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The effect of Cd on (Tl0.6Bi0.4)Sr2(Ca1-xCdx)Cu2O7-δ (Tl-1212) superconductor is reported.  Cd was 

chosen to partially replace Ca due to the single valence (+2) of both elements and this work is focused 

on the ionic radius effect on this phase.  The solid-state reaction route was utilized to prepare 

(Tl0.6Bi0.4)Sr2(Ca1-xCdx)Cu2O7-δ (Tl-1212) with x = 0 to 0.20. Tl-1212 was dominant as indicated by x-

ray diffraction patterns.  The x = 0.15 sample showed the highest onset temperature Tc-onset (95 K).  The 

peak temperature, Tp of χ”  (imaginary part of the AC susceptibility) decreased pronouncedly with Cd 

content indicating weakening of inter-grain coupling. Cd substitution reduced the 2-dimensional to 3-

dimensional conductivity transition from 139 K (x = 0) to 135 K (x = 0.15). From Lawrence-Doniach 

model it was shown that the sample with the highest Tc-onset (x = 0.15) exhibited the shortest coherence 

length, highest anisotropy (γ = 9.692 ) and weakest inter-layer coupling (J = 0.421).  Cd substitution 

lowers both the inter-layer and inter-grain coupling. These factors are important in optimizing the 

superconductivity of the Tl-1212 phase.  

 

 

Keywords: Tl-1212 phase; Cd substitution; coherence length; inter-layer coupling; inter-grain 

coupling 

 

 

 

1. INTRODUCTION 

The effect of elemental substitution and addition on TlSr2CaCu2O7 superconductor is an 

interesting research topic [1, 2].  RE
+3 

(rare earth) substitutions for Ca
+2

 in TlSr2CaCu2O7 showed 

transition temperature, Tc of 90 K [3].  The Tc of (Tl,Bi)Sr2CaCu2O7 is around  75-95 K [4] while 

(Tl,Pb)Sr2CaCu2O7 has Tc around 85 K [5]. Pb, Bi, Cr and RE
+3

 substitutions stabilize the 

TlSr2CaCu2O7 phase and improved Tc [6,7]. Cr and Pb are reported to have valency +3 [6] and +4 [5], 

respectively and Bi is report to be in the mixed Bi 
+3/+5

 state [4]. 

http://www.electrochemsci.org/
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Copper oxide based superconductor (HTSC) including TlSr2CaCu2O7 shows high anisotropy 

which gives rise to fluctuations in the conductivity.  This fluctuation is also due to the short coherence 

length along the c-axis, ξc(0).  Above Tc, the resistivity vs. temperature curve deviates from linearity as 

a result of enhanced superconducting fluctuations [8].  The Lawrence-Doniach (LD) and Aslamazov-

Larkin (AL) models can be used to analyze these fluctuations.  Excess conductivity can be determined 

by subtracting the normal state conductivity from the measured value [9]: 

 

1/∆ ζ = 1/ρ mea – 1/ρ bk             (1) 

 

where ρmea is the experimental resistivity, ρbk = α + βT, α is the resistivity at 0 K, and β is the derivative 

of the resistivity with respect to T.  From AL and LD models [9-12],  can be written as [9]:  

 

∆ζ/ζo = Aε 
–λ

                                    (2) 

 

where ζo is the conductivity at 300 K and ε is the reduced temperature [13]: 

 

                                        ε = ln (T/T
p
c) / T

p
c .           (3) 

 

In the above equation the peak temperature T
p

c is obtained from d/dT and A is a constant.  λ is 

calculated from the slope of ln(∆ζ/ζo) versus ln(ε) and is related to the conduction dimensionality D 

where λ = 2 - D/2. For 1-dimensional (1D), 2D and 3D regions,  λ = 1.5, 1.0 and 0.5, respectively.  

Changes in T2D–3D and coherence length can be observed with substitution [14].  The LD model can be 

use to determine T2D–3D and ξc(0) for polycrystalline samples by using [13]:    

  

                         T2D–3D = Tc [1 + (2 ξc(0) /d)
2
]              (4) 

 

where d =3.18 Å is the interlayer distance of Tl-1212. Inter-layer coupling, J can be obtained from LD 

model [15]: 

 

                                          J = [2 ξc(0) ]
2 
/d

2
                                     (5)  

 

The anisotropy, γ is written as [16]: 

 

                                          γ  = ξab(0)  / ξc(0).                                    (6) 

 

The coherence length is between 10 and 20 Å for HTSCs [13]. A transition from 2D to 3D with 

lowering temperature was observed in (Cu, Tl)-based superconductor [17–19].  Excess conductivity of 

Tl2Ba2CaCu2O8+d (Tl-2212) [20-21] and TlSrCaCuO [22-24] has also been reported. 

