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Abstract
The effect of Na substitution on the formation and superconductivity of Tl-1212-type phase  (Tl0.85Cr0.15)Sr2−xNaxCaCu2O7 
(x = 0–0.30) is reported. The samples were prepared via the solid-state reaction method. X-ray diffraction patterns showed the 
presence of Tl-1212-type phase or  Ca0.3Sr0.7CuO2 (CSCO) as a major or minor phase in the samples. The resistance versus 
temperature curves showed onset transition temperature, Tc-onset between 97 and 106 K and zero-resistance temperature, 
Tc-zero between 88 and 99 K. AC susceptibility measurement showed superconducting transition T

c� ′ between 89 and 98 K. 
The peak temperature, Tp, of the imaginary part of the susceptibility, χ″, was the highest for x = 0.02 sample (Tp = 96 K). The 
inter-grain critical current density, Jc, at Tp for x = 0 sample was Jc (Tp = 68 K) = 14 A  cm−2 and for x = 0.02, 0.20 and 0.30 
Jc (Tp) at 96, 96, and 88 K, respectively, is 19 A  cm−2. Na substitution increased the grain size of the Tl-1212 samples. All 
Na-substituted samples showed higher transition temperature, enhanced critical current density, and improved inter-grain 
coupling compared with the non-substituted sample. This work showed that other than rare-earth elements, monovalent alkali 
metal such as Na could also be used to enhance the superconducting properties of the Tl-1212 phase.

1 Introduction

Since the discovery of the Tl-based high-temperature 
superconductor by Sheng and Hermann [1], many stud-
ies have been done to optimize the transition temperature. 
Many new superconducting phases have been reported 
including  TlSr2CaCu2O7. The Tl-1212-type phase such as 
 TlBa2CaCu2O7 and  TlSr2CaCu2O7 has a similar structure 
with  YBa2Cu3O7 [2].  TlSr2CaCu2O7 is superconducting at 
80 K [3]. Several improvements have been made to enhance 
the superconducting properties of the Tl-1212-type phase. 
Substitution of rare earth with trivalent ions in  TlSr2(R,Sr)
Cu2O7 (R = rare earths) improved the transition temperature, 
Tc, to 90 K [4]. Cr-substituted  TlSr2CaCu2O7 shows Tc over 
100 K and Cr was reported to reside at the Tl site. The com-
position  (Tl0.85Cr0.15)Sr2CaCu2O7 is one of the highest Tc of 
the Tl-1212 phase [5]. The Tl-1212 type phase is of interest 

due to its simple preparation, high quality, and sharp super-
conducting transition [5].

Elemental substitutions have been performed to sta-
bilize the superconducting phase of copper-oxide-based 
materials. The effects of metals such as Zn and Mn [6] and 
rare-earth elements [7] on  (Tl0.85Cr0.15)Sr2CaCu2O7 have 
been reported. There is also a study on the co-precipita-
tion method to prepare ultrafine  (Tl0.85Cr0.15)Sr2CaCu2O7 
powders [8]. The past years have seen a growing effort to 
improve Tc of the Tl-1212-type phase by substitution of tri-
valent ions particularly the rare-earth elements [4, 8]. Alkali 
metals substituted  TlSr2CaCu2O7 without Cr does not show 
superconductivity [9]. CdTe semiconductor has also been 
used to improve the  Tl2Ba2CaCu2O8 (Tl-2212) supercon-
ductor [10].

Substitution of monovalent alkali metals such as Na into 
Tl-based high-temperature superconductors has not been 
reported extensively. Recent research has been carried out on 
alkali metal substitution into Tl-1223 [11–13] and Tl-1212 
[14]-type phase. Na has one electron in its outer shell, which 
it can simply lose to get a stable energy and become reactive. 
Most studies of Na substitution/addition have only focused 
on Bi-based superconductors [15–23]. Na substitution/
addition into  Bi2Sr2CaCu2O8 (Bi-2212) superconductors 
increased the Tc, critical current density, Jc, and grain size. 
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Na-doped  (Cu0.5Tl0.25Na0.25)Ba2CaMCu3O10-δ (M = Be, Mg) 
superconductors increased Tc up to 88 K and enhanced the 
superconducting properties [24]. The ionic radius of  Na1+ 
with coordination number (CN) 4–12 is 0.99–1.39 Å. This 
radius overlaps with  Sr2+, whose ionic radius with CN 6–12 
is 1.18–1.44 Å [25].

