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The  (Tl1-xBix)Sr2CaCu2O7-δ (x = 0.1, 0.2, 0.3, 0.4, 0.5,and 0.7)  samples were prepared by the solid-

state reaction method. The samples were studied by powder X-ray diffraction method, electrical 

resistance measurements and energy dispersive X-ray analysis (EDX).  All samples showed a 

dominant  Tl-1212  phase with  volume fraction approximately 85%.  The Aslamazov-Larkin (AL) 

theory was used to analyze the excess conductivity.  The dimension of fluctuation induced 

conductivity λ was also determined using the AL theory. The coherence length ξc(0), Josephson 

coupling J, and anisotropy γ = (ξab(0)/ξc(0)) of the samples was calculated using the Lawrence-

Donaich (LD) theory.  Substituting Bi into (Tl1-xBix)Sr2CaCu2O7-δ (Tl-1212) caused an initial increase 

in the zero-resistance-temperature (Tc zero). The samples with x = 0.3 and 0.4 showed the highest Tc onset 

(101 K). Excess conductivity analyses showed that Bi substitution induced 2D-to-3D conductivity 

transition with the highest transition temperature, T2D–3D observed at x = 0.3. The shortest coherence 

length, ξc(0) and lowest interplanar coupling, J was observed in the x = 0.7 which is in the under-doped 

state.  
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1. INTRODUCTION 

The TlSr2CaCu2O7 (Tl-1212) phase with average Cu valence of + 2.25 exhibits the highest 

superconducting transition similar to YBa2Cu3O7 (Y-123) [1]. The Tl-1212 phase is not easy to 

synthesize in pure form [2, 3]. Substitution of elements with higher valence in the TlSr2CaCu2O7 phase 

may reduce the formal valence of Cu to the optimal value. Such substitution can also stabilize the 1212 

phase and improve its superconducting characteristics [4–9]. Substitution of rare-earth elements (R) 

into the Sr
2+

 site [1, 5, 10-12] and Ca
2+

 site [1, 10-12] facilitates the formation of the Tl-1212 phase. 

TlSr2(Ca,R)Cu2O7 with transition temperature (Tc) of 90 K have been reported [13,14]. Partial 

replacement of Tl
3+

 with Bi [15,16], Pb [16,18] or Cr [17, 19] facilitates the Tl-1212 phase formation. 
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High temperature superconductors (HTSCs) including Tl-1212 show large anisotropy in the 

superconducting and normal state. This large anisotropy promotes fluctuation in the order parameter 

owing to the short coherence length along the c-axis, ξc(0). The linear resistivity curve deviates 

downward at the critical temperature as a result of enhanced conductivity due to the superconducting 

fluctuations [20]. The Aslamazov-Larkin (AL) and the Lawrence-Doniach (LD) model can be used to 

study the excess conductivity in the HTSC.  Excess conductivity can be given by [21]: 

1/∆ ρ = 1/ρ measured – 1/ρ background         (1) 

where ρ is the resistivity. Excess conductivity can written as [22]:  

∆σ/σo = A ε 
–λ

                                     (2) 

where σo is the conductivity at 300 K, ε is the reduced temperature given by the relation [ 23]: 

ε = ln (T/ T
p
c) / T

p
c  = (T - T

p
c) / T

p
c .             (3) 

T
p

c is the temperature of the peak obtained from the derivative of resistivity versus temperature curve, 

A is a constant.  The dimensionality of the conduction D is related to the critical exponent λ where  λ = 

2 - D/2. For 1D region, λ = 1.5, for 2D, λ = 1.0, and for 3D, λ = 0.5. The slope of ln(∆σ/σo) versus ln(ε) 

plot can be used to calculated λ. Elemental substitutions also result in changes in T2D–3D and coherence 

length [24]. For Tl-1212, this enhancement leads to enhancement of the superconducting properties 

and longer ξc(0) as a result of the reduction in γ and increase in J [24]. For a polycrystalline sample, 

T2D–3D and ξc(0) can be determined by using the Lawrence-Doniach model [23]:    

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

In this work, d = 3.18 Å is the distance between superconducting layers of Tl-1212 [23]. The 

Lawrence-Doniach model also introduced the concept of interlayer coupling, J based on Josephson 

coupling as a result of ξc(0)  interaction with superconducting layers. The relation between ξc(0)  and 

interlayer coupling, J is given by [25]: 

J = [2 ξc(0) ]
2 
/d

2
              (5) 

The anisotropy, γ of layered superconducting systems is expressed by [26]: 

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

Generally, ξab(0)  is the ab-coherence length which is between 10 and 20 Å for oxide high-

temperature superconductors [23].           