This paper is on the effect of Cd substitution in (Tl0.6Bi0.4)Sr2(Ca1-xCdx)Cu2O7-δ (x = 0 - 0.20).  

Cd was chosen to partially replace Ca because both are single valence (+2).  The ionic radius of Cd
+2

 

with coordination number (CN) 4 to 12 (0.78-1.31 Å) overlaps with Ca
+2

 with CN 6 to 12 (1.00 - 1.34 
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Å).  This substitution may not change the carrier concentration but instead lattice changes are 

expected.  We report the electrical resistance (dc) measurements and X-ray diffraction patterns.  AC 

susceptibility measurements are also reported together with changes in inter-grain coupling with Cd 

substitution. AL model was used to determine λ while LD model was employed to determine ξc(0), J 

and γ.   

 

 

 

2. EXPERIMENTAL DETAILS 

(Tl0.6Bi0.4)Sr2(Ca1-xCdx)Cu2O7-δ (Tl-1212) with x = 0, 0.05, 0.10, 0.15, 0.18 and 0.20 were 

fabricated through the solid-state reaction route.  Metal oxides and carbonates (SrO, CaO, CdCO3 and 

CuO) with purity ≥ 99.99 % were mixed and ground.  The mixed powders were then heated at 900 ºC 

for a total of 48 h with intermediate grindings. Tl2O3 and Bi2O3 were added to the powders and pressed 

into pellets (13 mm diameter× 2 mm thickness).  Excess Tl2O3 (10 %) was added to compensate for 

the loss during heating.  A tube furnace was preheated to 1000 ºC after which the pellets were heated 

for 4 min in flowing O2 and furnace cooled. 

The four-probe method with silver paste contacts was used to determine the electrical 

resistance.  For temperature dependent measurements, a Cryogenics Closed Cycle Refrigerator Model 

22 from CTI was used. The onset transition temperature, Tc-onset is the temperature where there is a 

sudden drop in resistance. The temperature where the resistance drops to zero is the zero-resistance 

temperature, Tc-zero. 

A diffractometer from Bruker (D8 Advance) with a CuKα source was utilized to determine the 

resultant phase.  In order to calculate the lattice parameters 15 diffraction peaks were used.  The  

volume fractions of each phase were calculated using [23, 24]: 

Tl )5(%100(%)1212
12011212

1212




 


II

I
 

Tl )6(%100(%)1201
12011212

1201




 


II

I

 

where I1212 and I1201  is the intensity of the 1212 and 1201 phase, respectively. 

Energy Dispersive X-Ray Analysis (EDX) using an Oxford Instrument analyser was used to 

determine the  chemical composition of individual phases. A Cryo Industry AC susceptometer (REF-

1808-ACS)  with frequency = 295 Hz and magnetic field H = 5 Oe was used.  The inter-grain critical 

current density Jc(Tp) was calculated using the Bean’s model [25], Jc(Tp) = H/ , where H is the 

magnetic field, and l and w is the dimension of the bar-shaped sample.  Tp is the temperature where the 

imaginary part of the susceptibility ” shows a peak. 

 

 

3. RESULTS AND DISCUSSION 

The x-ray diffraction patterns of all samples indicated that the Tl-1212 phase (tetragonal unit 

cell and space group, P4/mmm) was dominant (Figure 1).   
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Figure 1. Powder X-ray diffraction patterns for (Tl0.6Bi0.4)Sr2(Ca1-xCdx)Cu2O7-δ  (x = 0, 0.05 0.10, 

