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Abstract We have used two-step solid state reaction
method for the synthesis of (Cu0.5Tl0.5)Ba2Ca3(Cu4−yTiy)
O12−δ (y = 0, 0.25, 0.50, 0.75, 1.0) superconductors at
880 ◦C. The oxygen contents in the samples were opti-
mized by carrying out self-doping which is accomplished by
post-annealed in flowing oxygen environment at 500 ◦C for
approximately 5 h. The superconducting properties of all the
samples were improved, after the self-doping of the carriers
in the conducting planes. In the x-ray diffraction scans of the
samples, the a-axis length of tetragonal unit cell increases
whereas the c-axis decreases with increased Ti doping in the
final compound. The Fourier transform infrared spectrome-
ter (FTIR) absorption measurements of these samples have
shown that the apical oxygen mode at 548 cm−1 and the pla-
nar oxygen mode at 596 cm−1 are softened with increased
Ti doping. The origin of softening of planar oxygen mode
lies in increase bond lengths of apical oxygen atoms pro-
moted by larger covalent radius of Ti (1.32 Å) atoms relative
to Cu (1.17 Å) atoms that in turn promotes the softening
of the apical oxygen modes. Doped Ti (47.90 amu) atoms
at the Cu (63.54 amu) sites initiate the an-harmonic oscil-
lations resulting into the suppression of density of phonon
modes. The suppression in the values of superconductiv-
ity parameters with Ti doping at the Cu sites shows the
essential role of phonon in mechanism of high Tc supercon-
ductivity and hence the electron–phonons interactions. The
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excess conductivity analyses (FIC) of conductivity data of
oxygen-post-annealed samples have shown decrease in the
mean field critical temperature, coherence length along the
c-axis, interlayer coupling, and Fermi velocity with increase
Ti doping. However, the values of Bc, Bc1, and Jc(0) increase
with Ti doping, showing increase in the population of the
pinning centers.

Keywords Ti-doped superconductors · Oxygen post
annealing · Phonon modes · Electron–phonon
interactions · Excess conductivity analysis · Pinning centers

1 Introduction

The mysterious mechanism of high temperature supercon-
ductivity is still unknown, but there is clear consensus
based on several experimental evidences that superconduct-
ing properties in oxide cuprates depend upon the optimum
carrier concentration in the conducting CuO2 planes [1–10].
The key structural unit in the oxide superconductors is a
charge reservoir layer and the superconducting planes [i.e.,
nCuO2 planes] where the superconductivity occurs. The car-
rier concentration can be controlled with the addition or
removal of oxygen in the charge reservoir layer of the unit
cell, which may be achieved by post-annealing the samples
under appropriate conditions [11]. The density of oxygen in
the charge reservoir layer can optimize the charge carrier’s
density in the conducting CuO2 planes. The optimum den-
sity of mobile charge carriers in the conducting CuO2 planes
induces increase in Fermi wave vector KF and Fermi veloc-
ity VF of the carriers, which results in the improvement of
superconducting properties of the final compound [12].

In this paper, we have presented the results of oxygen-
post-annealed (Cu0.5Tl0.5)Ba2Ca3(Cu4−yTiy)O12−δ (y =
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0, 0.25, 0.50, 0.75, 1.0) superconductor samples. The substi-
tution of Ti atom at copper site is carried out for understand-
ing the role of phonon interaction in the mechanism of high
temperature superconductivity [13–15]. Titanium atom has
ground state electronic configuration −3d2.4s2 and atomic
mass of Ti (47.9 amu) which is smaller than Cu (63.54 amu)

atoms. Due to this difference in masses, it is likely that
doped Ti atoms may induce an-harmonic oscillations which
will suppress the density of phonon in CuO2/TiO2 planes.
Further, we had tried to find out the possible reasons behind
the enhancement in superconducting parameters such as
zero resistivity critical temperature {Tc(R = 0)}, cross-over

Fig. 1 a–c X-ray diffraction pattern of (Cu0.5Tl0.5)Ba2Ca3(Cu4−yTiy )O12−δ (y = 0, 0.25, 0.50) as-prepared samples. d, e X-ray diffraction
pattern of (Cu0.5Tl0.5)Ba2Ca3(Cu4−yTiy )O12−δ (y = 0.75, 1.0) as-prepared samples
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temperatures, zero-temperature coherence length {ξc(0)},
and interlayer coupling strength (J ) from the fluctuation-
induced conductivity (FIC) analysis. In high-temperature
superconductors during the transport process well above Tc,
the probability of the formation of Cooper pairs is always
there and the causes of which is the thermal fluctuations.

