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Abstract Tl0.5Cu0.5(Ba1−xSrx)Ca2Cu3Oy (x = 0,
0.15,0.25,0.35) superconductors are prepared by a two-step
solid-state reaction method, and their superconducting
properties are studied by resistivity, susceptibility, FTIR,
XRD, and excess conductivity analyses. The samples have
shown an orthorhombic crystal structure in which the c-axis
length and the volume of the unit cell increase with Sr dop-
ing. The normal-state resistivity is appreciably suppressed,
and the zero resistivity critical temperature observed
between 97 and 104 K. The magnitude of the supercon-
ductivity is enhanced in Sr-doped samples. In the Fourier
transform infrared (FTIR) absorption measurements, the
apical oxygen phonon mode is observed to be softened
with Sr doping whereas the peak position of planar oxygen
stays unaltered in Sr-incorporated samples. The excess
conductivity analyses of Tl0.5Cu0.5(Ba1−xSrx)Ca2Cu3Oy

(x = 0, 0.15,0.25,0.35) samples have shown that the values
of ξc(0), the inter-layer coupling J , are not appreciably
altered whereas the Fermi velocity vF of superconducting
carriers and the phase relaxation increase with Sr dop-
ing. The values of parameters such as Bc0(T ), Bc1(T ),
Jc(0) are, however, enhanced with the doping of Sr in the
final compound. These studies have shown that Sr dop-
ing promotes efficient transfer of the carriers from charge
reservoir layer to the conducting CuO2 planes thereby pro-
moting enhancement in the density of carriers and hence
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increase in the values of aforementioned superconductivity
parameters.
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1 Introduction

The crystal chemistry of cuprate high-temperature super-
conductors consists of a charge reservoir layer and number
conducting CuO2 planes which are separated by Ca atoms.
The role of the charge reservoir layer is to supply the carri-
ers to the conducting planes whereas the superconductivity
lies in CuO2 planes. The Ca atoms develop inter-plane cou-
pling. We have extensively investigated the role of Ca atoms
in developing inter-plane coupling by doping Be and Mg
at the Ca sites [1, 2]. In the previous studies, we have
observed that the partial substitution of Be and Mg at Ca
sites resulted in a decrease in the c-axes length that pro-
vided direct evidence of increased inter-plane coupling.
The enhancement of the inter-plane coupling is bought
about by the small atomic size of the doped Be and Mg
atoms at Ca sites. The enhancement of inter-plane coupling
resulted into an increase in the Tc(R = 0) and magnitude
of diamagnetism of Cu0.5Tl0.5Ba2Can−1CunO2n+4−δ (n =
2,3,4,5) superconductors. Those studies confirmed the piv-
otal role of inter-plane coupling in the mechanism of high Tc

superconductors. In the current findings, we have tried to
decrease the thickness of the Cu0.5Tl0.5Ba2O4−δ charge
reservoir layer by doping Sr(2.15 Å) at the Ba(2.21 Å) sites.
The thickness of Cu0.5Tl0.5Ba2O4−δ charge reservoir layer
is 4.2 Å whereas the thickness of superconducting blocks
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Fig. 1 Xrd scans of Tl0.5Cu0.5(Ba1−xSrx)Ca2Cu3Oy (x = 0, 0.15,
0.25, 0.35)

containing a Ca atom at their center is 3.2 Å. The decrease
in the thickness of the charge reservoir layer in current stud-
ies is brought about by doping a smaller sized Sr at the Ba
sites. The effect of doped Sr atoms at the intrinsic super-
conductivity parameters is investigated by carrying excess
conductivity analysis of conductivity data.

