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Abstract

Bulk Cu0.5Tl0.5Ba2(Ca2�xYx)Cu3O10�δ superconductor ceramic samples were synthesized by the conventional solid-state method and
characterized by X-ray diffraction, dc-resistivity, ac-susceptibility and Fourier Transform Infrared spectroscopy. The main purpose of this study
was to investigate the role of charge carriers and the effect of Y substitution at Ca sites in between the CuO2 planes on superconductivity. The
superconducting properties are suppressed by Y substitution at Ca sites in between the CuO2 planes of Cu0.5Tl0.5Ba2(Ca2�xYx)Cu3O10�δ

samples. It is most likely that Y3þ may create correlated domains in between the CuO2 planes and localizes the carriers, which lowers the
diamagnetic screening and suppresses the superconductivity. Therefore, cationic substitution reduces the three dimensional (3D) mobility of
carriers, resulting in the reduction of the Fermi vector and velocity of the carriers, which in turn suppresses the superconducting properties of the
material.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The complexity of high Tc superconductors requires the
understanding of charge transfer mechanism and mobility of
the carriers. The mechanism of superconductivity in cuprates is
still unclear but there is a common consensus that the observed
variation in Tc partially depends upon optimum carriers
concentration, their mobility along the c-axis and also on the
conductivity of the charge reservoir layer. In order to increase
the mobility of carriers along the c-axis, the inter-CuO2-planes
coupling in Cu0.5Tl0.5Ba2Ca2Cu3O10�δ superconductors was
improved by Be and Mg doping at Ca sites in between the
CuO2 planes [1–4]. The superconducting properties are sig-
nificantly enhanced by Be and Mg-doping at Ca sites in
Cu0.5Tl0.5Ba2(Ca2�yMy)Cu3O10�δ; (M¼Be, Mg) supercon-
ductors. Both these elements (Be and Mg) of the same þ2
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oxidation state have smaller size, higher electronegativity
values than that of replaced Ca atom. Decrease in the c-axis
length has been observed in Be and Mg-doped samples [1–4],
which is the reminiscent of increased coherence length (ξc) and
enhanced mobility of carriers along the c-axis due to improved
inter-CuO2-planes coupling. We doped Yþ3 at Caþ2 sites in
between the CuO2 planes of Cu0.5Tl0.5Ba2(Ca2�xYx)Cu3O10�δ

superconductors in order to look into the role of charge
state of the doped elements on superconductivity. In the
literature, the effects of Y-doping at Ca sites in different
high Tc superconducting families are found to be poisonous
for superconducting properties [5–12]. Different arguments
were given to explain the fatal effects of Y substitution on
superconductivity.
Since the atomic and covalent radii of Y are smaller than

those of Ca, the charge state of Y3þ is greater than that of
Ca2þ . The doping of Y at the Ca sites would help in
understanding the role of enhanced charge state of doped
elements in between the CuO2 planes on the mechanism of
high Tc superconductivity. The prime objective of Y-doping
was to improve the inter-CuO2-planes coupling and to enhance
ghts reserved.
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the superconducting properties of Cu0.5Tl0.5Ba2(Ca2�xYx)
Cu3O10�δ material [13]. It was expected that Yþ3 having
smaller size and higher electronegativity than Caþ2 would
improve the inter-CuO2-planes coupling and would increase
the three dimensional (3D) conductivity of carriers in the bulk
materials. But to our surprise, we got the results other way
round i.e. superconducting properties (Tc, magnitude of
diamagnetism, etc.) are suppressed with the increase of
Y-content in Cu0.5Tl0.5Ba2(Ca2�xYx)Cu3O10�δ samples.
These unexpected results have shed light on the role of charge
state of doped atom on the mobility of carriers. These results
showed that Y-doping has influenced the anisotropy through
the variation of carriers concentration [14]. It was observed in
previous studies that the substitution of Y3þ decreases the
average valance state of Cu (or hole concentration) resulting in
the decrease of Tc [5,6,15,16]. It was found by Yamanaka et al.
[7] that when the hole concentration decreases by Y substitu-
tion at Ca sites in Bi2Sr2Ca1�xYxCu2O8�y superconductor, the
superconducting gap increases and Tc decreases. Mumtaz et al.
[17] also studied the variation of superconducting properties
with the change of hole concentration in CuTl-1223 super-
conductor by means of cationic substitution.
Fig. 1. X-ray diffraction (XRD) scans of Cu0.5Tl0.5Ba2(Ca2�xYx)Cu3O10�δ

