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Abstract

We have doped Be and Mg at the Ca sites in TlBa2(Ca2�yMy)Cu3O10�d superconductors. The improvement of inter-plane coupling is

most likely accomplished due to higher electro-negativity and smaller sizes of Be (1.5 Pauling, 1.12 Å) and Mg (1.2 Pauling, 1.6 Å) atoms

in comparison with the Ca (1.0 Pauling, 1.97 Å) atom, whereas the suppression of anti-ferromagnetically aligned spins of copper atoms

is achieved by making the distribution of carriers optimum and uniform in all CuO2 planes. The influence of enhanced inter-plane

coupling and reduced anti-ferromagnetism can be witnessed in the form of increased magnitude of diamagnetism in Be- and Mg-doped

TlBa2(Ca2�yMy)Cu3O10�d samples as compared to un-doped TlBa2Ca2Cu3O10�d samples. The increase in magnitude of the

superconductivity with Be- and Mg-doping in TlBa2(Ca2�yMy)Cu3O10�d samples is less than that of previously studied Be- and

Mg-doped (Cu0.5Tl0.5)Ba2(Ca2�yMy)Cu3O10�d samples.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Cu-based superconductors like CuBa2Ca2Cu3O10�d

(Cu-1223) are the best choice in the cuprate family [1]
because of their lower anisotropy (g¼rc/rab¼Hc?/Hc99¼

lc/lab¼xab/xc), larger coherence length along the c-axis
(xc) and higher superconductivity parameters (such as Tc,
Jc and Hc) [2]. In Cu-based compounds, the charge carriers
have to tunnel the metallic Josephson barriers of
CuBa2O4�d charge reservoir layers during their transport
along the c-axis. Therefore, lower resistivity is offered to
the flow of carriers through CuBa2O4�d charge reservoir
layers of CuBa2Ca2Cu3O10�d superconductor as compared
to the flow of carriers through the insulating TlBa2O4�d

charge reservoir layer in TlBa2Ca2Cu3O10�d (Tl-1223)
superconductors [3]. However, the synthesis of Cu-based
compounds at low pressure has not yet become possible;
the Cu-1223 superconductor can be synthesized under a
e front matter & 2012 Elsevier Ltd and Techna Group S.r.l. A
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4.2 GPa high pressure [4,5]. The intermediate CuTl-based
superconductors like (Cu0.5Tl0.5)Ba2Ca2Cu3O10�d (CuTl-
1223) have partially conducting and partially insulating
(Cu0.5Tl0.5)Ba2O4�d charge reservoir layers and their
superconducting properties are as good as in the
Cu-based superconductors [6]. In a previous study, we
have doped smaller sized Be and Mg atoms at Ca sites in
the CuTl-1223 superconductor to enhance the inter-plane
coupling and to reduce the anisotropy along the c-axis to
improve the superconductivity [7,8]. In the present study,
we have doped Be and Mg atoms at the Ca sites in the
Tl-1223 superconductor. The main motivation behind this
study was to improve the superconductivity in Tl-1223
samples and to compare the role of insulating the
TlBa2O4�d charge reservoir layer of the Tl-1223 super-
conductor with the partially insulating (Cu0.5Tl0.5)Ba2O4�d

charge reservoir layer of the CuTl-1223 superconductor in
the charge transport processes. The superconductivity
mechanism in Tl-1223 is identical to that in Cu-1223 and
in CuTl-1223 superconductors i.e. they have charge reser-
voir layers and conducting CuO2 planes [9]. The doping
ll rights reserved.
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Fig. 1. Resistivity vs temperature curves of the as-prepared TlBa2(Ca2�y

Mgy)Cu3O10�d (y¼0, 0.25, 0.5, 0.75, and 1.0) superconductors.
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efficiency of the TlBa2O4�d charge reservoir layer in the
Tl-1223 superconductor can be estimated by carrying out
post-annealing experiments on these samples in oxygen flow
[10]. The intercalation of oxygen (Od) in the charge reservoir
layer controls the flow of carriers towards the conducting
CuO2 planes i.e. an optimum amount of Od would help the
electrons to flow towards the conducting CuO2 planes [11].
Intercalation of Od in the Tl-1223 superconductor after
oxygen post annealing can be estimated from FTIR absorp-
tion measurements through the relative comparison of
intensity of Od modes around 690 cm�1 in the as-prepared
samples and in post-annealed samples [12].