In previous studies, Sr-doped Tl0.6Pb0.4Ba2−xSrxCa2

Cu3O9−δ (x= 0,0.10,0.20,0.30,0.40,0.50) samples were
synthesized by a two-step solid-state reaction method [1].
Highest zero resistivity temperature was observed at 113
K for x = 0.5, and their X-ray diffraction (XRD) anal-
ysis showed a pseudo-tetragonal structure. Increase in c-
axis lattice constant with the Sr content was observed. In
another study, Sr-doped Y(Ba2−ySry)Cu3O6+δ supercon-
ductors were prepared by a two-step solid-state reaction
method at 950 ◦C [2]. In order to optimize the density of

carriers, the samples were annealed in a flowing O2 envi-
ronment for 20 h. An XRD scan of the annealed samples
had shown an orthorhombic structure with zero resistiv-
ity temperature at 90 K for y = 0 and 84 K for y =
0.8 content of Sr. They had observed that chemical sub-
stitution of Sr2+ ions in fully oxygenated samples leads
to a decrease in Tc. Sr-doped YBa2(1−x)SrxThxCu3O7−δ

(x = 0.1,0.15.0.2 and 0.3) superconductors were prepared at
850◦ [3]. The XRD scans had shown that double-doped 123
superconductors have mainly single-phase orthorhombic
crystal structure with some small extra peaks attributed to
secondary phases like tetragonal and non-superconducting
YBCO and Y2Cu2O5 phases. The replacement of Ba by
Sr had caused a distortion in the perovskite structure and
brought shrinking in three axes. Moreover, the orthorhom-
bic splitting of the lattice parameters was also affected
by Sr content and was correlated to a decrease in Tc.
Sr-doped Hg2(Ba1−ySry)2YCu2O8−δ superconductors were
synthesized at high pressure (3.5–4 GPa) and temperature
(900–1050◦) [4]. An increase in Tc was observed with an
increase in “y” which reached 42 K for y = 1.0. The
main phase was Hg-2212, but sometimes for Sr-rich com-
positions, Hg-1212 impurity phase was observed due to
some reaction with gold capsule enhanced by Sr content. A
decrease in “a” and “c” axis lengths was observed with an
increase in Sr content. The structure of Hg-2212 belonged to
space group I/4mmm. Sr-doped samples of La2−xSrxCuO4

superconductors were prepared under high pressure up to
20 kbar [5]. They observed that To decreases with pres-
sure. The Tc of the samples for x ≤ 0.206 increases with
the pressure until a critical pressure Pc, but pressure depen-
dence of Tc becomes very small above Pc. Sr-doped samples
of Ba2Ca2+xCu3+yOz (Tc = 126 K) superconductors were
prepared under 5 GPa at 800–950◦ [6]. A slight decrease up
to ∼ 121 K was observed due to Sr doping. With increased
Sr concentration more than 0.40, a new superconducting
phase was observed with Tc ∼ 106 K. The cation compo-
sition was (Ba + Sr)/Ca/Cu ∼ 2:1:2, and it was indexed
with I4 symmetry with lattice constants “a = 3.86 Å”
and “c = 22 Å.” A series of compounds having com-
positions (Er0.76Ca0.24)Ba2−ySry(Cu2.76Co0.24)Oz (y =
0.0,0.2,0.4,0.6) and (Er1−xCax)Ba1.4Sr0.6(Cu2.76Co0.24)Oz

(x = 0.24,0.36,0.48) were prepared by a standard ceramic
technique [7]. The XRD pattern showed that three Sr-
doped samples (y = 0.0–0.6) remained orthorhombic, while
two Ca-Sr doped samples (x = 0.36 and 0.48, y = 0.6)
approached tetragonal structure. The XRD pattern revealed
that Sr-doped Y-123 showed a decrease of the unit cell vol-
ume. A decrease in Tc and oxygen content was observed
with an increase in Sr content. The suppression in the Tc and
oxygen content was attributed to the arrangement of oxy-
gen atoms in the basal plane. B.R. Hickey et al. prepared
Sr-doped (La1−xSrx)OFeAs (x = 0.10–0.30) and La(O0.9
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Table 1 Susceptibility combined graph of Tl0.5Cu0.5(Ba1−xSrx)Ca2Cu3Oy (x = 0, 0.15, 0.25, 0.35)

