. The dispersion in tan δ is
found to shift toward higher frequencies as the temperature
increases. This behavior is clearer in the inset where tan δ

was calculated using the series capacitance and was plot-
ted against logf . In this case peaks appeared correspond-
ing to dispersion positions indicating the relaxation process.
At the peak, the relaxation time of the electrical dipoles is
close to the period of the applied electric field, resulting
in the maximum of dissipation. The shift of the peak to-
ward higher frequencies as the temperature increases could
be attributed to the relaxation time decreases with increasing
temperature. Such dielectric response indicates a Debye-like
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Fig. 8 The variation of the loss
factor with frequency for
Cu0.25Tl0.75Ba2Ca3Cu4O12−δ

sample at different
temperatures. The inset shows
tan δ as calculated using the
series capacitance vs. logf

Table 1 The variation of τ with
T and x T (K) 10−4 × τ (s)

x = 0.0 wt% x = 0.2 wt% x = 0.4 wt% x = 0.6 wt% x = 0.8 wt% x = 1 wt%

113 1.592 0.227 2.2748 1.327 0.5308 0.6369

153 0.8846 0.0995 1.327 1.1374 0.5308 0.5308

213 0.7962 0.0796 0.9952 0.8846 0.3981 0.3981

253 0.6369 0.0637 0.8846 0.7962 0.3185 0.3981

298 0.5308 0.0531 0.7962 0.6369 0.2654 0.3185

relaxation process. The broad tan δ peak suggests that there
exists different dipolar relaxation time τ . This implies addi-
tional spatial charge polarizations due to the electrical inho-
mogeneity in the interfaces, grain boundaries, or caves. It is
expected that the effect can be suppressed by improving the
microstructures of the samples [8].

At the relaxation frequency, the most probable relaxation
time, τ is obtained and given by

ωτ = 1 (5)

where ω is the angular frequency corresponding to the peak
in tan δ. According to the Debye model, the dipolar polar-
ization relaxation time obeys the Arrhenius relation,

τ = τσ e(U/KBT ) (6)

where U represents the activation energy required for the
relaxation and τ0 is a pre-exponential factor. The most
probable relaxation time, τ , obtained according to (5) for
(MgO)xCu0.25Tl0.75Ba2Ca3Cu4O12−δ are displayed in Ta-
ble 1 with different T and x. It decreases as temperature
increases. The ln τ versus 1/T which show activated behav-
ior, (6), is shown in Fig. 9 for x = 0.2 wt% sample. A linear
regression of the data yields the values U ∼ 22 meV and
τ0 ∼ 23 × 10−7 s. U values for all other samples are shown
in Fig. 10. U is of order around 20 meV which compara-
ble with that for CCTO [9] and much smaller than that of
Bi-2222 [8].

The variation of ac conductivity with frequency at dif-
ferent fixed temperatures for Cu0.25Tl0.75Ba2Ca3Cu4O12−δ

is shown in Fig. 11. In low-frequency regime, ac con-
ductivity decreases with increase in temperature indicat-
ing dispersion of conductivity with temperature. With in-
crease in frequency, the dispersion in conductivity narrowed
and all the curves for different temperature appeared to
merge into a single curve at high frequencies. σac(ω) ex-
hibits power law behavior and the data yield σac(ω) ∼ ω−γ

with γ ≈ 0.8. AC conductivity may arise due to free as
well as bound carriers. When the ac conductivity increases
with increasing frequency, the conductivity must be related
to the bound carriers trapped in the sample. If the conduc-
tion is due to free carriers then the conductivity must de-
crease with increase in frequency [32]. As the ac conduc-
tivity data in Fig. 11 decrease with increasing frequency,
the observed ac conductivity must be related to the free
carriers. The same behavior was obtained for the cuprate
superconductors Bi2Sr2Ca2Cu3O10, Bi2Sr2CaCu2O8 and
YBa2Cu3O6.95 with γ ≈ 0.7 in infrared frequency range
[33, 34].

4 Conclusion

MgO nano-oxide addition increased the volume fraction of
the prepared samples. It can heal microcracks and increased
the connectivity between the grains. Tc increased from 122
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Fig. 9 The variation of ln τ

with 1/T for
(MgO)xCu0.25Tl0.75Ba2Ca3Cu4O12−δ

sample with x = 1 wt%

Fig. 10 The variation of the
activation energy U with x

Fig. 11 The variation of ac
conductivity of
Cu0.25Tl0.75Ba2Ca3Cu4O12−δ

sample with angular frequency
at different temperatures
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to 136 K as x increased from 0.0 to 0.8 wt%. In the low
radio frequency (kHz), ε′ increased to the largest value for
x = 0.4 wt%, which could be related to the existence of sec-
ondary phases, impurities and grain boundaries scattering
consistent with the largest resistivity recorded. For further
increase in x, ε′ was decreased which could be attributed to
the effect of MgO in the increasing of volume fraction of
the main phase, the healing of microcracks and increase the
connectivity between the grains, the improving in the mi-
crostructures of the samples and relatively reduction in both
impurities and electrical inhomogeneity. The imaginary part
of dielectric constant ε′′ and loss factor tan δ showed disper-
sion which shift toward lower frequencies with decreasing
temperature. Such dielectric response indicated a Debye-
like relaxation process. AC conductivity, σac was derived
from the admittance and sample dimensions in the same fre-
quency range. It followed the power low σac(ω) ∼ ω−γ with
γ ≈ 0.8. As the ac conductivity decreases with increasing
frequency, therefore, the observed ac conductivity was re-
lated to the free carriers. The conduction mechanism was
suggested to be due to translation of free carriers.
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