0.15, 0.18 and 0.20) showing major Tl-1212 phase. The 1201 phase is indicated by (*).  
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Table 1. Lattice parameters, Tc-onset, Tc-zero, room temperature resistivity (ρ297), Tcχ’, Tp, Jc(Tp),  T
p

c, α, β, 

T2D-3D, λ2D, λ3D, ξc(0), J  and γ for x = 0 to 0.15 

 

x 0 0.05 0.1 0.15 

a (Å) ± 0.003 

c (Å) ± 0.005 

3.800 

12.002 

3.802 

12.033 

3.809 

12.047 

3.805 

12.187 

Tc-onset (K) 94 94 87 95 

Tc-zero(K) 86 84 43 80 

ρ297 (mΩcm) 8.63 7.00 16.7 109 

T
p

c(K) 88 85 62 83 

Tc’(K) 93 90 - 86 

Tp(K) 70 67 - 45 

Jc(Tp) (A/cm
2
) 42 12 - 11 

α = ρn(0K)(mΩcm) 0.4 2.8 9.2 56 

β = dρ/dT ˟ 10
-3

     

(mΩcm)/K 

 

2.91 

 

3.06 

 

3.26 

 

5.93 

T2D–3D (K)   139 137 - 135 

λ2D 1.005 0.933 - 0.885 

λ3D 0.478 0.474 0.473 0.470 

J 0.478 0.457 - 0.421 

ξc(0) (Å) 1.100 1.075 - 1.032 

γ 9.090 9.298 - 9.692 

Diffraction peaks from TlSr2CuO5 (Tl-1201) phase were also observed in some samples.  The x 

= 0.05 sample showed the highest Tl-1212 volume fraction.   Tc-onset, Tc-zero, resistivity (at 297 K), and a 

and c lattice parameters are shown in Table 1 where a and c increased with Cd substitution. 

 

 
A 
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Figure 2. SEM micrographs for (a) x = 0, (b) x = 0.05 and (c) x = 0.15 

 

 

 

Figure 3. EDX spectrum for x = 0.15, insert shows the weight percent for each element 

 

Sample 0.15 

Element    Weight%    Atomic%    

  O K  19.6   58.4  

  Ca K  4.4     5.3               

  Cu L   19.6    14.7             

  Sr L   24.7    13.4             

  Tl M   13.7     3.1                

  Bi M   13.8     3.1                

  Cd M  4.2     1.8                

C
o
u
n
ts

 /
 a

.u
. 
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Figure 4. (a) Normalized resistance (R/R(T=297)) versus temperature curves of (Tl0.6Bi0.4)Sr2(Ca1-

xCdx)Cu2O7-δ  for x = 0, 0.05,0.10 and 0.15 and (b) x = 0.18 and 0.20. 

 

The microstructure of the x = 0 sample showed a smooth surface with minor voids (Figure 

2(a)).  Substitution of Cd resulted in randomly oriented plate-like grains (≈ 2μm) (Figure 2(b) and 
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2(c)).  The EDX spectrum of x = 0.15 samples is shown in Figure 3.  Insert shows the composition of 

the x = 0.15 sample indicating percentage of elements similar to the Tl-1212 phase with minor 

deviation as a result of the Tl-1201 phase. 

 

Temperature (K)

0 50 100 150 200 250

R
e
s
is

ti
v
it
y
 (

m
.c

m
)

0

2

4

6

8

10

Temperature (K)

0 50 100 150 200 250

R
e
s
is

ti
v
it
y
 (

m
.c

m
)

0

2

4

6

8

Temperature (K)

0 50 100 150 200 250

R
e
s
is

ti
v
it
y
 (

m
.c

m
)

0

2

4

6

8

10

12

14

16

18

Temperature (K)

0 50 100 150 200 250

R
e
s
is

ti
v
it
y
 (

m
.c

m
)

0

20

40

60

80

100

120

Tc
p = 88 K

Temperature (K)

0 50 100 150 200 250

d
p

/d
T

(x
1

0
-3

)

0.000

0.001

0.002

0.003

0.004

0.005

Tc
p = 85 K

Temperature (K)

0 50 100 150 200 250

d
p

/d
T

(x
1

0
-3

)

0.000

0.001

0.002

0.003

0.004

0.005

0.006

Tc
p = 64 K

Temperature (K)

0 50 100 150 200 250

d
p

/d
T

(x
1

0
-3

)

0.000

0.002

0.004

0.006

0.008
Tc

p = 83 K

Temperature (K)

0 50 100 150 200 250

d
p

/d
T

(x
1

0
-3

)