The objective of this study was to investigate the effect of 
alkali metal, Na on the formation and superconductivity of 
 (Tl0.85Cr0.15)Sr2−xNaxCaCu2O7 for x = 0–0.30. Powder X-ray 
diffraction and DC electrical resistance versus temperature 
measurements together with Field-Emission Scanning Elec-
tron Microscope (FESEM) results are presented. AC suscep-
tibility measurements were also performed to determine the 
transition temperature, T

c� ′ , and inter-grain critical current 
density. This study provides insights into the formation and 
superconductivity of Tl-1212-type phase by substitution of 
an alkali metal, Na. We found that Na improved the transi-
tion temperature and inter-grain critical current density.

2  Experimental details

Samples with nominal composition  (Tl0.85Cr0.15)
Sr2−xNaxCaCu2O7 (x = 0, 0.02, 0.05, 0.07, 0.10, 0.15, 
0.20, and 0.30) were prepared using the solid-state reac-
tion method. Appropriate amounts of high-purity (99.9+%) 
powders of  SrCO3 (or SrCO), CaO (or  CaCO3), CuO, and 
 Na2CO3 were mixed and ground in an agate mortar. The 
powders were heated for 48 h at 800 °C with several inter-
mittent grindings to obtain a homogenous powder. Appro-
priate amounts of  Tl2O3 and  Cr2O3 were then added to the 
precursor and completely mixed. The powders were then 
pressed into pellets with 13 mm diameter and 2 mm thick-
ness. The pellets were then placed in an alumina boat and 
heated in a tube furnace at 1000 °C in flowing oxygen for 
4 min followed by furnace cooling to room temperature.

The powder X-ray diffraction method was used to deter-
mine the resultant phases. A Bruker model D8 Advance dif-
fractometer with  CuKα CuK

α
 source was used. The lattice 

parameters were calculated by employing at least ten dif-
fraction peaks. The percentage of the volume fraction for 
Tl-1212 and  Ca0.3Sr0.7CuO2 (CSCO) phase has been esti-
mated using the formula:

where ∑I is the sum of intensity of each phase.
Field-Emission Scanning Electron Microscope (FESEM) 

micrographs were recorded using a Merlin Gemini scanning 
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electron microscope. The chemical composition of the sam-
ples was analyzed by Energy-Dispersive X-Ray Analysis 
(EDX) using an Oxford instrument analyzer.

The DC electrical resistance versus temperature measure-
ments were carried out using four-probe method with silver 
paste contacts in conjunction with a closed cycle refrig-
erator from CTI Cryogenics Model 22 and a temperature 
controller from Lake Shore Model 330. A constant current 
source between 1 and 100 mA was used throughout the 
measurements.

The AC susceptibility measurements were performed 
using an AC susceptometer from Cryo Industry model 
number REF-1808-ACS. The samples were cut into bar 
shape for this measurement. The frequency of the AC sig-
nal was 295 Hz and the applied magnetic field was H = 5 
Oe. The critical current density Jc at the peak temperature 
Tp of χ″ was calculated using the Bean model with formula 
Jc(Tp) = H/(lw)1/2, where H is the applied field and l and w 
are the dimensions of the cross section of the bar-shaped 
sample.