2 Experimental

(Cu0.5Tl0.5)Ba2Ca3(Cu4−yTiy)O12−δ (y = 0, 0.25, 0.50,
0.75, 1.0) samples were synthesized by two-step solid
state reaction method. In the first stage (Cu0.5)Ba2Ca3

(Cu4−yTiy)O12−δ (y = 0, 0.25, 0.50, 0.75, 1.0) precursor
material was synthesized mixing weighted amounts of TiO2,
Ba(NO3)2, Ca(NO3)2·4H2O, and Cu(CN) in a quartz mortar
pestle followed by firing at 880 ◦C in a quartz boat for 24 h.
These samples were furnace cooled to room temperature
and ground again for an hour and again fired at 880 ◦C in an
alumina boat for 24 h. These samples were furnace cooled
to room temperature after each heat treatment. The precur-
sor material was again ground for about an hour and mixed
with Tl2O3 to give (Cu0.5Tl0.5)Ba2Ca3(Cu4−yTiy)O12−δ

(y = 0, 0.25, 0.50, 0.75, 1.0) as final reactants composition
and pelletized under 3.8 tons/cm2. The pellets were then
wrapped in a gold capsule and annealed for about 18 min
at 880 ◦C and then quenched to room temperature after
the heat treatment. The samples were then post-annealed
in the flowing oxygen environment at 500 ◦C for approx-
imately 5 h for the optimization of carrier density in the
CuO2 planes. The superconductivity characteristics of the
oxygen-annealed samples were measured by resistivity, ac
susceptibility, and Fourier transform infrared spectroscopic
measurements. The Fourier transform infrared spectrome-
ter (FTIR) absorption measurements were carried out by
using Nicolet 5700 FTIR in the wave number range of

Fig. 2 Variation in c-axis and a-axis because of Ti content

400–700 cm−1. The crystal structure of the as-prepared
samples was measured by x-ray diffraction scan using
Bruker DX8 Focus employing CuKα radiations of wave-
length 1.54056 Å. The cell parameters were determined by
check cell computer refinement program.

3 Theoretical Model for Analysis of Experimental
Data

The fluctuation-induced conductivity (FIC) analysis is a
state of the art theoretical analysis for the analysis of exper-
imental data of cuprates superconductors that can play an
essential role to unearth the intrinsic properties of the mate-
rial well above the zero resistivity critical temperature Tc(0),
where the Cooper pair formation starts and imparts addi-
tional conductivity. There are two models that can give a
very nice picture of superconducting fluctuations in inter-
grains and intra-grains regions. AL model can be used for
fluctuations both in inter-grains and intra-grains regions,
while LD can be used only for fluctuations in intra-grains
regions of layered superconductors [16, 17]. The excess
conductivity is given by

�σ (T ) =
[
ρN (T ) − ρ(T )

ρN (T ) ρ(T )

]

where ρ(T ) is the actually measured resistivity, and
ρN (T ) α +βT is the normal-state resistivity of the samples
extrapolated to resistivity at zero K; the α is an intercept, and
β is a slope of a straight line. The total excess conductivity
is generally comprised of two contributions, i.e.,

�σ = �σAL + �σMT

Fig. 3 Combined resistivity of oxygen-annealed (Cu0.5Tl0.5)Ba2
Ca3(Cu4−yTiy )O12−δ(y = 0, 0.25, 0.50, 0.75, 1.0) samples
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The first term, according to AL model, is derived using
microscopic approach by mean field theory and is consid-
ered as a direct contribution to para-conductivity [18]. The
fluctuation-induced conductivity according to AL theory is
given as

�σAL = Aε−1

where A is the fluctuation amplitude, λ is dimensional
exponent, and ε is the reduce temperature

ε =
[
T − T mf

c

T mf
c

]

T mf
c is usually referred to as the mean field critical tempera-

ture, which separates the mean field region from the critical
region [18, 19] and is determined from the point of inflec-
tion of the temperature derivative of resistivity (dρ/dT). The
exponent λ determines the dimensionality of the supercon-
ducting fluctuations and is given as λ = 2 − D/2; λ = 3/2,
1, and 1/2 for one-, two-, and three-dimensional fluctua-
tions, respectively. The fluctuation amplitude A for one-,
two-, and three-dimensional fluctuations is given by [20]

where e is the electron charge, ξc(0) is the zero-temperature
coherence length along c-axis, is the reduced Plancks con-
stant, d is the effective layer thickness of the 2D system, and
s is the cross-sectional area of the 1D system.

