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The effects of transition metal (M = Rh and Ta) on Tl0.85Cr0.15Sr2-xMxCaCu2O7 (Tl-1212) 

superconductor for x = 0 – 0.04 (M = Rh) and x = 0 – 0.30 (M = Ta) were studied.  X-ray diffraction 

patterns showed Tl-1212, Tl-1201 and Ca0.3Sr07CuO2 phases in the samples.  Scanning electron 

micrographs (SEM) showed that the grain size decreased with Rh.  The transition temperature 

increased when Rh and Ta were substituted for low levels.  AC susceptibility measurements showed 

the highest transition temperature Tcχ’ = 98 K for Rh (x = 0.02) and 96 K for Ta (x = 0.3) samples.  The 

peak temperature, Tp of the imaginary susceptibility χ″ was the highest for Rh with x = 0.02 (Tp = 93 

K) and Ta with x = 0.30 (Tp = 91 K).  Rh and Ta improved the onset transition temperature of 

Tl0.85Cr0.15Sr2-xMxCaCu2O7 from 97 K to 103 K and 104 K, respectively. 
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1. INTRODUCTION 

The Tl-based superconductor has a relatively high transition temperature compared with other 

cuprates [1]. It consists of several phases with different number of CuO and TlO layers.  Among the 

phases, the TlSr2CaCu2O7 (Tl-1212) is the most interesting in terms of superconducting phase 

formation.  The Tl-1212 phase has a structure similar to YBa2Cu3O7 (Y123) superconductor [2]. The 

Tl-1212 superconducting phase was reported by Halder et al. [3] in the (Tl,Bi)Sr2Ca2CuO7 and by 

Parkin et al. [4] in the TlBa2CaCu2O7.  The TlSr2CaCu2O7 was reported to be superconducting at about 

80 K [5] but the phase is difficult to synthesize in pure form due to high average Cu valence [6].  

Fortunately, the Tl-1212 phase can be stabilized by controlling the hole carrier concentration using 

partial substitution of various elements at the Ca, Sr and Tl sites to reduce the average Cu valence [7].  
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Superconductivity can be optimized for maximum transition temperature, Tc by reducing the average 

Cu valence to between +2.20 and +2.30 [8]. 

Several factors affect the formation of the Tl-1212 crystal structure.  The ionic radius of the 

replaced or substituted elements can play an important role in the formation of the superconducting 

phase [9].  Substitution with metallic elements of higher valences decreases the formal valence of Cu, 

improves the superconducting properties and stabilizes the Tl-1212 phase.  Partial replacement of Tl3+ 

by Bi3+, Pb4+ and Cr3+ facilitates the formation of the Tl-1212 phase [10-12].  Substitution of rare-earth 

elements (RE) into the Sr2+ [13] and Ca2+ sites [14] can also facilitate the formation of the Tl-1212 

phase.  TlSr2(Ca,RE)Cu2O7 with transition temperature of 90 K has been reported [15].  

Substitutions of Cr for Tl or Ca sites stabilize the Tl-1212 phase and improve Tc to above 100 

K [16]. Cr substituted TlSr2CaCu2O7 samples were also successfully prepared using the co-

precipitation method [17].  Cr in the Tl-1212 phase was suggested to be in the +3 state.  Alkali metals 

(Na and Rb) with Cr substitutions in Tl-1212 phase improved the transition temperature [18].  An 

optimum Cu valence between +2.20 and +2.30 exhibits the maximum transition temperature in this 

phase [8, 19], which is consistent with the optimum value in the Y123 compound [20].  The effects of 

Ta-substitution at the Sr site have been reported  with Tc-onset of 90 K for x = 0.1 [21].  Elemental 

substitutions and additions are some of the techniques used to improve the superconducting properties 

of the high Tc cuprates [22, 23]. 