Moreover, in Tl-1223 superconductors, there are three
inequivalent CuO2 planes as far as the charge carrier
concentration is concerned [5]. The outer CuO2 planes
(OP), which are directly connected to the charge reservoir
layer, are over-doped with carriers, whereas the inner
CuO2 planes (IP) have an under-doped carrier concentra-
tion [5]. It has been well established by many experiments
that Tl-based compounds with more than two CuO2 planes
have lower density of mobile carriers, which promotes
anti-ferromagnetic alignment of small spins of Cu atoms.
The existence of such anti-ferromagnetically aligned spins
of the copper atoms in CuO2 planes suppresses the over-all
superconducting properties of these compounds.

The smaller magnetic moments of Cu atoms get anti-
ferromagnetic aligned spin arrangement due to the smaller
density of the carriers in IP to minimize their energy [13].
The existence of anti-ferromagnetism in the IP suppresses
the over-all superconducting properties of materials [14,15].
The substitution of Be and Mg at Ca sites improves the
inter-plane coupling and promotes the uniform distribution
of carriers in the OP and IP and in turn suppresses anti-
ferromagnetism, which would help in enhancing the super-
conducting properties of materials [7–8].

2. Experimental

Superconducting TlBa2(Ca2�yMy)Cu3O10�d (M=Mg,
and Be; y=0, 0.25, 0.5, 0.75, and 1.0) samples were
prepared by the solid state reaction method accomplished
in two stages. At the first stage Ba2(Ca2�yMy)Cu3O10�d

precursor material was prepared by thoroughly mixing
Ba(NO3)2, Ca(NO3)2, MgO/BeO and Cu(CN) compounds
in a quartz mortar and pestle in appropriate ratios. The
mixed material loaded in a quartz boat was fired twice at
860 1C for 24 h in a preheated furnace. After the 24 h heat
treatment, the furnace was switched off and the precursor
material was cooled down to room temperature. At the
second stage, thallium oxide (Tl2O3) was mixed with pre-
cursor material and was ground for about 1 h. The Tl2O3

mixed material was palletized under 3.8 t/cm2 pressure and
the pellets were enclosed in gold capsules. The pellets
enclosed in gold capsules were sintered at 860 1C for about
10 min and then quenched to room temperature. The samples
were characterized by dc-resistivity and ac-susceptibility
measurements. The structure of the material was determined
by X-ray diffraction (XRD) scan from Brouker X-ray
diffractometer using a CuKa source of wavelength
1.54056 Å and the cell parameters were calculated using the
cell refinement computer program. The oxygen phonon
modes in the TlBa2(Ca2�yMy)Cu3O10�d unit cell were
observed by a Nicolet 5700 Fourier Transform Infrared
Spectrometer (FTIR) in a 400–700 cm�1 wavenumber range.
The post-annealing experiments on these samples were
carried out in flowing oxygen in a tubular furnace at
500 1C for 6 h.
3. Results and discussion

3.1. As-prepared Mg-doped TlBa2(Ca2�yMgy)Cu3O10�d

samples

The resistivity vs temperature measurements of Mg-doped
TlBa2(Ca2�yMgy)Cu3O10�d (y=0, 0.25, 0.5, 0.75, and 1.0)
samples are shown in Fig. 1. The variation of resistivity
remains metallic from room temperature down to the onset
of superconductivity for all samples. The room temperature
resistivity in these samples varies from 0.022 to 0.040 O cm.
These samples showed onset of superconductivity (Tc

onset) at
around 113, 122, 121, 120, and 119 K and zero resistivity
critical temperatures {Tc(R¼0)} of around 102, 105, 114,
103, and 101 K for y¼0, 0.25, 0.5, 0.75, and 1.0 respectively.
Initially Tc(R¼0) increases with Mg-doping up to y¼0.5
and then starts to decrease beyond y40.5.
The ac-susceptibility vs temperature measurements of

TlBa2(Ca2�yMgy)Cu3O10�d (y¼0, 0.25, 0.5, 0.75, and 1.0)
samples are shown in Fig. 2. The magnitude of diamagnet-
ism increases with Mg-doping, which is possibly due to
improved inter-plane coupling and optimization of carrier
concentration in the CuO2 planes. The smaller sized Mg as
compared to Ca improves the inter-plane coupling and
decreases the volume of the unit cell due to which the
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Fig. 2. Ac-susceptibility vs temperature measurements of the as-prepared

TlBa2(Ca2�yMgy)Cu3O10�d (y¼0, 0.25, 0.5, 0.75, and 1.0) superconductors.

