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Abstract We have synthesized (Cu0.5Tl0.5)Ba2Ca3(Cu 4−x

Tix)O12−δ (x = 0, 0.25, 0.50, 0.75, 1.0) superconductors by
two-step solid-state reaction method at 880 ◦C. The a-axis
length of tetragonal unit cell increases, whereas the c-axis
decreases with doping of Ti in the final compound revealed
by X-ray diffraction measurements. Moreover, the mag-
nitude of superconductivity suppresses with increased Ti
doping. The Fourier transform infrared spectrometer (FTIR)
absorption measurements have shown that the peak posi-
tion of the apical oxygen modes at 480 and 540 cm−1

remains unchanged, whereas the CuO2/TiO2 planar oxygen
modes is softened with increased Ti doping. We explained
the softening of planar oxygen mode to be arising due
to the difference in the atomic masses of Ti (47.90 amu)
and Cu (63.54 amu) atoms. The suppression of supercon-
ductivity magnitude is suggested to be originating from
an-harmonic oscillations induced by doped Ti atoms which
in turn suppress the density of phonon population. These
studies show the importance of density of phonon popula-
tion in mechanism of high-Tc superconductivity and hence
the electron-phonon interactions. The excess conductivity
analyses (FIC) of conductivity data of these samples have
shown that with increased Ti doping, the mean field criti-
cal temperature Tcmf is shifted to lower temperatures. The
increase in the coherence length along the c-axis, inter-
layer coupling, and the Fermi velocity is suggested to be
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arising from the decrease in the c-axes length. We attribute
the suppression in Bc, Bc1, Jc(0), and τφ with Ti doping to
the free energy difference between the normal and super-
conducting state. The idea of suppression in the density of
phonon modes induced by Ti doping is supported by excess
conductivity analyses.
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Electron-phonon interactions

1 Introduction

The superconductivity in oxides is confined in CuO2 planes,
whereas the carriers are supplied by Cu0.5Tl0.5Ba2O4−δ

charge reservoir layers [[1, 2], and references therein]. Cop-
per atoms in the CuO2 planes where superconductivity lies
are in the 3d9 state, which provide the skeleton of cova-
lent bonding, and the metallic character arises from the
delocalized 4s2 electrons [3, 4]. Since the wave function
spread of 4s2 electrons is extended to many interatomic
spacing, these compound show enough density of carriers
at room temperature and hence the metallic behavior from
room temperature down to onset of superconductivity. The
possibility of existence of electron-phonon interaction in
oxide superconductors is quite possible; however, the oxy-
gen isotope effect measurements have ruled out any role
of oxygen atoms of such mechanism. This shows that any
role of the hard phonons in mechanism of high-Tc super-
conductivity is minimal. In order to look into the possibility
of soft phonons in the mechanism of high-Tc superconduc-
tivity [5], we have doped the Ti at Cu sites in CuO2 planes
of (Cu0.5Tl0.5)Ba2Ca3(Cu4−xTix)O12−δ (x = 0, 0.25, 0.50,
0.75, 1.0) superconductors. The substitution of this atom at
the copper site will be helpful in understanding the role of
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phonon interaction in the mechanism of high-temperature
superconductivity [6–8]. Titanium atom has ground state
electronic configuration 3d2· 4s2 and atomic mass of the Ti
(47.9 amu) which is smaller than the Cu (63.5 4amu) atoms.
Due to this difference in masses, it is likely that doped Ti
atoms may induce an-harmonic oscillations which will sup-
press the density of phonon in CuO2/TiO2 planes. These
experiments will be helpful in determining the pivotal role
of electron-phonon interactions in the mechanism of high-Tc

superconductivity.

2 Experimental

(Cu0.5Tl0.5)Ba2Ca 3(Cu 4−xTi x)O12−δ (x = 0, 0.25, 0.50,
0.75, 1.0) samples were synthesized by two-step solid-state
reaction method. In the first stage, Cu0.5Ba2Ca3(Cu4−x

Tix)O12−δ (x = 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 mor-
tar 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 precursor
material was again ground for about an hour and mixed with
Tl2O3 to give (Cu0.5Tl0.5)Ba2Ca3(Cu4−xTix)O12−δ (x =
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 superconductivity characteristics of
the samples were measured by resistivity, AC susceptibil-
ity, and Fourier transform infrared spectroscopic measure-
ments. The Fourier transform infrared spectroscopic (FTIR)
measurements absorption measurements were carried out
by using Nicolet 5700 Fourier Transform Infrared Spec-
trometer (FTIR) in 400–700 cm−1 wave number range.