In this paper we have investigated the effects of transition metal, M = Rh and Ta on 

Tl0.85Cr0.15Sr2-xMxCaCu2O7 for x = 0–0.04 (M = Rh) and for x = 0–0.30 (M = Ta).  Both the transition 

metal, Rh and Ta are multivalent with similar valence state of Rh3+/Rh4+/Rh5+ and Ta3+/Ta4+/Ta5+.  The 

ionic radius with coordination number 6 of both transition metal overlaps, i.e. Rh3+/4+/5+ (0.55 to 0.665 

Å) and Ta3+/4+/5+ (0.64 to 0.72 Å) and the ionic radius of Sr2+ is 1.18 Å [24].  It is interesting to 

investigate the effects of multivalent Rh and Ta at the Sr-site of the Tl-1212 phase.  X-ray diffraction, 

scanning electron microscopy (SEM), DC electrical resistance and AC susceptibility results are 

reported. Our results showed that Rh and Ta improved the transition temperature of the Tl0.85Cr0.15Sr2-

xMxCaCu2O7 phase from 97 K to 103 K and 104 K, respectively. 

 

 

 

2. EXPERIMENTAL DETAILS 

The solid-state reaction method with starting composition Tl0.85Cr0.15Sr2-xMxCaCu2O7 for x = 0 

– 0.04 (M = Rh) and x = 0 – 0.30 (M = Ta) was used for samples preparation. High purity (99.9+%) 

powders of SrCO3 (or SrO), CaO (or CaCO3), CuO, Rh2O3 and Ta2O5 were ground and heated in air at 

900 °C for 24 h.  The furnace was naturally cooled.  Then the powders were reground and reheated 

several times. Tl2O3 and Cr2O3 were then added to the precursor and mixed completely.  In order to 

compensate for thallium loss during heating, excess 10% of Tl2O3 was added.  Pellets with 13 mm 

diameter and 2 mm thickness were made and heated in a tube furnace at 1000 °C in flowing O2 for 4 

min and furnace cooled to 300 K.   

Powder X-ray diffraction measurement was performed using a Bruker D8 Advance 

diffractometer with CuKα source.  The volume fractions of the Tl-1212:1201:Ca0.3Sr0.7CuO2 (CSCO) 
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phases were estimated by using the formula:  

Tl-1212 % = 
∑ 𝐼𝑇𝑙−1212

∑ 𝐼𝑇𝑙−1212+∑ 𝐼𝑇𝑙−1201+ ∑ 𝐼𝐶𝑆𝐶𝑂
× 100% 

Tl-1201 % = 
∑ 𝐼𝑇𝑙−1201

∑ 𝐼𝑇𝑙−1212+ ∑ 𝐼𝑇𝑙−1201+ ∑ 𝐼𝐶𝑆𝐶𝑂
× 100% 

CSCO % = 
∑ 𝐼𝐶𝑆𝐶𝑂

∑ 𝐼𝑇𝑙−1212+ ∑ 𝐼𝑇𝑙−1201+ ∑ 𝐼𝐶𝑆𝐶𝑂
× 100% 

where ∑I is the sum of intensity of each phase.   

At least ten diffraction peaks were employed to calculate the lattice parameters of the Tl-1212 

phase using the least squares fitting method.  A Merlin Gemini microscope was used to record the 

microstructure. 

The four-probe technique with constant current source between 1 and 100 mA was used to 

determine the electrical resistance at low temperature.  Silver paste was used as electrical contacts.  A 

closed cycle refrigerator from CTI Cryogenics Model 2 and a temperature controller from Lake Shore 

Model 330 were employed.  A Cryo Industry AC susceptometer model number REF-1808-ACS was 

used to measure the susceptibility (frequency 295 Hz and field 5 Oe).   The samples were cut into a bar 

shape for the measurements.  