3  Results and discussion

The X-ray powder diffraction patterns of  (Tl0.85Cr0.15)
Sr2−xNaxCaCu2O7 superconductor are presented in Fig. 1a 
for x = 0, 0.02, 0.05, and 0.07 and Fig. 1b for x = 0.10, 0.15, 
0.20, and 0.30 composition. The x = 0, 0.02, 0.07, and 0.15 
samples exhibited the Tl-1212 phase with tetragonal struc-
ture (space group P4/mmm) as the major phase and x = 0.05, 
0.10, 0.20, and 0.30 samples exhibited  Ca0.3Sr0.7CuO2 with 
orthorhombic structure [space group Cmcm (63)] as the 
major phase. Earlier studies had reported (Ca,Sr)CuO as a 
minor phase in Bi-2223 [17] and Bi-2212 [22] superconduc-
tors. It is interesting to note that the CSCO phase also exists 
in the Tl-1212 superconductor. Previous works showed that 
Na entered the Tl-1223 [13, 23], Tl-1212 [14], and Bi-2212 
[16–18, 21–23] crystal structure. No unreacted  Na2CO3 
was observed in our XRD patterns, which indicated that Na 
might have entered the Tl-1212 crystal structure. The Tl-
1212-type phase can be improved by the appropriate amount 
of Na substitution, which is x = 0.02 and 0.07. An extra peak 
from  (Ca0.9Sr0.1CuO2) at 2θ = 36.4° is observed in Fig. 1b, 
as Na was increased to x = 0.20 and 0.30.

The volume fraction of CSCO (VCSCO) was found to be 
higher than the Tl-1212 phase (VTl-1212) in some samples. 
Sample with x = 0.05 and 0.10 showed the highest amount 
of CSCO. The CSCO phase was also observed in sample 
synthesized using the single-sample synthesis concept 
based on multi-element ceramic. In samples prepared with 
seven components:  BaO2,  CaCO3,  SrCO3,  La2O3,  PbCO3, 
 ZrO2, and CuO oxides and carbonates, the highest Tc was 
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observed at 118 K due to the Pb-1223 phase [26]. CSCO 
was also observed in these samples.

Figure 2a, b shows the FESEM micrographs for x = 0 
and 0.10, respectively. The FESEM micrographs showed 
that the grain size increased with the increase of Na. This 
result is in agreement with recent studies, which showed 
that the grain size increased with increasing Na substitu-
tion/addition [14–24]. As shown in Fig. 2a, partial melting 
was observed in the Na-free sample. A possible explana-
tion for this might be due to the final sintering temperature 
(1000 °C), which is higher than the volatization point of 
 Tl2O3 (717 °C).

Figure 3a, b shows the elemental analysis using EDX 
spectra for x = 0 and 0.10 samples. Insert shows the weight 
percent of the elements in each sample. EDX spectrum of 
the x = 0.10 sample in Fig. 3b confirmed the presence of Na.

The onset transition temperature, Tc-onset, is defined as 
the temperature, where there is a sudden drop in resistance 
and can be obtained from the crossing point of the linear 
fit of the highest slope and the metallic high-temperature 
part of the ρ(T) curve for each sample. The zero-resistance 
temperature, Tc-zero, is the temperature, where the resistance 
drops to zero and can be estimated from the extrapolation 
of the linear part of the resistivity to the temperature axis. 
The normalized resistance versus temperature curves show 
that the onset transition temperature (Tc-onset) was between 
97 and 106 K for x = 0 to 0.30 (Fig. 4). The zero-resistance 
temperature (Tc-zero) was between 88 and 99 K. The normal 
state resistance versus temperature curves showed a metallic 
behavior for all samples. The electrical resistivity at room 
temperature for x = 0 was around 1.94 mΩ-cm. When Na was 
substituted, the resistivity increased to around 7.84 mΩ-cm 
for the x = 0.10 sample and then decreased to 3.3 mΩ-cm for 
the x = 0.3 sample. The room temperature resistivities ρ297K, 
Tc-onset, and Tc-zero for all samples are shown in Table 1. The 
x = 0.02 sample showed the highest transition temperature 
and critical current density.
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Fig. 1  XRD patterns of  (Tl0.85Cr0.15)Sr2−xNaxCaCu2O7 for a 
x = 0–0.07 and b x = 0.10–0.30. Peaks with (asterisk) indicate the 
 Ca0.3Sr0.7CuO2 phase