There have been several reports on the effect of Cr on the superconductivity and formation of 

the Tl-1212 phase [27]. The (Cu, Tl)-based [28-31] revealed a cross over from 2D to 3D fluctuation 

behavior with decreasing temperature. Tl1-xCuxSr1.2Yb0.8CaCu2O7-d [32] and Tl0.5Pb0.5Sr2-

xYbxCaCu2O7-d [28] showed strong influence of the substitutions on fluctuation behavior  with 

transition from 2D to 3D. Interestingly, Tl0.8Hg0.2Ba2 Ca2-xRxCu3O9-d (R = Sm and Yb) revealed the 

transitions from 1D to 2D and 2D to 3D as the temperature was lowered [33].  

Substitution of multivalent ions such as chromium results in a higher Tc than a single valent 

ions such as most of rare-earth elements. Bi is another element with multivalent ion.  Bi2O3 has been 

used in various studies including  ionic conductivity studies and glass system [34, 35]. It is interesting 

to investigate  the effect of multivalent bismuth (ionic radius of Bi
3+

 ≈ 1.13 Å ) at the Tl site (Tl
3+

 ionic 

radius ≈1.03 Å) in the Tl-1212 superconductor. 

I n this paper, we report the effects of Bi substitution at the Tl site in (Tl1-xBix)Sr2CaCu2O7-δ (x = 

0.1 - 0.7) superconductors. Results of electrical resistance (dc) measurements using the four-point-

probe method and powder X-ray diffraction are presented. The Aslamazov-Larkin (AL) theory was 
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employed as a framework to determine the dimension of fluctuation induced conductivity, λ. ξc(0), J 

and γ of was calculated using  the Lawrence-Donaich (LD) theory. 

 

 

 

2. EXPERIMENTAL DETAILS 

Samples with nominal starting composition (Tl1-xBix)Sr2CaCu2O7-δ  (x = 0.1, 0.2, 0.3, 0.4, 0.5 

and 0.7) were prepared using the solid-state reaction method. High purity (≥ 99.99 %) SrO, CaO and 

CuO were mixed in appropriate amounts and ground before being calcined at 900 ºC for over 48 h with 

several intermittent grindings.  Tl2O3 and Bi2O3 with appropriate amounts were added to the precursor 

and completely mixed. The powders were then pressed into pellets with diameter 13 mm and 2 mm 

thickness. In order to compensate for the thallium loss during heating, excess 10 % Tl2O3 was added. 

The pellets were heated at 1000 ºC for 4 min in flowing O2 followed by natural cooling of the furnace. 

The four-point probe method was used to measure the dc electrical resistance. Silver paste was 

used electrical contact. The low temperature measurements were performed in a CTI Cryogenics 

Closed Cycle Refrigerator Model 22 and Lake Shore Temperature Controller Model 340. Tc zero is 

defined as the temperature where the electrical resistance becomes zero and Tc onset is defined as the 

temperature where the resistance begins to drop sharply.  The powder X-ray diffraction method using a 

Bruker model D8 Advance diffractometer with CuKα source was used to determine the phase of the 

samples. At least 15 diffraction peaks were used to calculate the lattice parameters.  The 1212:1201 

volume fraction was calculated from the diffraction intensities of the respective phase using [23]: 

 

Tl )5(%100(%)1212
12011212

1212




 


II

I
 

Tl )6(%100(%)1201
12011212

1201




 


II

I
 

where I is the peak intensity of the phases. 

 

The elemental composition of the sample with x = 0.3 was determined using a Philips energy 

dispersive X-ray analyzer (EDX) model PV99. 

 

 

 

3. RESULTS AND DISCUSSION 

X-ray powder diffraction patterns for (Tl1-xBix)Sr2CaCu2O7-δ (x = 0.1, 0.2, 0.3, 0.4, 0.5 and  0.7) 

are shown in Figure 1. The patterns indicated a single Tl-1212 phase with tetragonal unit cell (space 

group, P4/mmm) was dominant with few weak diffraction lines of Tl-1201, and an unknown phase. 