Sample Resistivity (as-prepared) Susceptibility (as-prepared) Lattice parameters from XRD

Tc (R = 0), K Tc (onset), K M.D Tc (onset), K a (Å) b (Å) c (Å) d (Å)

X = 0 97 113 0.08 110 4.4 4.9 13.64 294.078

X = 0.15 102 112 0.9 108 4.39 4.89 13.68 295.644

X = 0.25 96 113 0.11 99 4.39 4.92 13.68 298.063

X = 0.35 104 113 0.12 103 4.39 4.91 13.85 298.535

F0.1−δ)FeAs samples by a two-step method [8]. It was
revealed from the XRD analysis that all samples gave clear
evidence that the main peaks were from (La1−xSrx)OFeAs
phase. All main peaks could be indexed by a tetragonal
structure with lattice parameters “a = b = 4.035 Å” and
“c = 8.7710 Å.” These cell parameters are a bit larger
than those in parent phase LaOFeAs (a = b = 4.032 Å
and c = 8.726 Å) which suggested that lattice expanded a
bit with Sr substitution. Resistivity measurements showed
that the maximum transition temperature was about 25 K
at a doping level of x = 0.13 and no superconductivity
was observed beyond x = 0.23. Sr-doped Sr2−xBaxCuO3+δ

(x ≤ 0.6) superconductors were synthesized under a high
pressure of 6 GPa at 1000 ◦C [9]. Maximum Tc was obtained
in the undoped SrCuO3+δ sample. The XRD analysis was
done, and it was found that for x ≤ 0.6, apparently all
the samples were tetragonal single phase and belonged to
space group I4/mmm. Single-phase superconducting sam-
ples of (Bi/Pb)2(Sr2−xCax)2Cu3O10 were synthesized a by
solid-state reaction method [10]. DC electrical resistivity
were carried out, and it was found that a prepared sample
with x = 0.6, with optimally nominal oxygen content (over
doped), showed Tc of 107 K. The XRD analysis has shown
that crystal belonged to a tetragonal system and had a space
group of I4/mmm.

Fig. 2 Resistivity vs temperature combined graph of
Tl0.5Cu0.5(Ba1−xSrx)Ca2Cu3Oy

2 Experimental

The Tl0.5Cu0.5(Ba1−xSrx)Ca2Cu3Oy (x = 0, 0.15,
0.25, 0.35) samples were prepared using a solid-
state reaction method. We started out with the precur-
sor material of non-stoichiometric composition of form
Tl0.5Cu0.5(Ba1−xSrx)Ca2Cu3Oy (x = 0, 0.15, 0.25, 0.35)
and used Ba(NO3)2, Ca(NO3)2, SrCO3, and Cu(CN) as
starting compounds. These materials were mixed for 1 h
and fired twice at 860 ◦C in quartz boat for 24 h. The
precursor material after firing was mixed with Tl2O3 to
give Tl0.5 Cu0.5(Ba1−xSrx)Ca2Cu3Oy (x = 0, 0.15, 0.25,
0.35) as a final reactant composition. Thallium-mixed mate-
rial was pressed under a pressure of 3.8 tons/cm2 to make
disc-shaped pallets. These pallets were enclosed in a gold
capsule and sintered at 860 ◦C for 10 min. The samples were
characterized by resistivity, ac susceptibility, and Fourier
transform infrared spectroscopic measurements. The FTIR
absorption measurements were carried out by using a Nico-
let 5700 Fourier transform infrared spectrometer (FTIR) in
400–700 cm−1 wave number range. The crystal structure of

Fig. 3 Susceptibility combined graph of Tl0.5Cu0.5(Ba1−xSrx )
Ca2Cu3Oy (x = 0, 0.15, 0.25, 0.35)
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Fig. 4 FTIR spectra for Tl0.5Cu0.5(Ba1−xSrx)Ca2Cu3Oy (x = 0,
0.15, 0.25, 0.35)

the samples was measured by X-ray diffraction scan using
Bruker DX 8 Focus employing CuKα radiations of wave-
length 1.54056 Å. The cell parameters were determined by
check cell computer refinement program. The oxygen con-
tent in the final compound was optimized by carrying out
post-annealing of the samples for 6 h in a tubular furnace in
flowing oxygen atmosphere at 500◦.