Fig. 2  FESEM micrographs of  (Tl0.85Cr0.15)Sr2−xNaxCaCu2O7 for a 
x = 0 and b x = 0.10
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The transition temperature as measured by AC suscep-
tibility ( T

c� ′ ) was determined from the sudden decrease in 
the real part χ′ of the complex susceptibility (χ = χ′ + iχ″). 
The sudden decrease in χ′ below the transition temperature 
was due to diamagnetic shielding and can be identified as 
the onset of bulk superconductivity. The peak temperature 
(Tp) in the imaginary part of the susceptibility χ″ represents 
the AC losses. Tp shifts depending on the pinning force 
strength. The weaker the pinning, the larger Tp shift to lower 
temperature. Below Tp, the amplitude of χ″ falls due to the 
decrease in flux penetration. This can be seen from the graph 
of AC susceptibility versus temperature of  (Tl0.85Cr0.15)
Sr2−xNaxCaCu2O7 (Fig. 5).

The transition temperature ( T
c� ′ ) measurement for all 

samples was around 89–98 K (Fig. 5). T
c� ′ changed slightly 

with Na substitution. The peak temperature, Tp, of the imagi-
nary part of the susceptibility χ″ increased with Na substitu-
tion indicating the enhanced inter-grain coupling between 
the superconducting grains.

At Tp, the AC field amplitude is equal to the full flux pen-
etration field. Two losses are expected observed in large AC 

fields that include a broad peak at low temperature due to 
coupling losses and a narrower peak due to intrinsic losses. 
However, our measurements in H = 5 Oe did not show peak 
signifying the intrinsic loss due to small inter-granular 
potential and no flux penetration into the grains due to the 
low field.

Table 1 shows Tc-onset, Tc-zero, ρ297K, T
c� ′ , Tp, and the 

inter-grain critical current density Jc (Tp) of the samples. 
The inter-grain critical current density Jc at the peak tem-
perature Tp of χ″ was calculated using the Bean model [27]. 
Jc (Tp = 68 K) for x = 0 is 14 A  cm−2. All the substituted 
samples showed increase in Jc (Tp). This may due to the 
enlargement of the grain size (Fig. 2), as Na was substituted.

In conclusion, the effect of Na substitution on the for-
mation and superconductivity of Tl-1212-type phase 

Fig. 3  EDX spectra and elemental composition for  (Tl0.85Cr0.15)
Sr2−xNaxCaCu2O7 for a x = 0 and b x = 0.10. Insert shows the elemen-
tal quantitative analysis of the samples
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Fig. 4  Electrical resistance versus temperature of  (Tl0.85Cr0.15)
Sr2−xNaxCaCu2O7 for a x = 0–0.07 and b x = 0.10–0.30
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 (Tl0.85Cr0.15)Sr2−xNaxCaCu2O7 (x = 0–0.30) was inves-
tigated. Substitution of Na at Sr-site in  (Tl0.85Cr0.15)
Sr2−xNaxCaCu2O7 was found crucial in the formation of 
Tl-1212 type phase. The x = 0, 0.02, 0.07, and 0.15 samples 

showed the Tl-1212 as the dominant phase with the x = 0.02 
showing the highest transition temperature and critical cur-
rent density. All Na-substituted samples showed higher 
transition temperature and enhanced critical current den-
sity and improved inter-grain coupling compared with the 
non-substituted sample (x = 0). The grain size also increased 
with Na substitution resulting in an increase in Tp and Jc 
(Tp). This work showed that instead of using the trivalent 
rare-earth elements, monovalent alkali metal Na can also 
be used to improve the superconducting properties of the 
Tl-1212 phase.
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