0.000

0.001

0.002

0.003

0.004

0.005

0.006

(a) x = 0

(c) x = 0.1

(b) x = 0.05

(d) x = 0.15

 

Figure 5. Electrical resistivity of (Tl0.6Bi0.4)Sr2(Ca1-xCdx)Cu2O7-δ  (x = 0, 0.05, 0.10, 0.15, 0.18 and 

0.20) samples. The linear fit shows the background normal state resistivity projection. Inset 

shows plots of dρ/dT versus temperature. 
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The electrical resistance vs. temperature curves showed that the x = 0.15 sample exhibited the 

highest Tc-onset (95 K) (Figure 4).  Samples with 0 ≤ x ≤ 0.15 exhibited a linear metallic behavior while 

the sample with x ≥ 0.18 showed semiconductor-like behavior.  The ratio of the lattice parameter a/c 

indicates the internal lattice strain.   

 
 

Figure 6. Plot of ln(∆ζ/ζo) versus ln(ε) of (Tl0.6Bi0.4)Sr2 (Ca1-x Cdx) Cu2O7-δ  x = 0, 0.05, 0.10 and 0.15) 

samples. The solid line represents the 2-D and dotted line 3-D theoretical slope. 

 



Int. J. Electrochem. Sci., Vol. 13, 2018 

  

7855 

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

20 30 40 50 60 70 80 90 100


'

Temperature / K

x = 0

x = 0

x = 0.05

x = 0.05

x = 0.15

x = 0.15

H
a
 = 5 Oe

f = 295 Hz


"

A
C

 S
u

s
c
e

p
ti
b

ili
ty

 (
a

.u
.)

(Tl
0.6

Bi
0.4

)Sr
2
(Ca

1-x
Cd

x
)Cu

2
O

7

 
Figure 7. AC susceptibility measurements of (Tl0.6Bi0.4)Sr2(Ca1-xCdx)Cu2O7-δ  x = 0, 0.05 and 0.15 

 

The ratio a/c of x = 0, 0.05, 0.01 and 0.15 are 0.3166, 0.3160, 0.3162 and 0.3122, respectively. 

The increase in the transition temperature of the x = 0.15 sample can be attributed to the changes in the 

internal lattice strain and hence the chemical pressure in the Tl-1212 unit cell.  A similar change in Tc 

with change in lattice strain was also observed in YBa2Cu3(1-x)Al3xOx [26]. 

The electrical resistivity fittings to ρ = α + βT showed deviation from linear behavior (Figure 5) 

due to superconducting fluctuations.  The peak temperature (T
p

c) of d/dT was used to determine the 

reduced temperature, ε.  The x = 0 to 0.15 samples showed a single peak which indicated that the 

transition occurs within grains. Figure 5 shows plots of ln(∆ζ/ζo) vs. ln(ε) of x = 0, 0.05, 0.10 and 0.15. 

The solid line indicates the 2-dimensional and the dashed line indicates 3-dimensional (theoretical) 

slope.   

Graphs of ln(∆ζ/ζo) versus ln(ε) were plotted  and the experimental versus the theoretical  

curves showed that the fluctuation was in the mean field regime: -3 < ln(ε) < 1 (Figure 6).  A transition 

from 2D to 3D was observed with decreasing temperature.   Table 1 shows T
p
c, α, β T2D-3D, ξc(0), J and 

γ for the samples. β changed from 19.71× 10
-3

 to 34.84× 10
-3

 (mΩ-cm)/K as x was changed from 0 to 

0.2.  2D- to 3D transitions was observed as a result of Cd substitution for Ca.  Our analyses also 

showed the dependence of ξc(0) on Cd.  For x = 0.15, ξc(0) indicated the highest anisotropy among all 
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samples. Cd substitution caused lowering of T2D-3D and the x = 0 sample showed the highest T2D-3D.  A 

decrease in inter-layer coupling J with Cd substitution was also observed.  This weakening of  inter-

layer coupling may cause the variations in Tc-onset. In our samples the inter-layer coupling J < 1 

indicating a weak coupling between the copper oxide planes.  Our results showed that the partial 

substitution of Ca
2+

 by Cd
2+ 

weakens the copper oxide inter-layer coupling. Previous reports also 

indicated inter-layer coupling J < 1 in the Tl-based  samples [8,13].  The coherence length for our 

samples at 0 K, ξ(c0) is about 1 Å which is consistent with previously reported values in Tl-1212 [8] 

and CaREBa2Cu3O7 (RE=La and Sm) [27].   