 

 

 

3. RESULTS AND DISCUSSION 

Figures 1(a) and 1(b) show the XRD patterns of Tl0.85Cr0.15Sr2-xRhxCaCu2O7 (x = 0, 0.01, 0.02 

and 0.04).  The patterns indicated a dominant Tl-1212 phase for x = 0.01 with TlSr2CuO5 (Tl-1201) 

and CSCO as minor phases.  The Tl-1212 peaks can be indexed based on a tetragonal unit cell with 

space group, P4/mmm.  Reflection peaks due to Tl-1201 are indicated with asterisks while reflection 

peaks due to CSCO are indicated in parentheses.  Samples with nominal starting compositions 

Tl0.85Cr0.15Sr2-xTaxCaCu2O7 also showed a multiphase of Tl-1212, Tl-1201 and CSCO (Figure 2).  The 

XRD patterns of x = 0 and 0.1 indicated a dominant Tl-1212 phase.  The CSCO impurity peaks were 

observed in all samples.  Earlier studies also reported (Ca,Sr)CuO as a minor phase in 

Bi2Sr2Ca2Cu3O10 [25] and Bi2Sr2CaCu2O8 [26] superconductors.  It is interesting to note that in this 

work Ca0.3Sr0.7CuO2 phase with orthorhombic structure (space group Cmcm (63)) was also found in 

the Tl-1212 superconductor.  

The c-lattice parameter decreased with increase in Rh.  The lattice parameters of the Tl-1212 

phase for Rh (x = 0.01) samples were a = 3.824 Å and c = 12.09 Å and for Rh (x = 0.02), a = 3.836 Å 

and c = 11.96 Å.  This decrease in the c-lattice parameter may be due to the smaller Rh ions replacing 

the larger Sr ion sites.  In the Ta series, the lattice parameters for x = 0.10 samples were a = 3.824 Å 

and c = 12.06 Å, and for 0.20 samples, a = 3.804 Å and c = 12.10 Å.  As the amount of Ta was 

increased, the a-lattice parameter decreased while the c-lattice parameter increased.   
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Figure 1. Powder X-ray diffraction patterns of samples with nominal starting composition 

Tl0.85Cr0.15Sr2-xRhxCaCu2O7 for (a) x = 0 and 0.01, and (b) x = 0.02 and 0.04.  Reflection peaks 

due to the 1201 phase are indicated in parentheses while reflection peaks due to the CSCO 

phase are indicated with asterisks. 
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Figure 2. Powder X-ray diffraction patterns of samples with nominal starting composition 

Tl0.85Cr0.15Sr2-xTaxCaCu2O7 for x = 0.1, 0.2 and 0.3.  Reflection peaks due to the 1201 phase are 

indicated in parentheses while reflection peaks due to the CSCO phase are indicated with 

asterisks.  

 

The powder X-ray diffraction patterns of both series showed that the amount of Tl-1212 phase 

reached a maximum when x = 0.01 for Rh and x = 0.10 for Ta.  The XRD patterns showed that Rh 
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samples have a higher amount of Tl-1212 phase compared to the Ta-substituted samples. Higher 

amounts of Rh and Ta resulted in an increase in the CSCO phase for x > 0.01 for Rh and x > 0.10 for 

Ta.  This may be due to the ion size effect because Sr2+ (1.18 Å) is much larger than Rh3+ (0.665 Å) 

and Ta3+ (0.72 Å) where only a low concentration of these smaller ions can stabilize the Tl-1212 

phase.  Some Rh and Ta may also be substituted at the Ca site. 
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Figure 3. SEM micrographs of Tl0.85Cr0.15Sr2-xRhxCaCu2O7 for (a) x = 0.01, (b) x = 0.02, (c) x = 0.04 

 

 
 

Figure 4. Normalized electrical resistance versus temperature for Tl0.85Cr0.15Sr2-xRhxCaCu2O7 (x = 0 – 

0.04) 
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Figure 5. Normalized electrical resistance versus temperature for Tl0.85Cr0.15Sr2-xTaxCaCu2O7 (x = 0.1 

– 0.30) 

 

SEM micrographs showed that the grain size decreased with substitution of Rh.  For example 

Figure 3 shows the SEM micrographs of x = 0.01, 0.02 and 0.04 for Rh samples where a decrease in  

grain size was observed.  The micrographs showed porous microstructure and irregularly shaped 

grains.  Among the samples, the finest grain was observed for x = 0.04 while the x = 0.01 showed the 

largest grain size. 