The physical microscopic parameters calculated from
FIC analysis depend strongly on the dimensionality of the
fluctuations. LD introduced the concept of interlayer cou-
pling via Josephson coupling of adjacent layers close to
the critical temperature. According to the LD model for

Fig. 5 The ac susceptibility versus temperature measurements of
oxygen-annealed (Cu0.5Tl0.5)Ba2Ca3(Cu4−yTiy )O12−δ (y = 0, 0.25,
0.50, 0.75, 1.0) samples

layered superconductors, the excess conductivity �σLD due
to superconducting fluctuations is

where α,

α = α0

ε
=

[
ξc(0)

d

]2

2ε−1

is a dimensionless coupling parameter. The cross-over from
2D to 3D is mainly found above the critical temperature
known as cross-over temperature (To). The system has 3D
fluctuations below this temperature and 2D fluctuations
above this temperature, and the expression for To according
to the LD model is

To = Tc

[
1 +

(
2ξc(0)

d

)2
]

The second term is the interlayer coupling strength, which
is related to the reduced temperature ε by J = ε / 4. In

Fig. 4 Variation of Tc(R = 0)
and Tc(onset) of resistivity
versus temperature graphs of
both as-prepared and
oxygen-annealed samples
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layered superconductors at very low temperature close to
zero resistivity temperature ξc > d, where d is the distance
between the superconducting layers of adjacent unit cells (d
is approximately equal to the c-axis lattice parameter of the
unit cell). The advantage of LD model is that it reduces to
2D AL model for large ε values where the coupling constant
J is quite small and to 3D AL model for small ε values
where in some cases the coupling constant J is quite strong.
The above theoretical AL and LD models are based on direct
contribution to the excess conductivity.

There is one more region of fluctuations close to criti-
cal temperature for which λ = 1/3 and is known as critical
region [21]. Some authors have observed a cross-over to 0D
fluctuations with critical exponent 2. In high Tc supercon-
ductors, the MT contribution, which is due to the interaction
of fluctuating Cooper pairs with normal electrons, is not
easily observable. Since the MT contribution is negligible
in cuprate superconductors [22]. This indirect contribu-
tion to the excess conductivity was calculated by Maki
[23] and later on modified by Thompson [24]. For layered

Fig. 6 FTIR measurements of
oxygen-annealed (Cu0.5Tl0.5)
Ba2Ca3(Cu4−yTiy )O12−δ

(y = 0, 0.25, 0.50, 0.75, 1.0)
samples
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superconductors, Hikami and Larkin [25] derived the indi-
rect contribution to the excess conductivity independently
by Maki and Thompson [26, 27]:

where δ

is the pair-breaking parameter, which was introduced by
Thompson [24] and is related to in-elastic scattering pro-
cesses that limit the phase relaxation time τϕ of the

Fig. 7 (a, b, c, d, e): ln (�σ ) versus ln (ε) plots of (Cu0.5 Tl0.5)
Ba2 Ca3(Cu4−y Tiy ) O12−δ (x=0, 0.25, 0.50, 0.75, 1.0) superconduc-
tors; (a) x=0, (b) x=0.25, (c) x=0.50, (d) x=0.75, (e) x = 1.0 (In the
insets are shown the experimentally measured dc-resistivity ρ (-cm),

derivative (dρ/dT) of dc-resistivity versus temperature, and the straight
line extrapolated from the room temperature “300 K” normal state
resistivity to 0 K)
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quasiparticles involved in MT process [28] and kB is
the Boltzmann constant. In s-wave BCS superconduc-
tor, nonmagnetic impurities neither change Tc nor affect
AL and MT terms, while on the other hand, in p- or
d-wave superconductor, these impurities may act pair-
breaking and are supposed to suppress the MT contribution
[28].