3 Results and Discussion

The X-ray diffraction scans of Tl0.5Cu0.5(Ba1−xSrx)
Ca2Cu3Oy (x = 0, 0.15, 0.25, 0.35) samples are shown
in Fig. 1. Most of the diffraction lines are fitted to

the orthorhombic crystal structure by following PMMM
space group. The c-axis length and the volume of the
unit cell of Tl0.5Cu0.5(Ba1−xSrx)Ca2Cu3Oy (x = 0, 0.15,
0.25, 0.35) samples increase with increased Sr content
(Table 1). It is most likely that smaller sized Sr pro-
motes relaxation of the lattice axes that would likely
result into an increase in the thickness of the charge
reservoir layer. The resistivity versus temperature measure-
ments of Tl0.5Cu0.5(Ba1−xSrx)Ca2Cu3Oy (x = 0, 0.15,
0.25, 0.35) samples are displayed in Fig. 2. All the sam-
ples have shown metallic variations of resistivity from
the room temperature down to onset of superconductivity.
The room temperature resistivity is significantly reduced
with increased Sr doping which shows that Sr incorpora-
tion induces a more metallic character in the final com-
pound. Tl0.5Cu0.5(Ba1−xSrx)Cu3Oy (x = 0, 0.15, 0.25,
0.35) samples are shown onset of superconductivity around
113, 112, 113, and 113 K and Tc(R = 0) at 97, 102,
96, and 104 K, respectively. The AC magnetic suscep-
tibility measurements of Tl0.5Cu0.5(Ba1−xSrx)Ca2Cu3Oy

(x = 0, 0.15, 0.25, 0.35) samples are shown in
Fig. 3. The onset of superconductivity in these samples is
observed around 110, 108, 99, and 103 K (Table 1). The
magnitude of diamagnetism systematically increases with
Sr doping.

The FTIR absorption measurements of Tl0.5

Cu0.5(Ba1−xSrx)Ca2Cu3Oy (x = 0, 0.15, 0.25, 0.35) sam-
ples are shown in Fig. 4. In the phonon spectra of these
samples, three prominent absorption modes related to the
vibrations of oxygen atoms are observed around 450, 555,
and 570 cm−1. The former two modes are related to the
vibrations of apical oxygen atoms whereas the last mode to
the vibrations of CuO2 planar oxygen atoms. The former
apical oxygen mode is slightly hardened whereas the later
mode is softened (by 2 cm−1). The third mode stays almost
unchanged at around 570 cm−1. The main route cause of
this hardening/softening of apical oxygen modes is incor-
poration of Sr at the charge reservoir layer. The effect of
Sr doping at the Ba sites on the intrinsic superconductiv-
ity parameters has also been investigated by carrying out
excess conductivity analysis (FIC) of conductivity data of
Tl0.5Cu0.5(Ba1−xSrx)Ca2Cu3Oy (y = 0, 0.15, 0.25, 0.35)
samples.