Figure 4 shows the temperature dependence of the resistance of Tl0.85Cr0.15Sr2-xRhxCaCu2O7 

samples.  Tl0.85Cr0.15Sr2CaCu2O7 was observed to superconduct with Tc-onset of 97 K and Tc-zero of 93 K.   

Samples of Rh with x = 0.01 showed Tc-onset increased to 103 K.  Further increase in Rh content also 

improved Tc-zero to 96 K (x = 0.02) and 94 K (x = 0.04).  The resistance-temperature measurements 

showed metallic normal state behavior for all samples.  Room-temperature resistivity increased from 

0.657 mΩ.cm for x = 0 to 1.719 mΩ.cm for x = 0.01 and 1.44 mΩ.cm for x = 0.04 (Table 1). 

Figure 5 shows the electrical resistance versus temperature curves for Tl0.85Cr0.15Sr2-

xTaxCaCu2O7. Tc-onset and Tc-zero were higher than the non Ta-substituted samples.  The highest 

transition temperature was exhibited by x = 0.20 with Tc-zero of 91 K.  The room-temperature resistivity 

generally increased with Ta content.  Tc-onset and Tc-zero, room-temperature resistivity at 300 K and 

volume fraction of Rh and Ta substituted samples are shown in Tables 1 and 2, respectively. 
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Table 1.  Tc-onset, Tc-zero, Tcχ’, Tp, room temperature resistivity, major and minor phase in Tl0.85Cr0.15Sr2-

xRhxCaCu2O7 

 

x Tc-onset / K Tc-zero / K Tcχ’ / K 

 

Tp / K 300 K 

(mΩ.cm) 

Phase 

Major : Minor 

0 97 93 94 68 0.657 

 

Tl-1212 : CSCO 

0.01 103 93 97 88 1.72 

 

Tl-1212 : CSCO/Tl-1201 

0.02 102 96 98 93 0.927 

 

CSCO : Tl-1212/Tl-1201 

0.04 101 94 95 90 1.44 

 

CSCO : Tl-1212/Tl-1201 

 

 

Table 2.  Tc-onset, Tc-zero, Tcχ’, Tp, room temperature resistivity, major and minor phase in Tl0.85Cr0.15Sr2-

xTaxCaCu2O7 

 

x Tc-onset / K Tc-zero / K Tcχ’ / K 

 

Tp / K  300 K 

(mΩ.cm) 

Phase 

Major :  Minor 

0.10 102 88 88 86 2.064 

 

Tl-1212 : CSCO/Tl-1201 

0.20 104 91 53 45 0.660 

 

CSCO : Tl-1212/Tl-1201 

0.30 103 90 96 91 6.078 

 

CSCO : Tl-1212/Tl-1201 

 

The increase in c-lattice with increasing Ta may be explained in terms of average Cu valence 

concept [8, 19].  The CuO plane determines the c-lattice where substitution of Ta ion with a higher 

valence for Sr2+ decreases the average Cu valence and caused the conversion from Cu3+ to larger Cu2+.   

This conversion resulted in an increase in the Cu-O distance causing the c-lattice to expand. The Ta 

substituted sample for x = 0.20 showed the highest increase in Tc-onset and Tc-zero.  This indicated that the 

doping level of the Tl-1212 phase was optimal at x = 0.2.  The slight improvement in the transition 

temperature for low substitution levels is similar to alkali metals (Na and Rb) with Cr substitutions in 

the Tl-1212 phase [18]. Table 3 shows the transition temperature of various elemental substitutions 

into the Tl-1212 phase.  Incorporation of Cr with Ta and Rh increased the transition temperature of the 

Tl-1212 phase to values higher than Se, V and Zr substitutions 

From AC susceptibility, the transition temperature was determined from the sudden decrease in 

the real part of the susceptibility χ. The peak temperature (Tp) in the imaginary part of the 

susceptibility χ″ represents the AC losses.  Tcχ’ was between 95 and 98 K for Rh samples (Figure 6) 

and between 53 and 96 K for Ta-substituted samples (Figure 7).  