The cross-over from 2D AL to 0D MT fluctuation con-
tribution occurs at a temperature where δ ≈ α, which gives
[29]

When the mean free path l of the Cooper pairs approaches to
ξab at a particular temperature then the Cooper pairs are bro-
ken to Fermions and at that temperature the phase relaxation
time can be estimated as

Fermi velocity of the carriers can also be estimated by

where K ≈ 0.12 is a co-efficient of proportionality [30].
Fermi energy of the carriers can also be calculated by

EF ≈ 1

2
m∗V 2

F

where m∗ = 10mo is the effective mass of the carrier and
mo is the carrier free mass [31].

Ginzburg and Landau observed the existence of two types
of superconductors depending upon the energy of the inter-
face between the normal and superconducting states. In
1957, Alexei Abrikosov used Ginzburg–Landau theory to
explain the experimental data of superconducting alloys and
thin films. He found that high magnetic field in a type
II superconductor penetrates in the form of magnetic flux
quanta �o. The thermodynamics magnetic field Bc(0) can
be estimated from Ginzburg number NG, which is given by
[31, 32]

NG =
∣∣∣∣TG − T mf

c

T mf
c

∣∣∣∣ = 1

2

(
kBTcγ

{Bc(0)}2 {ξc(0)}3

)2

where γ = ξab(0)/ξc(0) is anisotropy, and TG is the
cross-over temperature from critical to 3D regime. We can
estimate penetration depth λp.d, lower critical magnetic field
Bc1(0), upper critical magnetic field Bc2(0), and the critical

current density Jc(0) after determination of Bc(0) as follows
[33–36]:

Bc = �0

2
√

2λp.dξab(0)

Bc1 = Bc

κ
√

2
lnκ

Bc2 = √
2κBc

Jc = 4κBc1

3
√

3λp.dlnκ

where is the flux quantum, and κ is the GL param-
eter, which is the ratio of penetration depth to coherence
length.

4 Results and Discussion

The x-ray diffraction scans of (Cu0.5Tl0.5)Ba2Ca3(Cu4−y

Tiy)O12−δ (y = 0, 0.25, 0.50, 0.75, 1.0) as-prepared sam-
ples are shown in Fig. 1a–e. The planar reflections are best
fitted to the tetragonal crystal structure following P4/MMM
space group. The c-axis length suppresses, whereas the a-
axis length increases with Ti doping (Fig. 2). The resistivity
versus temperature measurements of oxygen-post-annealed
(Cu0.5Tl0.5)Ba2Ca3(Cu4−yTiy)O12−δ (y = 0, 0.25, 0.50,
0.75, 1.0) samples is shown in Fig. 3. Metallic variation of
resistivity from room temperature down to an onset tem-
perature of superconductivity is a typical feature of these
samples. The as-prepared samples have shown the onset of
superconductivity around 124.6, 118.7, 117.7, 116.1, and
120 K and the zero resistivity critical temperature Tc(R =
0) at 108.4, 100.1, 97, 94.4, and 99 K, respectively, while the
oxygen-annealed samples have shown the onset of super-
conductivity around 124.5, 122, 122, 121, and 120 K and the
zero resistivity critical temperature of 110, 109, 109, 107,
and 106 K, respectively. The enhancement in Tc(onset) and
Tc(R = 0) with oxygen post-annealing arises most likely
due to suppression in the population of inadvertent oxy-
gen defects due to oxygen doping in the unit cell (Fig. 4).
Oxygen doping optimizes the density of the carriers in
the conducting CuO2/TiO2 planes that in turn enhance the
Tc(onset), Tc(R = 0), and the magnitude of supercon-
ductivity. The AC susceptibility measurements of oxygen-
post-annealed (Cu0.5Tl0.5)Ba2Ca3 (Cu4−yTiy)O12−δ (y =
0, 0.25, 0.50, 0.75, 1.0) samples are displayed in Fig. 5.
The onset of diamagnetism is observed in these sam-
ples around 104, 119, 111, 118, and 103 K, respectively.
Except in the samples with Ti doping of y = 1, all
the samples have shown increases in the magnitude of
diamagnetism and it seems to be the solubility limit of
Ti doping in (Cu0.5Tl0.5)Ba2Ca3(Cu4−yTiy)O12−δ samples.
The FTIR absorption measurements of (Cu0.5Tl0.5)Ba2Ca3
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Table 1 Parameters estimated from ln(�σ ) and ln(ε) plots