The x = 0.4 and 0.7 showed the highest Tl-1212 volume fraction (86%). Table 1 shows the values of Tc 

onset, Tc zero, resistivity (at 300 K), 1212:1201 volume fraction and 1212 lattice parameters for (Tl1-

xBix)Sr2CaCu2O7-δ. 
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(f) x = 0.7
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Figure 1. Powder X-ray diffraction patterns for (Tl1-xBix)Sr2CaCu2O7-δ (x = 0.1, 0.2 0.15, 0.4, 0.5 and 

0.7) samples showing major Tl-1212 phase. The 1201 phase is indicated by (*)  

 

Table 1. Tc onset, Tc zero, lattice parameters, T
p

c, room temperature resistivity (ρ297), α , β, T2D-3D, λ2D, 

λ3D, ξc(0), J and γ for (Tl1-xBix)Sr2CaCu2O7-δ (x = 0.1, 0.2, 0.3, 0.4, 0.5 and 0.7) samples 

 

x 0.1 0.2 0.3 0.4 0.5 0.7 

Tc onset (K) 81 87 101 101 94   85 

Tc zero (K) 44 77 87 87 82   52 

1212:1201 volume 

fraction (vol. %) 
84:16 83:17 83:17 86:14 83:17     86:14 
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Tl-1212 lattice parameter 
  

    

a (Å) ± 0.003 3.784 3.793 3.784 3.783 3.793 3.783 

c (Å) ± 0.005 12.118 12.128 12.119 12.066 12.120    12.066 

T
p

c (K) 48 79 88 89 84    60 

ρ297 (mΩcm) 1.28 1.67 3.38 4.69 4.29 7.67 

α = ρn(0 K)(mΩcm) 0.16 0.20 1.20 1.40 2. 40 0.20 

 

β = dρ/dT ˟ 10
-3

   

(mΩcm)/K 

3.35 4.29 6.89 5.13 6.22 1.35 

T2D–3D (K) 50 125 149 140 140 109 

λ2D 

 
1.147 0.931 1.133 1.233 1.020 0.888 

λ3D 0.499 0.533 0.482 0.477 0.454 0.428 

γ 10.172 9.516 9.123 9.944 8.990 11.834 

J 0.382 0.436 0.475 0.400 0.489 0.282 

ξc(0) Å 0.983 1.050 1.096 1.005 1.112 0.845 

 

Table 2. Elemental quantitative analysis of (Tl1-xBix)Sr2CaCu2O7-δ superconductor for x = 0.3 

superconductor as presented in EDX spectrum shown in Figure 5 

 

x Element O K Ca K Cu L Sr L Tl M Bi M Total 

0.3 Weight% 13.29 4.97 17.59 28.12 23.64 12.39 100 

 
Error% 0.65 0.38 0.79 1.05 1.38 1.55 

 

 
Atomic% 48.10 7.18 16.02 18.57 6.69 3.43 

 

 

Figure 2 shows Tc onset and Tc zero versus Bi content. The normalized resistance as a function of 

temperature for the (Tl1-xBix)Sr2CaCu2O7-δ samples for x = 0.1, 0.2, 0.3 0.4, 0.5 and 0.7 are shown in 

Figure 3. All samples displayed metallic normal-state behavior above Tc onset. The highest Tc onset  (101 

K) and Tc zero  (87 K) was observed for x = 0.3 and 0.4. Tc zero in the Bi substituted samples which are 

lower than Tc zero of the Cr substituted samples [36, 37]. 

The normal state electrical resistivity was fitted to ρ = α + βT for x = 0.1–0.7 (Figure 3) where 

α is the intercept and β the slope of the resistivity [13]. The deviation from linearity of the resistivity 

curve is due to excess conductivity as the Cooper pair began to form. The temperature dependence of 

the derivative of the resistivity is shown in the insets of Figure 3.  The peak temperature (T
p

c) from the 

inset was used to calculate the reduced temperature (ε). A single peak at Tc, indicating a 

superconducting transition within the grains was observed in all samples. The values of T
p

c, the room 

temperature resistivity (ρ297), α and β are shown in Table 1. 
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Figure 2.  Tc onset (●) and Tc zero (♦ ) as a function of x for (Tl1-xBix)Sr2CaCu2O7-δ 
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Figure 3. Electrical resistivity of (Tl1-xBix)Sr2CaCu2O7-δ (x = 0.1, 0.2, 0.3, 0.4, 0. 5 and 0.7) samples. 