The x = 0.01 and 0.02 Rh samples showed a slight increase in Tcχ’.  Tp generally increased with 

Rh, which was due to the increased in inter-grain coupling from the larger grain size (Figure 3). Two 

loss peaks were observed in the Rh sample with x = 0.02 and x = 0.04 as shown in Figure 6 which 

include a broadening of Tp at low temperatures as a result of coupling losses and a narrower peak due 
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to intrinsic losses at higher temperatures near Tcχ’.  Tcχ’ of the Rh sample, shifted to lower temperatures 

from 91 K (x = 0) to 88 K (x = 0.01) indicating a weaker pinning force strength.  Tp of Rh samples 

recorded a maximum value of 93 K for x = 0.02 indicating a stronger pinning force strength.  For Ta 

substituted samples, Tp showed maximum value of 91 K for x = 0.30 indicating the strongest pinning 

force strength and the lowest value of 45 K for x = 0.20 showing a weak pinning force strength. The 

low Tcχ’ and Tp for x = 0.2 may be due to the impurities specific to this sample.  Tcχ’ for Rh samples 

was higher than Ta substituted samples.  

 

 Table 3.  Elemental substitution in TlSr2CaCu2O7 system 

 

Elements 

Composition 

Tc / K 

Ref. 
Ion 

Valence 

State 

Ionic 

Radius 

(6 CN) / 

Å 

Tc onset Tc zero 

   TlSr2CaCu2O7 
ns 

 

 

47 

[27] 

[28] 

Ta 

 

+3 

+4 

+5 

0.72 

0.68 

0.64 

(Tl0.85Cr0.15)Sr2-xTaxCaCu2O7 

 
104 91 

This 

work 

Rh 

+3 

+4 

+5 

0.665 

0.60 

0.55 

 

(Tl0.85Cr0.15)Sr2-xRhxCaCu2O7 

 

103 93 
This 

work 

Se 
+6 

+4 

0.56 

0.64 
(Tl0.6Se0.4)Sr2CaCu2O7 76 67 [27] 

Cr 

+6 

+5 

+4 

+3 

+2 

0.58 

0.63 

0.69 

0.755 

0.94 

(Tl0.5Cr0.5)Sr2CaCu2O7 110 102 [16] 

V 

Zr 

+5 

+4 

+3 

+2 

+4 

0.68 

0.72 

0.78 

0.93 

0.86 

    

(Tl0.50V0.50)Sr2CaCu2O7 80 57 [29] 

    

(Tl0.8Zr0.2)Sr2CaCu2O7 84  [30] 
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Figure 6. AC susceptibility (χ = χ′ + iχ″) versus temperature of Tl0.85Cr0.15Sr2-xRhxCaCu2O7 (x = 0, 

0.01, 0.02, 0.04) 

 

 
 

Figure 7. AC susceptibility (χ = χ′ + iχ″) versus temperature of Tl0.85Cr0.15Sr2-xTaxCaCu2O7 (x = 0.10, 

0.20, 0.30) 
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In conclusion, the effects of transition metal M = Rh and Ta on Tl0.85Cr0.15Sr2-xMxCaCu2O7 

have been investigated.  The results showed the formation of Tl-1212 and other impurity phases. Rh 

samples have a higher amount of Tl-1212 phase compared with the Ta-substituted samples. Transition 

metal with smaller ionic radius showed suppressed flux pinning and weak inter-granular coupling. 

These results showed that Rh stabilized the Tl-1212 phase better than Ta.  The optimal sintering 

procedure to obtain higher quality samples can be determine for further works.   In addition, the effect 

of Rh, Ta and other transition metal on the properties of Tl-1212 phase with Bi and Pb for example, 

(Tl,Pb/Bi)Sr2-xMxCaCu2O7 can be performed to investigate further the effects of transition metal on this 

superconductor. 
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