(x¼0, 0.015, 0.025, 0.05, and 0.075) superconductor samples.
2. Experimental details

We have synthesized Cu0.5Tl0.5Ba2(Ca2�xYx)Cu3O10�δ

superconducting samples by the solid-state method accom-
plished in two stages. In the first stage Cu0.5Ba2(Ca2�xYx)
Cu3O10�δ precursor material was prepared by thoroughly
mixing of Ba(NO3)2, Ca(NO3)2, Cu2(CN)2 and Y2O3 in a
quartz mortar and pestle in appropriate ratios. The mixed
material was ground for about 1 h and then fired thrice at
860 1C in a quartz boat for more than 24 h followed by furnace
cooling to room temperature. The material was ground for 1 h
after each time 24 h firing. In the second stage, appropriate
amount of Tl2O3 was added to Cu0.5Ba2(Ca2�xYx)Cu3O10�δ

precursor material to obtain Cu0.5Tl0.5Ba2(Ca2�xYx)Cu3O10�δ

samples as final composition. Thoroughly mixed material with
Tl2O3 was palletized under 3.8 t/cm2 pressure. The pellets
were then carefully enclosed in gold capsules and sintered for
10 min at 860 1C followed by quenching to room temperature.
The samples were characterized by X-ray diffraction (XRD),
dc-resistivity, ac-susceptibility, and Fourier Transform Infrared
(FTIR) spectroscopy measurements. The conventional four
probe dc-resistivity measurement setup was used to measure
the temperature dependent dc-resistivity (ρ) of the samples.
Liquid nitrogen was used for low temperature measurements
up to 77 K. The samples holder containing the sample was put
into the liquid nitrogen container slowly and the temperature
was monitored at the rate of 1 K/min. The ac-susceptibility
was measured by using a lock-in amplifier at 270 Hz lock-in
frequency. The mutual induction method was employed to
determine the diamagnetic signal. Liquid nitrogen was also
used for the ac-susceptibility measurements at low temperature
up to 77 K.
3. Results and discussion

X-ray diffraction (XRD) scans of Cu0.5Tl0.5Ba2(Ca2�xYx)
Cu3O10�δ (x¼0, 0.015, 0.025, 0.05, and 0.075) samples are
shown in Fig. 1. Most of the diffraction peaks observed in
XRD scans are indexed for orthorhombic crystal structure by
using the Pmmm space group. The cell parameters are
calculated from the XRD analysis using computer software
(crystal) and the systematic increase in the axes lengths was
observed after Y-doping in Cu0.5Tl0.5Ba2(Ca2�xYx)Cu3O10�δ

(x¼0, 0.015, 0.025, 0.05, and 0.075) samples. The unit cell
volume determined from the axes lengths of Cu0.5Tl0.5Ba2(-
Ca2�xYx)Cu3O10�δ superconductor samples are 253.39,
258.11, 259.27, 264.04 and 265.04 Å3 for x¼0, 0.015,
0.025, 0.05, and 0.075 respectively. The unit cell volume also
systematically increases with increasing Y-doping concentra-
tion in the samples. The density is decreased in all Y-doped
samples; more suppression in the density is observed for



Table 1
A summary of resistivity, density and XRD of Cu0.5Tl0.5Ba2(Ca2�xYx)Cu3O10�δ samples for x¼0, 0.015, 0.025, 0.05, and 0.0 75.