Table 2 Widths of critical, 3D, 2D, and 0D fluctuation regions observed from fitting of the experimental data of Tl0.5Cu0.5(Ba1−xSrx)Ca2Cu3Oy

(x = 0, 0.15, 0.25, and 0.35) samples using AL model0

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

0 – 0.50 1.01 2.03 102.3 103.4 111.4 101.3 138.5 0.717 7.97

0.15 – 0.53 1.00 2.02 104.4 105.4 108.4 103.4 122.4 0.011 4.88

0.25 0.29 0.49 0.99 2.01 103.3 104.4 108.5 102.4 119.4 0.036 4.75

0.35 – 0.54 1.00 2.02 105.4 106.4 108.4 104.4 113.4 0.002 1.93
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Table 3 The superconductivity parameters observed from the FIC analysis of Tl0.5Cu0.5(Bax1−xSrx)Ca2Cu3Oy (x = 0, 0.15, 0.25, and 0.35)
superconductors

Sample ξc (0) (Å) J NG λp.d (Å) Bc(0) (T) Bc1 (T) Bc2 (T) κ Jc(0)*103 (A/cm2) VF*107 (ms) EBreak τϕ*10−14

0 0.975 0.019 0.073 304.1 4.78 0.52 128.7 19.0 8.56 0.79 0.025 16.0

0.15 0.988 0.019 0.019 215.1 6.76 0.92 128.7 13.45 17.09 0.86 0.008 47.2

0.25 0.95 0.019 0.072 288.9 5.04 0.57 128.7 18.05 9.49 0.78 0.018 22.1

0.35 0.971 0.019 0.013 190.8 7.62 1.12 128.7 11.92 21.73 0.86 0.006 64.9

3.1 Excess Conductivity Analyses (FIC) of
Tl0.5Cu0.5(Ba1−xSrx)Ca2Cu3Oy (x = 0, 0.15, 0.25, 0.35)
Samples

The excess conductivity analyses accomplished by using the
equation �σ(T ) = �σRTε−λD in the temperature regime
around Tc and beyond. This equation can be written in the
form as follows:

ln�σ(T ) = ln�σRT − λDln(ε) (1)

where ε =
[

T −T mf
c

T mf
c

]
is the reduced temperature and λD is

the dimensional exponent. The dimensional exponent has
values 0.3, 0.5, 1.0, and 2.0 for critical, three-dimensional
(3D), two-dimensional (2D), and zero-dimensional (0D)

conductivities, respectively [13–15]. The Lawrence and
Doniach (LD) model used for the analyses of the polycrys-
talline samples is of the form [16]

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

Here, J = {2ξc(0)/d} 2 is the inter-layer coupling and d

as the thickness of superconducting layers (∼ 15 Å in
current studies) and ξc(0) is the coherence length along
the c-axis. We have determined various crossover temper-
atures, such as TG, T3D−2D, and T2D−0D, from the log
plot of the excess conductivity versus the reduced temper-
ature, see Tables 2 and 3. These crossover temperatures
are determined from the intersection of various dimensional
exponents, i.e., λcr refers to the slope below TG, λ3D above

Fig. 5 a ln(�σ ) vs ln(ε) of Tl0.5Cu0.5(Ba1−xSrx)Ca2Cu3Oy for x =
0. b ln(�σ ) vs ln(ε) of Tl0.5Cu0.5(Ba1−xSrx)Ca2Cu3Oy for x = 0.15.

c ln(�σ ) vs ln(ε) of Tl0.5Cu0.5(Ba1−xSrx)Ca2Cu3Oy for x = 0.25. d
ln(�σ ) vs ln(ε) of Tl0.5Cu0.5(Ba1−xSrx)Ca2Cu3Oy for x = 0.35
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TG, and λ2D to the slope value above T3D−2D and λ0D cor-
responds to the slope of exponent value 2, respectively,
Fig. 5a–d. The parameters such as ξc(0), the inter-layer cou-
pling J are not appreciably altered whereas the Fermi veloc-
ity vF of superconducting carriers and their phase relax-
ation time are enhanced with the doping of Sr in the final
compound.