Fig. 1 a, b, c X-ray diffraction
pattern of (Cu 0.5 Tl 0.5) Ba 2 Ca
3(Cu4−x Ti x) O 12−δ (x = 0,
0.25, 0.50) samples. d, e X-ray
diffraction pattern of
(Cu0.5Tl0.5)Ba2Ca3(Cu4 −x Ti
x) O12 −δ (x = 0.75,1.0)
samples
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The crystal structure of the samples was measured by X-
ray diffraction scan using Bruker DX 8 Focus employing
CuKα radiations of wavelength 1.54056 Å. The cell param-
eters were determined by check cell computer refinement
program.

3 Results and Discussion

3.1 (a) Ti-Doped (Cu0.5Tl0.5)Ba2Ca3(Cu4−xTix)
O12−δ (x = 0, 0.25, 0.50, 0.75, 1.0) Samples

The X-ray diffraction scans of
(Cu0.5Tl0.5)Ba2Ca3(Cu4−xTix)O12−δ (x = 0, 0.25, 0.50,
0.75, 1.0) samples 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 sup-
presses, whereas the a-axis length increases with Ti doping
(Fig. 2). The resistivity versus temperature measurements of
as-prepared (Cu0.5Tl0.5)Ba2Ca3(Cu4−xTix)O12−δ (x = 0,
0.25, 0.50, 0.75, 1.0) samples are displayed in Fig. 3. These
samples have shown room temperature resistivity around
0.041, 0.231, 0.111, 0.186, and 0.110 � cm, respectively.
The smaller room temperature resistivity values are an indi-
cation of lower density of defects in the final compounds.

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

Fig. 3 Combined resistivity of as-prepared (Cu0.5Tl0.5)Ba2
Ca3(Cu4−xTix)O12−δ (x = 0, 0.25, 0.50, 0.75, 1.0) samples

The metallic variation of resistivity from room temperature
down to onset temperature of superconductivity is typical
feature of these samples. These samples have shown onset
of superconductivity around 124.6, 118.7, 117.7, 116.1, and
120 K and Tc(R = 0) at 108.4, 100.1, 97, 94.4, and 99 K,
respectively. AC magnetic susceptibility measurements of
(Cu0.5Tl0.5)Ba2Ca3(Cu4−xTix)O12−δ (x = 0, 0.25, 0.50,
0.75, 1.0) samples are displayed in Fig. 4. It can be seen
from this figure that the magnitude of the superconductivity
is suppressed with Ti doping in the final compound. The
onset of superconductivity is observed around 105.6, 114.3,
103.7, 115.2, and 102.4 K, respectively.

The FTIR absorption measurements of
(Cu0.5Tl0.5)Ba2Ca3(Cu4−xTix)O12−δ (x = 0, 0.25, 0.50,
0.75, 1.0) samples are displayed in Fig. 5. Three absorption
bands around 484, 538–539, and 598–582 cm−1 can be seen
in these spectra. The former two modes are related to the
vibrations related to apical oxygen atoms, whereas the third
one is associated with the vibrations of planar oxygen atoms
[9, 10]. The peak position of the apical oxygen modes
is not appreciably changed, but the planar oxygen mode

Fig. 4 The AC susceptibility versus temperature measurements of
as-prepared (Cu0.5Tl0.5)Ba2Ca3(Cu4−xTix)O12−δ (x = 0, 0.25, 0.50,
0.75, 1.0) samples
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Fig. 5 FTIR measurements of as-prepared (Cu0.5Tl0.5)Ba2Ca3
(Cu4−xTix)O12−δ (x = 0, 0.25, 0.50, 0.75, 1.0) samples

is systematically softened with increased Ti doping. Pla-
nar oxygen mode in (Cu0.5Tl0.5)Ba2Ca3(Cu4−xTix)O12−δ

(x = 0, 0.25, 0.50, 0.75, 1.0) samples is observed around
598, 594, 589, 586, and 582 cm−1, respectively. The most
likely reason for the softening of planar oxygen mode
is the smaller mass of the doped Ti atoms. The atomic
mass of Ti (47.90 amu) is smaller than Cu (63.54 amu)
atoms that promotes an increase in the bond length of
planar oxygen atoms and make them oscillate at the lower
wavenumbers.