Sample λCR λ3D λ2D λSW TCR−3D = TG T3D−2D T2D−SW Tcmf T ∗ α = ρn(0 K) W = �Tc

(K) (K) (K) (K) (K) (-cm) (K)

Ti “0” 0.31 0.54 0.98 1.97 117.7 122.5 135.1 116.0 147.2 0.018 5.49

Ti “0.25” 0.27 0.55 1.05 2.01 115.3 119.5 134.5 114.2 145.3 0.027 5.42

Ti “0.5” – 0.53 1.00 1.97 115.8 117.7 130.8 115.1 144.8 0.027 7.53

Ti “0.75” 0.27 0.53 1.01 2.02 114.8 116.6 135.1 114.2 154.9 0.044 6.11

Ti “1.0” – 0.52 0.96 2.09 115.3 118.8 135.6 115.1 142.4 0.028 6.52

(Cu4−yTiy)O12−δ (y = 0, 0.25, 0.50, 0.75, 1.0) oxygen-
post-annealed samples are displayed in Fig. 6. The apical
oxygen mode around 548 cm−1 is softened and observed
around 547, 546, 547, 543, and 543 cm−1 for Ti doping of
y = 0, 0.25, 0.50, 0.75, 1.0, respectively. The peak posi-
tion of the other apical oxygen mode around 450 cm−1

stays unchanged with the doping of Ti in final compound.
Planar oxygen mode in oxygen-post-annealed samples is
observed around 596, 591, 588, 584, and 581 cm−1 in
(Cu0.5Tl0.5)Ba2Ca3(Cu4−yTiy)O12−δ (y = 0, 0.25, 0.50,
0.75, 1.0) samples. The softening of apical oxygen modes
along with planar oxygen is most likely due to doping of Ti
in the unit cell, which changes the bond distances and hence
their dipole moment thereby inducing the relaxation of bond
distances.

The FIC analysis of the dc resistivity versus tempera-
ture data of (Cu0.5Tl0.5)Ba2Ca3(Cu4−yTiy)O12−δ (y = 0,
0.25, 0.50, 0.75, 1.0) samples has been carried out by
using the abovementioned models in the neighborhood of
transition region. The plots of ln (�σ ) versus ln (ε) of
(Cu0.5Tl0.5)Ba2Ca3(Cu4−yTiy)O12−δ (y = 0, 0.25, 0.50,
0.75, 1.0) samples are shown in Fig. 7a–e. The experi-
mentally measured dc resistivity ρ(-cm−1) along with
a straight line extrapolated from the room temperature
(300 K) normal-state resistivity to 0 K and derivative
(dρ/dT) of dc resistivity versus temperature are shown in the

insets of Fig. 7a–e. The superconducting fluctuations start
at a particular temperature denoted by T * from where the
experimental dc resistivity curve deviates from the straight
line extrapolated from the room temperature normal-state
resistivity to zero K. The values of T * are around 147.2,
145.3, 144.8, 154.9, and 142.4 K for y = 0, 0.25, 0.50,
0.75, and 1.0, respectively. The decrease in values of T *
show that the superconducting fluctuations shift to the lower
temperature values, which is most likely due to increased
doping concentration of Ti (47.90 amu) atoms which has
smaller mass in comparison with Cu (63.54 amu) atoms that
induce an-harmonic oscillation in the CuO2/TiO2 planes,
thereby suppressing the density of phonons. If electron–
phonon interaction was essential for the mechanism of high
Tc superconductivity, the decrease in the density of phonon
modes would suppress the population of the Cooper pairs
and the essential superconductivity parameters depending
on their density. The values of critical exponents (λCR,
λ3D, λ2D, and λ0D), cross-over temperatures (TCR−3D =
TG, T3D−2D, and T2D−SW), mean field critical temperature
(Tcmf), T *, residual resistivity (α), and superconducting
transition width (W = �Tc) deduced from the FIC analy-
ses of (Cu0.5Tl0.5)Ba2Ca3(Cu4−yTiy)O12−δ (y = 0, 0.25,
0.50, 0.75, 1.0) samples are given in Table 1. All the cross-
over temperatures, Tcmf, and T * have been shifted to the
lower temperature values. The various superconductivity