The Ginzburg number NG in the transition region and the
temperature TG are determined from the intersection of crit-
ical and three-dimensional regimes. By employing the TG

and the NG and using the Ginzburg-Landau theory, impor-
tant superconducting parameters are determined by using
the following equations [17–19]:

NG =
∣∣∣∣
TG − T mf

c

T mf
c

∣∣∣∣ = 0.5[KBTc/B
2
c(0)γ

2ξ3
c(0)]2 (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)

T mf
c is the mean field critical temperature and is determined

from the point of inflection of the temperature of derivative
of resistivity (dρ/dT). The Ginzburg-Landau (GL) parame-
ter is defined as κ = λ/ξ . The phase relaxation time of the
Cooper pair is calculated by using the following equation
[20]:

τϕ = π�

8kBT ε0
(8)

The coupling constant [λ = �τ−1
ϕ

2πkBT
] is determined by using

the phase relaxation time τφ . The Fermi velocity of the car-
riers and the energy required to break apart the Cooper pairs
are determined by using the following expressions; the value
of the proportionality coefficient K ∼= 0.12 is used as in
reference [17].

VF = 5πkBTcξc(0)

2�
(9)

E = h

τϕ(1.6 × 10−19)
(eV ) (10)

By using NG values in the critical regime of Tl0.5Cu0.5

(Ba1−xSrx)Ca2Cu3Oy (x = 0, 0.15, 0.25, 0.35) samples,
the Bc(0), Bc1(0), Bc2(0), Jc(0), and κ = λ/ξ are determined

by using the aforementioned equations [10–12]. The val-
ues of Bc0(T ), Bc1(T ), and Jc(0) are enhanced with the
increased Sr doping (Table 2). The thermodynamic criti-
cal field Bc is related to the free energy difference between
the normal and superconducting electrons. The increase in
the values of these parameters suggests that efficient trans-
fer of the mobile charge carrier takes place which increases
the Cooper pair density in the conducting CuO2 planes.
Moreover, it is most likely that the flux pinning charac-
ters is enhanced with Sr doping in the final compound. The
energy required to break the Cooper pairs apart into nor-
mal electrons, the magnetic field penetration depth λp.d, and
the Ginzburg-Landau (GL) parameter κ are suppressed with
Sr incorporation. The phase relaxation time of the carriers
increases with Sr doping.

4 Conclusion

Sr-doped Tl0.5Cu0.5(Ba1−xSrx)Ca2Cu3Oy (x = 0, 0.15,
0.25, 0.35) superconducting samples are synthesized at a
normal pressure, and their superconducting properties are
determined. A significant decrease in the room temper-
ature resistivity is observed with the doping of Sr. All
the samples have shown metallic variations of resistivity
and zero resistivity critical temperature ranging from 97 to
104 K. Magnitude of the superconductivity is significantly
enhanced with the doping of Sr in the final compound. The
phonon modes related to vibrations of apical oxygen atoms
are softened whereas the peak position of CuO2 planar oxy-
gen mode stays unchanged showing that Sr is incorporated
at the Ba sites. The excess conductivity analyses of con-
ductivity data of these samples have shown an increase in
the values of the phase relaxation time of the carriers τφ

and the Fermi velocity vF of superconducting carriers with
the doping of Sr in the final compound. The VF = πξC�

�

depends on Fermi-vector KF = (3π2N/V )1/3[n =N/V]
which in turn depends on the density of the carriers. An
increase in the values of vF shows that the carrier’s den-
sity in the superconducting CuO2 planes is enhanced with
the doping of Sr at the Ba sites despite an increase in the
volume of the unit cell. It confirms that doped Sr atoms
induce efficient transfer of the charge carriers to the con-
ducting planes. The values of parameters such as Bc0(T ),
Bc1(T ), and Jc(0) are enhanced with the doping of Sr in
the final compound. The values of these parameters cru-
cially depend on the thermodynamic critical field Bc which
is related to the free energy difference between the nor-
mal and superconducting electrons. The doped Sr at the
Ba sites seems to promote an increase in the difference of
free energy difference between normal and superconducting
state and hence the values of these parameters. Moreover,
the doped Sr atoms enhance the flux pinning characters that
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can be witnessed in the decrease of London penetration
depth λp.d and the Ginzburg-Landau(GL) parameter κ .
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