3.2 (b) Excess Conductivity Analyses
(Cu0.5Tl0.5)Ba2Ca3(Cu4−xTix)O12−δ (x = 0, 0.25, 0.50,
0.75, 1.0) Samples

The temperature dependence of conductivity around Tc

and beyond it follows the relationship of the form

�σ(T ) = �σRTε−λD . The analyses of excess con-
ductivity �σ(T ) are done by converting this relation-
ship into equation which identical to the Arrhenius
relation:

ln�σ(T) = ln�σRT − λDln(ε) (1)

Here, the ε =
[

T −T mf
c

T mf
c

]
is the reduced temperature and

the λD is dimensional exponent.
The mean field critical temperature T mf

c is determined
from the point of inflection of the temperature derivative
of resistivity (dρ/dT). Depending upon the values of λD,
the dimensional exponent explains various thermally acti-
vated processes in three, two, and one dimensions. The λD

value around 0.33 corresponds to critical regime, 0.5 three-
dimensional conductivity (3D), 1.0 two-dimensional (2D),
and 2.0 for zero-dimensional (0D) conductivity, respectively
[11–14]. At the junction of various thermally activated pro-
cesses, three crossover temperatures are found, i.e., TG,
T3D−2D, and T2D−0D. The TG is the crossover tempera-
ture of Ginzburg-Landau regime with three-dimensional
conductivity regimes, the T3D−2D is the crossover tem-
perature of three-dimensional conductivity regime with
two-dimensional conductivity regimes, and the T2D−0D is
the crossover temperature of two-dimensional conductivity
regime with zero-dimensional conductivity regimes. Vari-
ous crossover temperatures derived from the log plot of
the excess conductivity versus the reduced temperature are
mentioned in the Fig. 6 a–e and Table 1. The values of var-
ious exponents such as, λcr, λ3D, λ2D, and λ0D are given in
Table 2.

The Aslamazov-Larkin theory [14] is used for the
excess conductivity analysis of thin film samples,
whereas for the polycrystalline samples the Lawrence
and Doniach (LD) model is employed [15]. The follow-
ing is the expression of the Lawrence and Doniach (LD)
model:

�σLD = [e2/(16�d)](1 + Jε−1)−1/2ε−1 (2)

In this expression, the J = [2ξc(0)/d]2 is interlayer cou-
pling, d is the thickness of superconducting layers (∼ 18
Å in present case), and the ξc(0) is coherence length along
the c-axis. The excess conductivity analyses of conductivity
data of (Cu0.5Tl0.5)Ba2Ca3(Cu4−xTix)O12−δ (x = 0, 0.25,
0.50, 0.75, 1.0) samples have shown that the coherence
length along the c-axis, the Fermi velocity of the carri-
ers and the interlayer coupling J increase with the doping
of Ti in the final compounds. The enhancement in the
value of these parameters is most likely associated with
the decrease in the c-axis length with doping of Ti (see
Table 2).

The Ginzburg number NG is determined from the
crossover temperature TG of critical and three-dimensional
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Fig. 6 a,b,c,d,e Log plot of the
excess conductivity versus the
reduced temperature

Table 1 Superconducting parameters estimated from excess conductivity

Sample ξc(0) (Å) J NG λp.d(Å) Bc(0) (T) Bc1 (T) Bc2 (T) κ Jc(0)×103 VF×107 EBreak τϕ×10−14

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

Ti “0” 1.93 0.046 0.071 794.64 1.83 0.101 128.7 49.7 1.25 1.80 0.07 5.81

Ti “0.25” 3.58 0.158 0.142 2467.3 0.59 0.013 128.7 154.2 0.13 3.07 0.09 4.34

Ti “0.5” 2.84 0.100 0.118 1693.0 0.86 0.026 128.7 105.8 0.28 2.36 0.10 4.17

Ti “0.75” 2.50 0.077 0.153 1514.4 0.96 0.032 128.7 94.6 0.34 2.02 0.08 5.34

Ti “1.0” 2.35 0.068 0.095 1191.4 1.22 0.050 128.7 74.5 0.56 1.99 0.09 4.63
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Table 2 Parameters estimated from ln(�σ ) and ln(ε) plots

Sample λCR λ3D λ2D λSW TCR−3D T 3D-2D T 2D-SW Tcmf T *(K) α = ρn W = �Tc (K)

=TG(K) (K) (K) (K) (0 K) (� cm)

Ti “0” 0.30 0.55 0.97 2.06 116.2 120.1 146.8 114.8 164.7 0.007 6.28

Ti “0.25” 0.35 0.48 1.00 2.01 114.3 127.4 147.2 109.9 174.4 0.087 8.81

Ti “0.5” 0.32 0.53 0.99 2.03 108.5 117.2 145.3 106.5 166.6 0.051 7.26

Ti “0.75” 0.32 0.51 0.97 2.00 109.0 114.3 134.1 106.1 172.4 0.068 9.57

Ti “1.0” 0.33 0.54 0.98 2.04 108.5 113.8 143.8 106.5 164.2 0.034 8.38

conductivity regimes. By employing NG and the Ginzburg-
Landau theory, following important superconducting
parameters are evaluated by using the equations of the
following forms [15–17]:

NG =
∣∣∣∣
TG − T mf

c

T mf
c

∣∣∣∣ = 0.5
[
KBTc/B

2
c(0)γ

2ξ3
c(0)

]2
γ (3)

Bc = �0

2
√

2πλp.d(0)ξab(0)
(4)

Bc1 = Bc

κ
√

2
ln κ (5)

Bc2 = √
2κBc (6)

Jc = 4κBc1

3
√

3λp.d(0) ln κ
(7)

τϕ = π�

8kBT ε0
(8)

The κ = λ/ξ, Bc, Bc1, Bc2, Jc, and τφ are the Ginzburg-
Landau (GL) parameter, thermodynamic critical field, the
lower critical field, the upper critical field, and the critical
current density, respectively.

Using the phase relaxation time of the Cooper pairs τφ

and the coupling constant λλ = �τ−1
ϕ

2πkBT
, the Fermi velocity

of the carriers VF and the energy E required to break up
the Cooper pairs are determined by using equations of the
following form:

VF = 5πkBTcξc(0)

2Kη
(9)

E = h

τϕ(1.6 × 10−19)
(10)

The proportionality coefficient K used in the above equa-
tion (9) is 0.12 [18]. The values of parameters such as Bc,
Bc1, Jc(0), and τφ got decreased with increase in Ti dop-
ing. The parameters Bc1 and Jc(0) depend on Bc that in turn
depend on the free energy difference between the normal

and superconducting state. The suppression in the values
of these parameters suggests that superconductivity volume
fraction suppresses with the doping of Ti in the final com-
pound. This also support our thesis that incorporation of
Ti in the CuO2 planes induces an-harmonic oscillation that
suppresses the density of phonons and hence the super-
conductivity. These studies strongly suggest that role of
electron-phonon interactions is essential in the mechanism
of high-Tc superconductivity. Moreover, since the supercon-
ductivity is being influenced by the doping of Ti at the Cu
sites, this shows that the role of soft phonon is essential for
the high-Tc superconductivity.

4 Conclusions

(Cu0.5Tl0.5)Ba2Ca3(Cu4−xTix)O12−δ (x = 0, 0.25, 0.50,
0.75, 1.0) superconductors are prepared by two-step solid-
state reaction method at 880 ◦C. The samples are character-
ized by X-ray diffraction, resistivity, AC susceptibility, and
FTIR absorption measurements. These samples have shown
tetragonal crystal structure with the a-axis length increas-
ing, whereas the c-axis decreasing with increased Ti doping.
The magnitude of superconductivity also suppresses with
increase in Ti doping. FTIR absorption measurements of
(Cu0.5Tl0.5)Ba2Ca3(Cu4−xTix)O12−δ (x = 0, 0.25, 0.50,
0.75, 1.0) samples have shown that the peak position of the
apical oxygen modes at 480 and 540 cm−1 stays at the same
position, whereas the CuO2/TiO2 planar oxygen modes is
softened with increased Ti doping. The origin of softening
of planar oxygen mode lies in decrease mass of doped the
Ti (47.90 amu) atoms relative to the Cu (63.54 amu) atoms
that results in increase of the bond length of the a-axis,
and hence, these modes are softened. A possible correla-
tion of suppression of superconductivity is attributed to the
presence of atoms of different masses in CuO2/TiO2 planes
which produce an-harmonic oscillations and hence suppress
the density of phonon population. The phonons of harmonic
oscillation with wave vector q and the an-harmonic oscil-
lation with wave vector q ′ produces a new phonon with
wave vector q that do not contribute in the Cooper pair
formation. It suppresses the density of essential phonon
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required for the Cooper pair formation and hence the
superconductivity. These studies show the essential role of
electron-phonon interactions in the mechanism of high-Tc

superconductivity. Excess conductivity analyses (FIC) of
these samples have shown that the transition width increases
and the mean field critical temperature Tcmf is shifted to
lower values with increased Ti doping. The increase in the
coherence length along the c-axis, interlayer coupling, and
the Fermi velocity of the carriers with Ti doping is remi-
niscence of decreased the c-axes length. The values of Bc,
Bc1, Jc(0), and τφ are, however, suppressed with increased Ti
doping. Since the Bc determines the free energy difference
between the normal and superconducting state, decreased
values of it shows that superconducting volume fraction
decreases with increased Ti doping. The excess conductiv-
ity analyses also support this thesis that density of phonon
population suppresses with the Ti doping that result in sup-
pression of the population of superconducting electrons,
showing the essential role of electron-phonon interaction in
the mechanism of high-Tc superconductivity. These studies
have explicitly shown that soft phonon play an essential role
in the high-Tc superconductivity.
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