(Tl1�xYx)Ba2Ca2Cu3O10�δ ρ (Ω cm)
at 290 K

Tc
onset (K) Tc (R¼0) (K) Density(g/cm3) Unit cell parameters (a–c-axis) (Å) Residual

resistivity

x¼0 0.397 109 96 2.97 a¼4.18, b¼4.33, c¼14.00 0.17
x¼0.015 0.488 118 86 2.25 a¼4.2, b¼4.34, c¼14.16 0.34
x¼0.025 0.927 117 87 1.77 a¼4.21, b¼4.34, c¼14.19 0. 6
x¼0.05 0.614 112 78 1.26 a¼4.24, b¼4.37, c¼14.25 0.04
x¼0.075 1.001 114 77 1.12 a¼4.25, b¼4.37, c¼14.25 0.78

Fig. 2. The FTIR absorption spectra of Cu0.5Tl0.5Ba2(Ca2�xYx)Cu3O10�δ

(x¼0, 0.015, 0.025, 0.05, and 0.075) superconductor samples.
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x¼0.025, 0.05, and 0.075, see Table 1. The density of the
samples presented in the manuscript is calculated theoretically
as

ρ¼M=Vc

where M is the molecular weight of the elements in the unit
cell and Vc is the volume of the unit cell. The increase in the
volume of the unit cell after Y-doping causes the decrease in
the density of the samples. The ionic size of Y3þ is smaller
than Ca2þ but the volume of the unit cell has been increased
after Y-doping. Therefore, the decrease in mass per unit
volume (i.e. density) is very obvious after Y-doping. It was
found that mechanical properties after Y-doping at Ca sites in
Bi2Sr2Ca1�xYxCu2O8�δ superconductor samples were
improved showing the better connections of grains in the
material. But the density of the samples was also found to be
reduced in Y-doped Bi2Sr2Ca1�xYxCu2O8�δ superconductor
samples owing to the presence of pores [8]. The microhardness
of these samples was also decreased after Y-doping, which is
also the evidence of the presence of pores and reduction of
density of the samples.

The influence of increase in the c-axis length and unit cell
volume can be seen in the FTIR absorption spectra of these
samples. The phonon modes related to the oxygen atoms in the
unit cell observed by FTIR absorption spectra of Cu0.5Tl0.5-
Ba2(Ca2�xYx)Cu3O10�δ (x¼0, 0.015, 0.025, 0.05, and 0.075)
superconductor samples are shown in Fig. 2. The apical
oxygen modes of type Cu(2)–OA–Tl are observed around
540, 542, 541, 545, and 545 cm�1 and apical oxygen modes of
type Cu(2)–OA–Cu(1) are observed around 420, 422–450,
423–457, 417–457, and 420–456 cm�1 in Cu0.5Tl0.5Ba2(-
Ca2�xYx)Cu3O10�δ samples for x¼0, 0.015, 0.025, 0.05,
and 0.075, respectively. The planar oxygen modes in
Cu0.5Tl0.5Ba2(Ca2�xYx)Cu3O10�δ samples are observed
around 579, 578, 578, 577, and 569 cm�1 for x¼0, 0.015,
0.025, 0.05, and 0.075, respectively. These planar oxygen
modes are slightly softened after Y-doping at Ca sites in
Cu0.5Tl0.5Ba2(Ca2�xYx)Cu3O10�δ superconductor samples.
The substitution of Y at Ca sites in between the CuO2 planes
promotes the expansion of the lattice and increases the bond
distances, which results in the softening of the CuO2 planar
oxygen modes. The expansion of distances between the CuO2