In Table 2 we make comparison with (Tl0.5Pb0.5)Sr1.8Yb0.2(Ca1-xMgx)Cu2O7-δ [13].  This series 

also showed that the sample with the highest Tc-onset (x = 0.6) exhibited the highest anisotropy , lowest 

inter-layer coupling J, shortest coherence length ξc(0) and lowest λ2D.  Hence, these factors are 

important in determining and optimizing Tc of the Tl-1212 superconductors.  In Cu substituted Tl-1212 

samples FTIR data showed that Tc was suppressed with increase in coupling of CuO2 planes [14] and 

this result is consistent with our findings on the relation between inter-layer coupling and 

superconducting transition. 

 

 

Table 2.  Tc-onset, λ2D, λ3D, ξc(0), J and γ for our samples (Tl0.6Bi0.4)Sr2 (Ca1-x Cdx)Cu2O7-δ, and 

(Tl0.5Pb0.5)Sr1.8Yb0.2(Ca1-xMgx)Cu2O7-δ [13] 

 

 Tc-onset λ2D λ3D ξ(c0) J γ 

(Tl0.6Bi0.4)Sr2 (Ca1-xCdx)Cu2O7-δ       

0 94 1.005 0.478 1.100 0.478 9.090 

0.05 94 0.933 0.474 1.075 0.457 9.298 

0.15 95 0.885 0.470 1.032 0.421 9.692 

(Tl0.5Pb0.5)Sr1.8Yb0.2(Ca1-

xMgx)Cu2O7-δ 

      

0 107.3 1.079 0.439 0.43 0.073 23.3 

0.2 107.6 1.088 0.476 0.49 0.095 20.4 

0.4 108.6 0.976 0.479 0.70 0.194 14.3 

0.6 109.6 0.968 0.538 0.26 0.027 38.5 

 

AC susceptibility shows that the transition temperature (Tcχ’) was between 86 K and 93 K 

(Figure 7).  The decrease in χ
’ 

of the complex susceptibility (χ = χ
’
 + iχ

”
 ) below the susceptibility 

transition temperature, Tcχ’ indicates the start of diamagnetic properties and peak in χ
”
 (Tp) represents 

AC losses. Tp shifts depending on the pinning force strength. The weaker the pinning, the larger is the 

shift to the left in the maximum of ”.  Below Tp the amplitude of ” falls due to the decrease in flux 

penetration.  All of our samples showed a single peak in ” (H = 5 Oe) and this is consistent with 

previously reported results on Tl0.8Pb0.4Sr1.8Ba0.2Ca2Cu3Ox for measurement at H = 4 Oe [28].  

The inter-grain critical current density at Tp,  Jc(Tp) decreased with Cd substitution i.e.  Jc (Tp = 

70 K) = 42 A/cm
2
 for x = 0 to Jc (Tp = 45 K) = 11 A/cm

2
 for x = 0.15.  This result showed that Cd 

suppressed the inter-grain coupling.  The peak temperature Tp decreased from 70 K (x = 0) to 67 K ( x 

= 0.05).  This showed that the full flux penetration occurred at lower temperature as Cd was added.  

Changes in the microstructure (Figure 2) to smaller grain size also contributed to this decrease.  Table 
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1 shows Tc-onset, Tcχ’, Tp and  Jc(Tp) for x = 0, 0.05 and 0.15 samples.  

In conclusion, excess conductivity analysis of (Tl06Bi0.4)Sr2(Ca1-xCdx)Cu2O7-δ showed that 2D 

to 3D transition temperature was lowered with Cd substitution.  The x = 0.15 sample which showed the 

highest Tc-onset exhibited the weakest inter-layer coupling (J = 0.421) and the highest anisotropy (γ = 

9.692). Moreover, Cd substitution caused a decrease in T2D–3D to lower temperatures.  Tcχ’ did not 

change very much with Cd addition.  However, Tp was severely suppressed indicating weakening of 

inter-grain coupling as Cd was substituted.  This work showed that Cd substitution weakened the inter-

layer coupling and also the inter-grain coupling. These factors are important considerations in  

optimizing the Tl-1212 phase.  
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