Fig. 3. FTIR absorption spectra of the as-prepared TlBa2(Ca2�yMgy)

Cu3O10�d (y¼0, 0.25, 0.5, 0.75, and 1.0) superconductors.
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carrier density becomes optimum in CuO2 planes. The
magnitude of anti-ferromagnetically aligned moments of
small spins of Cu atoms in IP is also suppressed due to
increased density of carriers resulting in an increase in
superconductivity of the material.

The FTIR absorption measurements of TlBa2(Ca2�yMgy)
Cu3O10�d (y¼0, 0.25, 0.5, 0.75, and 1.0) samples are shown
in Fig. 3. In CuTl-1223 samples, the modes of vibration
related to the apical oxygen atoms are observed at around
400–540 cm�1, CuO2 planar oxygen atoms at around
540–600 cm�1 and Od atoms in the Cu0.5Tl0.5Ba2O4�d

charge reservoir layer at around 660–700 cm�1 [10,16]. In
Mg free Tl-1223 samples, only the single apical oxygen mode
of type Tl-OA-Cu(2) was expected to be observed and this
mode is observed at 547 cm�1. The CuO2 planar oxygen
mode is observed at around 607 cm�1 and the Od mode of
oxygen atoms in TlBa2O4�d charge reservoir layer is peaked
at around 694 cm�1. The intensity of this apical oxygen
mode and Od mode of oxygen atoms decreases, whereas the
intensity of the CuO2 planar oxygen mode observed at
around 594–607 cm�1 increases with increase of Mg-doping
in TlBa2(Ca2�yMgy)Cu3O10�d samples. The decrease in the
intensity of the Od mode indicates that the oxygen content
has been decreased with increase of Mg-doping in TlBa2
(Ca2�yMgy)Cu3O10�d samples. The CuO2 planar oxygen
mode is systematically softened with the increase of
Mg-doping and is observed at around 607, 604, 594, 596
and 594 cm�1 for y=0, 0.25, 0.5, 0.75, and 1.0, respectively.

The X-ray diffraction (XRD) scans of TlBa2(Ca2�yMgy)
Cu3O10�d (y=0, 0.75, and 1.5) samples are shown in Fig. 4.
Most of the diffraction lines are indexed according to the
tetragonal structure by following the P4/mmm space group.
The cell parameters calculated using these planar reflections
have shown a decreasing trend i.e. both a- and c-axes
lengths have been decreased with Mg-doping at the Ca sites.
3.2. Oxygen post-annealed Mg-doped

TlBa2(Ca2�yMgy)Cu3O10�d samples

The resistivity verses temperature measurements of oxygen
annealed TlBa2(Ca2�yMgy)Cu3O10�d (y¼0, 0.25, 0.5, 0.75,
and 1.0) samples are shown in Fig. 5. The annealed samples
have also shown metallic variation of resistivity from room
temperature down to onset of superconductivity. The room
temperature resistivity in oxygen post-annealed samples is
found to vary from 0.016 to 0.072 O cm. A significant
increase in Tc

onset has been observed in Mg free samples,
whereas it has been marginally improved with Mg-doping
(i.e. y¼0.25, 0.5, and 1.0). The Tc(R¼0) has also been
marginally improved in these samples.
The ac-susceptibility measurements of oxygen post-annealed

TlBa2(Ca2�yMgy)Cu3O10�d samples are shown in Fig. 6.
In comparison with the as-prepared samples, an improvement
in the magnitude of diamagnetism could be witnessed in all



Fig. 4. XRD patterns of TlBa2(Ca2�yMgy)Cu3O10�d (y¼0 and 0.75)

superconductors.
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Fig. 5. Resistivity vs temperature curves of O2 post-annealed TlBa2(Ca2�y

Mgy)Cu3O10�d (y¼0, 0.25, 0.5, 0.75, and 1.0) superconductors.
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Fig. 6. Ac-susceptibility vs temperature measurements of O2 post-

annealed TlBa2(Ca2�yMgy)Cu3O10�d (y¼0, 0.25, 0.5, 0.75, and 1.0)

superconductors.
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oxygen post-annealed samples. It is most likely that oxygen
optimization in the unit cell promotes the improvement of
superconducting properties of TlBa2(Ca2�yMgy)Cu3O10�d

samples in terms of increased magnitude of diamagnetism.
The FTIR absorption measurements of oxygen post-