planes develops the pressure on the apical oxygen bond
distances and as a result apical oxygen modes of types Cu
(2)–OA–Tl and Cu(2)–OA–Cu(1) are slightly shifted to higher
wavenumbers (i.e. become hardened) due to reduction of
apical oxygen bond lengths with the Y-doping at Ca sites in
Cu0.5Tl0.5Ba2(Ca2�xYx)Cu3O10�δ superconductor samples.
The electrical dc-resistivity as a function of temperature

between 77 and 300 K and residual resistivity measurements
are carried out to investigate the effects of Y substitution on
superconducting properties of Cu0.5Tl0.5Ba2(Ca2�xYx)
Cu3O10�δ samples as shown in Fig. 3. The variation of Tc
(R¼0) versus Y-content in Cu0.5Tl0.5Ba2(Ca2�xYx)Cu3O10�δ
samples are plotted in Fig. 4. We have observed metallic



Fig. 3. The resistivity versus temperature measurements and residual resistiv-
ity of Cu0.5Tl0.5Ba2(Ca2�xYx)Cu3O10�δ (x¼0, 0.015, 0.025, 0.05, and 0.075)
superconductor samples.

Fig. 4. Variation in Tc (R¼0) versus Y-content in Cu0.5Tl0.5Ba2(Ca2�xYx)
Cu3O10�δ (x¼0, 0.015, 0.025, 0.05, and 0.075) superconductor samples.

Fig. 5. The ac-susceptibility versus temperature measurement of Cu0.5Tl0.5-
Ba2(Ca2�xYx)Cu3O10�δ (x¼0, 0.015, 0.025, and 0.05) superconductor
samples.
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behavior in the dc-resistivity data from room temperature
down to onset of superconductivity. The onset of super-
conductivity temperature {Tc

onset (K)} is observed around
109, 118, 117, 106, and 116 K and the zero resistivity critical
temperature {Tc (R¼0)} around 96, 86, 87, 78, and 77 K, for
x¼0, 0.015, 0.025, 0.05, and 0.075, respectively. The residual
resistivity and normal state resistivity are increased from
0.397 Ω cm to 1.001 Ω cm and 0.17 Ω cm to 0.78 Ω cm for
x¼0 to 0.075. As the Y-content increases, much broader
superconducting transitions, higher room temperature resistiv-
ity values and lower zero resistivity critical temperature values
are observed. The suppression of superconductivity after
Y-doping in Cu0.5Tl0.5Ba2(Ca2�xYx)Cu3O10�δ samples pro-
posed that Y3þ creates correlated domains in between the
CuO2 planes and localizes the carriers. The mobility of the
carriers along the c-axis is reduced due to localization of
carriers across Y3þ in the material. The variation of super-
conductivity parameters depends upon the carriers concentra-
tion, their mobility, their homogeneity and separation between
the conducting CuO2 planes [15–17]. The suppression of
superconductivity in Cu0.5Tl0.5Ba2(Ca2�xYx)Cu3O10�δ sam-
ples after Y-doping can also be elucidated from the reduction
of carriers concentration and their mobility due to increase of
anisotropy and decrease of inter-planes Josephson coupling
with increasing Y-content in the material.
In order to investigate the effect of Y substitution on

superconducting properties of Cu0.5Tl0.5Ba2(Ca2�xYx)
Cu3O10�δ samples, we performed ac-susceptibility (χ) mea-
surements. The real (χ⧸) and imaginary (χ⧸⧸) components of
ac-susceptibility of Cu0.5Tl0.5Ba2(Ca2�xYx)Cu3O10�δ samples
are displayed in Fig. 5. The onset temperatures of diamagnet-
ism in the above mentioned samples are observed around 99,
90, 96, and 88 K for x¼0, 0.015, 0.025, and 0.05, respec-
tively. The value of diamagnetism decreases with the increase
of Y content in Cu0.5Tl0.5Ba2(Ca2�xYx)Cu3O10�δ samples. It
shows that the transition temperature, defined as the tempera-
ture at which the Meissner signal begins to appear, decreases
progressively with increasing Y content in the samples. The
maximum peak of χ⧸⧸ appears at a temperature (Tp), where the
inter-granular field just penetrates the center of sample [18].
Two loss peaks can usually be seen in the imaginary part (χ⧸⧸)
of ac-susceptibility data: a broad peak at low temperature
(coupling losses) and a narrower peak (intrinsic losses) near
Tc
onset (K) but we did not see any intrinsic loss peak in our