Insets show plots of dρ/dT versus temperature. The linear fit curves show the background 

normal state resistivity projection 
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Figure 4. Plot of ln(∆σ/σo) versus ln(ε) of (Tl1-xBix)Sr2CaCu2O7-δ (x = 0.1, 0.2, 0.3, 0.4, 0.55 and 0.7) 

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

 

Excess conductivity (∆σ) was indicated by the deviation of the resistivity ρ(T) from the linear 

background resistivity curve.  A graph of ln(∆σ/σo) versus ln(ε) was plotted (Figure 4) to compare the 

experimental data with the theoretical expression for fluctuation conductivity. This figure shows the 

fluctuation conductivity for all samples covering the mean field regime: -3 < ln(ε) < 1. As the 

temperature was decreased a transition from 2D- to 3D behavior was observed.  The calculated values 

for T2D-3D, ξc(0), J and γ for the (Tl1-xBix)Sr2CaCu2O7-δ samples are shown in Table 1. The shortest 

ξc(0) within the series was 0.845 Å at x = 0.7.  This sample also showed the lowest J value (0.282) and 

the highest anisotropy (γ) (11.834). 
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Figure 5 shows the EDX spectrum of (Tl1-xBix)Sr2CaCu2O7-δ superconductor for x = 0.3. Table 

2 shows the elemental composition of (Tl1-x Bix)Sr2CaCu2O7-δ superconductor for x = 0.3. The energy 

dispersive X-ray (EDX) analysis shows the presence of elements approximately according to 

composition of host superconducting matrix Tl-1212 with slight modification due to the presence of 

the 1201 phase and the uncertainty in determining the oxygen content by using the EDX method. 

 

 
 

Figure 5. EDX spectrum of (Tl1-xBix)Sr2CaCu2O7-δ superconductor for x = 0.3 

 

The x = 0.3 and 0.4 samples showed the highest superconducting transition temperature. The 

decrease in the coherence length along the c-axis promotes an increase in anisotropy (γ) which 

possibly explains the superconducting behavior when Tc onset exceeds 81 K. The average slope β 

increased from 3.35× 10
-3

 to 6.89× 10
-3

 (mΩ-cm)/K as x increased from 0.1 to 0.3 due to the change in 

carrier concentration when Bi-content was increased. The 2D- to 3D transitions in the normal state 

were induced by the partial substitution of Bi into Tl sites.  Excess conductivity analyses revealed the 

dependence of ξc(0) on the amount of Bi substitution in the (Tl1-xBix)Sr2CaCu2O7-δ. The highest T2D–3D 

was shown by the x = 0.3 and 0.4 samples.  

Our results showed that lower anisotropy, longer coherence length (0) and higher T2D-3D led to 

higher transition temperature Tc as shown by the x = 0.3, 0.4 and 0.5 samples. 

(Tl0.5Pb0.5)(Sr1.8Yb0.2)(Ca1-yMgy)Cu2O7-d samples also show the highest Tc for samples with the highest 

T2D-3D [23]. Cu0.5Tl0.5Ba2(Ca2-yMgy)(Cu0.5Zn2.5)O10-d also show a similar correlation between Tc and 

T2D-3D [25].  A higher volume fraction of Tl-1212 phase did not show higher Tc, as shown by the x = 

0.7 sample which is in the under-doped state.  Hence, this work showed that  T2D-3D is important in 

determining the superconducting transition temperature. 
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4. CONCLUSION 

This work showed that Bi was effective for the formation of the Tl-1212 phase. Excess 

conductivity analyses of (Tl1-xBix)Sr2CaCu2O7-δ indicated that 2D to 3D transition in the normal state 

could be induced by partial substitution of Bi into Tl site. The x = 0.7 sample showed the lowest J 

(0.845) value and the highest anisotropy (γ) (11.834).  These results indicated that Bi substitution 

modified J and the anisotropy of the samples.  Bi substitution caused changes in T2D–3D with the 

highest transition observed at x = 0.3.  
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