annealed TlBa2(Ca2�yMgy)Cu3O10�d samples are shown
in Fig. 7. In Mg free Tl-1223 samples, the apical oxygen
mode of the type Tl-OA-Cu(2) is observed at around
546 cm�1. The CuO2 planar oxygen mode is observed at
around 596 cm�1 and the Od mode of oxygen in the
TlBa2O4�d charge reservoir layer is peaked at around
692 cm�1. The intensity of the Od mode of the charge
reservoir layer is increased after post-annealing in oxygen.
The increased intensity of the Od mode in the TlBa2O4�d

charge reservoir layer at around 692 cm�1 shows the
increased oxygen diffusion in the unit cell after oxygen
post-annealing. The diffusion of oxygen takes place not
only at inter-granular sites but also on intra-granular sites,
which increases the grain size, inter-grain connectivity and
carrier density in CuO2 planes. The CuO2 planar oxygen
modes are observed at around 596, 591, 577, 570, and
572 cm�1 for y¼0, 0.25, 0.5, 0.75, and 1.0, respectively.
The apical oxygen mode of the type Tl-OA-Cu(2) for y¼0,
0.25, 0.5, 0.75, and 1.0 have been observed at around
546,549, 534, 545, and 536 cm�1, respectively. The soft-
ening of apical oxygen mode of type Tl-OA-Cu(2) showed
the enhanced inter-plane coupling.

3.3. As-prepared Be-doped TlBa2(Ca2�yBey)Cu3O10�d

samples

The resistivity vs temperature measurements of the
as-prepared Be-doped TlBa2(Ca2�yBey)Cu3O10�d (y¼0,
0.25, 0.5, 0.75, and 1.0) samples are shown in Fig. 8. The
resistivity variation as a function of temperature from



Fig. 7. FTIR absorption spectra of O2 post-annealed TlBa2(Ca2�yMgy)

Cu3O10�d (y¼0, 0.25, 0.5, 0.75, and 1.0) superconductors.
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Fig. 8. Resistivity vs temperature curves of the as-prepared TlBa2(Ca2�y

Bey)Cu3O10�d (y¼0, 0.25, 0.5, 0.75, and 1.0) superconductors.
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room temperature down to the onset of superconductivity
is metallic for all un-doped and Be-doped the samples. The
variation of room temperature resistivity in these samples
is observed between 0.016 and 0.0.39 O cm. The Tc

onset

has been observed around 117, 124, 125, 113, 117 K and
Tc(R¼0) around 102, 108, 117, 103, 102 K in TlBa2
(Ca2�yBey)Cu3O10�d samples for y¼0, 0.25, 0.5, 0.75,
and 1.0 respectively. A maximum enhancement in Tc

onset

and Tc(R¼0) has been observed in the samples with y¼0.5.
The ac-susceptibility measurements of TlBa2(Ca2�yBey)

Cu3O10�d samples are shown in Fig. 9. The magnitude of
superconductivity increases with Be-doping in TlBa2
(Ca2�yBey)Cu3O10�d samples. The possible source of
increasing diamagnetism is optimization of carriers in
CuO2 planes and inter-plane coupling due to the smaller
size of Be as compared to that of the Ca atom. The Be
substitution leads to suppression of volume of the unit cell
resulting in an increase in the Fermi vector and coherence
length along the anisotropic c-axis.
The FTIR absorption measurements of TlBa2(Ca2�y

Bey)Cu3O10�d samples are shown in Fig. 10. In Be free Tl-
1223 samples, the apical oxygen mode of the type Tl-OA-Cu(2)
has been observed at around 547 cm�1. The CuO2 planar
oxygen mode is observed at around 607 cm�1 and the Od

oxygen mode in the TlBa2O4�d charge reservoir layer is
peaked at around 694 cm�1. Apical oxygen modes are
observed at around 547, 546, 546, 545, and 549 cm�1 in the
samples with y¼0, 0.25, 0.5, 0.75, and 1.0, respectively.
CuO2 planar oxygen modes are observed at around 607,
590, 603, 589, and 593 cm�1 for y¼0, 0.25, 0.5, 0.75, and 1.0,
respectively. The apical oxygen mode of the type Tl-OA-Cu(2)



Fig. 10. FTIR absorption spectra of the as-prepared TlBa2(Ca2�yBey)

Cu3O10�d (y¼0, 0.25, 0.5, 0.75, and 1.0) superconductors.
Fig. 11. XRD patterns of TlBa2(Ca2�yBey)Cu3O9�d (y¼0.25, 0.5, and

0.75) superconductors.
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is also softened with the increased Be-doping in TlBa2
(Ca2�yBey)Cu3O10�d samples.