Cu0.5Tl0.5Ba2(Ca2�xYx)Cu3O10�δ samples. This may be due
to small grains size and no considerable flux penetration can
take place into the grains [19]. The overall ac-susceptibility
curves are shifted to lower temperature values with increasing
the Y content in the samples. The amplitude of χ⧸⧸ is
decreased with increasing Y content. The broadening of the
peaks with increasing Y substitution can be due to gradual
penetration of flux into the center of the inter-granular regions.
The real and imaginary parts are zero (χ⧸¼χ⧸⧸¼0), when the
sample is in normal state (full penetration). The amplitude of
χ⧸⧸ falls down due to decreasing amount of flux penetration
below Tp. When the temperature reaches to a certain lower
value the whole body is shield. This indicated the destructive
effect in the superconducting properties brought about by
Y–Ca replacement in Cu0.5Tl0.5Ba2(Ca2�xYx)Cu3O10�δ
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samples [20–22]. If we look into the suppression of critical
temperature and diamagnetism in the light of enhanced volume
of the unit cell observed in the XRD measurements, it seems as
if the density of mobile charge carriers has been suppressed
with the incorporation of Y in the unit cell of Cu0.5Tl0.5Ba2(-
Ca2�xYx)Cu3O10�δ samples. It is most likely that the mobility
of the carriers in the conducting CuO2 planes is suppressed by
doping of Yþ3 at Caþ2 sites. The Y substitution at Ca sites is
supposed to create coulomb-interactions induced distortions in
the CuO2 planes, creating correlated domains that would, at
high Y substitution, end up in a static antiferromagnetic
ordering. So the decrease of mobile carriers density in the
conducting CuO2 planes and their mobility result in the
suppression of superconductivity in Y-doped Cu0.5Tl0.5Ba2(-
Ca2�xYx)Cu3O10�δ samples.

4. Conclusions

We have synthesized Y-doped Cu0.5Tl0.5Ba2(Ca2�xYx)
Cu3O10�δ superconductor samples and studied their super-
conducting properties. The main objective of these experi-
ments was to study the role of carriers and the influence of
Y-doping on the mobility of the carriers in parallel and
perpendicular to the conducting CuO2 planes of Cu0.5Tl0.5-
Ba2(Ca2�xYx)Cu3O10�δ superconductor samples. The room
temperature and residual resistivities are increased with the
increase of Y content in Cu0.5Tl0.5Ba2(Ca2�xYx)Cu3O10�δ

samples. The c-axis length and unit cell volume are increased
by Y-doping. Hardening of apical and the softening of planar
oxygen modes are the manifestation of Y3þ incorporation at
Ca2þ sites in between the CuO2 planes. The substitution of Y
at Ca sites is supposed to create coulomb-interactions induced
distortions in CuO2 planes, creating correlated domains that
would generate a static antiferromagnetic ordering. The sub-
stitution of Y might have weakened the inter-CuO2-planes as
well as inter-grain coupling leading to the deterioration of the
microstructures and superconducting properties of Cu0.5Tl0.5-
Ba2(Ca2�xYx)Cu3O10�δ samples. Also, the Y substitution has
deleterious effects on the mobility of the carriers that promote
impeded motion of the carriers, which suppresses the super-
conducting properties of the material. It is most likely that Yþ3

substituted at Caþ2 sites may reduce the Fermi vector, the
Fermi velocity of the carriers and hence the superconducting
properties of the material.
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