Table 2 Superconducting parameters estimated from excess conductivity

Sample ξc(0) J NG λp.d Bc(0) Bc1 Bc2 κ Jc(0)
∗103 VF

∗107 EBreak τϕ
∗10−14

(Å) (Å) (T) (T) (T) (A/cm2) (m/s) (eV)

Ti “0” 2.13 0.056 0.066 890.1 1.63 0.083 128.7 55.6 0.99 2.01 0.04 9.94

Ti “0.25” 1.94 0.046 0.053 737.5 1.97 0.116 128.7 46.1 1.45 1.81 0.04 9.76

Ti “0.5” 1.35 0.023 0.066 452.5 3.21 0.268 128.7 28.2 3.86 1.25 0.04 11.2

Ti “0.75” 1.34 0.022 0.073 467.8 3.11 0.254 128.7 29.2 3.62 1.23 0.05 8.44

Ti “1.0” 1.58 0.030 0.087 623.2 2.33 0.155 128.7 38.9 2.03 1.43 0.05 7.96
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parameters (i.e., ξc(0), J , NG, λp.d, Bc(0), Bc1, Bc2, κ ,
Jc, VF, EBreak, and τϕ) deduced from the FIC analysis of
(Cu0.5Tl0.5)Ba2Ca3(Cu4−yTiy)O12−δ (y = 0, 0.25, 0.50,
0.75, 1.0) samples are given in Table 2. The values of
ξc(0), J , NG (except y = 0.75 and 1.0), λp.d, κ , VF, and
τϕ (except y = 0.50) have been decreased by Ti doping
in the final compound showing the electron–phonon inter-
action different from BCS is essential for mechanism of
high Tc superconductivity in oxides. The values of param-
eters such as Bc, Bc1, Jc(0) got increased with increase
in Ti content. It is most likely that population agglomer-
ate of Ti/Cu/Ba/Ca/Oy at the grain boundaries with the
increase Ti doping which act as efficient pinning centers
which result in increase in the values of Bc, Bc1, and
Jc(0).

5 Conclusions

(Cu0.5Tl0.5)Ba2Ca3(Cu4−yTiy)O12−δ (y = 0, 0.25, 0.50,
0.75, 1.0) superconductors are prepared by two-step solid
state reaction method at 880 ◦C. In order to optimize
the density of carriers in the CuO2 planes, the sam-
ples were annealed in the flowing oxygen environment at
500 ◦C for approximately 5 h. These samples have shown
tetragonal crystal structure with a-axis length increasing,
whereas the c-axis decreasing with increased Ti doping.
The samples are characterized by resistivity, ac susceptibil-
ity, and FTIR absorption measurements. The magnitude of
superconductivity also suppresses with increase in Ti dop-
ing. In FTIR absorption measurements, oxygen-annealed
(Cu0.5Tl0.5)Ba2Ca3(Cu4−yTiy)O12−δ (y = 0, 0.25, 0.50,
0.75, 1.0) samples have shown that the peak position of
the apical oxygen mode around 450 cm−1 stays unchanged,
while the peak positions for the apical oxygen mode around
548 cm−1 along with the planar oxygen modes are softened
with the doping of Ti in final compound. We proposed this
to be arising due to the doping of Ti (47.90 amu) atoms
at Cu (63.54 amu) sites that results in the decrease values
of superconductivity parameters. A possible correlation of
suppression of superconductivity parameters is attributed to
the presences of atoms of different masses in CuO2/TiO2

planes which induce an-harmonic oscillations, thereby sup-
pressing the phonon population. The phonons of harmonic
oscillation with wave vector q and the an-harmonic oscilla-
tion with wave vector q′ produce a new phonon with wave
vector Q that do not contribute in the Cooper pair formation.
It suppresses the density of essential phonon required for
the Cooper pair formation and hence the superconductivity.
These studies show the essential role of electron–phonons

interactions in the mechanism of high Tc superconductivity.
The results of excess conductivity analyses (FIC) support
this conclusion. Along with the suppression of all cross-over
temperatures, Tcmf, and T *, a decrease in the values of ξc(0),
J , λp.d, κ , and VF is observed. The increase in the values of
Bc, Bc1, Jc(0) most likely arises from the increase popula-
tion of the pinning centers of agglomerates of Ti at the grain
boundaries.
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