The X-ray diffraction scans (XRD) of TlBa2(Ca2�yBey)
Cu3O10�d (y¼0.25, 0.5, and 0.75) samples are shown in
Fig. 11. The planar reflections are indexed according to the
tetragonal structure following the P4/mmm space group.
The a- and c-axes lengths of the unit cell are calculated by
using the planar reflections and it has been observed that
a- and c-axes lengths both decrease with increase of
Be-doping at the Ca sites in TlBa2(Ca2�yBey)Cu3O10�d

samples. Like Mg-doped TlBa2(Ca2�yMgy)Cu3O10�d sam-
ples, these Be-doped TlBa2(Ca2�yBey)Cu3O10�d samples
have also shown an enhancement in the inter-plane
coupling due to which the coherence length increases,
anisotropy decreases, Fermi-vector increases and carrier
density becomes optimum.

3.4. Oxygen post-annealed Be-doped

TlBa2(Ca2�yBey)Cu3O10�d samples

The resistivity vs temperature measurements of oxygen
post-annealed Be-doped TlBa2(Ca2�yBey)Cu3O10�d sam-
ples are shown in Fig. 12. These samples have also shown
metallic behavior of resistivity variation from room tem-
perature down to the onset of superconductivity. The
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Fig. 13. Ac-susceptibility vs temperature measurements of O2 post-
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superconductors.

Fig. 14. FTIR absorption spectra of O2 post-annealed TlBa2(Ca2�yBey)

Cu3O10�d (y¼0, 0.25, 0.5, 0.75, and 1.0) superconductors.
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room temperature resistivity in these samples varies in the
range from 0.023 to 0.098 O cm.

The ac-susceptibility measurements of oxygen post-annealed
TlBa2(Ca2�yBey)Cu3O10�d samples are shown in Fig. 13. The
magnitude of diamagnetism has been significantly suppressed
in comparison with Be free Tl-1223 samples. It is most likely
that oxygen post-annealing may push the material towards the
over-doped regime, due to which superconductivity has been
suppressed.

The FTIR absorption measurements of oxygen post-
annealed TlBa2(Ca2�yBey)Cu3O10�d samples are shown in
Fig. 14. In Be free Tl-1223 samples, the apical oxygen
mode of type Tl-OA-Cu(2) has been observed at around
546 cm�1, the CuO2 planar oxygen mode at around
578 cm�1 and the Od oxygen mode in the TlBa2O4�d

charge reservoir layer at around 692 cm�1. The intensity of
the Od oxygen mode stays un-changed, which shows small
intercalation of oxygen after oxygen post-annealing. The
apical oxygen mode of type Tl-OA-Cu(2) has been
observed at around 547,545, 546, and 537 cm�1 for
y¼0.25, 0.5, 0.75, and 1.0, respectively. The CuO2 planar
oxygen modes are observed at around 577, 580, 581, and
583 cm�1 for y¼0.25, 0.5, 0.75, and 1.0, respectively. The
softening of apical oxygen mode and hardening of the
CuO2 planar oxygen mode is the manifestation of
enhanced inter-plane coupling with Be-doping at Ca sites
in the Tl-1223 superconductor.
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4. Conclusions

We have synthesized Be- and Mg-doped TlBa2(Ca2�y

My)Cu3O10�d (M¼Mg, and Be; y¼0, 0.25, 0.5, 0.75, 1.0,
and 1.5) samples at ambient pressure for the first time and
studied their superconducting properties. The X-ray diffrac-
tion (XRD) analysis has shown that the c-axis length has
decreased with Be- and Mg-doping in the TlBa2(Ca2�yMy)
Cu3O10�d superconductor (i.e. carrier’s density has been
enhanced n�N/V). The oxygen phonon modes observed by
FTIR absorption spectroscopy have shown that distance
among the CuO2 planes has decreased with increased con-
centration of Be- and Mg-doping. These observations have
shown the improvement in coupling strength of the CuO2

plane with Be- and Mg-doping, which can be witnessed in the
form of increased magnitude of diamagnetism in Be- and
Mg-doped TlBa2(Ca2�yMy)Cu3O10�d samples. The marginal
improvement in the superconducting properties of TlBa2
(Ca2�yMy)Cu3O10�d samples with Be- and Mg-doping have
unequivocally confirmed the better doping efficiency of the
(Cu0.5Tl0.5)Ba2O4�d charge reservoir layer of (Cu0.5Tl0.5)Ba2
(Ca2�yMy)Cu3O10�d superconductors compared to the
totally insulating TlB2O4�d charge reservoir layer of TlBa2
(Ca2�yMy)Cu3O10�d superconductors.
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