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Samples with nominal starting compositions (Tl;.xRe,)Sr,CaCu,07.5 (x = 0.05- 0.30) were prepared by
the solid state reaction method. Superconducting fluctuations and excess conductivity analysis was
carried out using the Aslamazov-Larkin (AL) theory to determine the dimension of fluctuation induced
conductivity A. The Lawrence-Donaich (LD) theory was used to calculate the coherence length &(0),
Josephson coupling J, and anisotropy v = (&a(0)/E:(0)). XRD patterns indicated that the samples were
dominantly TI-1212 phase. Substitution of Re in place of Tl in (Tl;xRex)Sro,CaCu,07.5 showed T¢ onset
between 70 K (x = 0.05) and 82 K (x = 0.25). Excess conductivity analyses showed that Re
substitution induced 2D-to-3D conductivity transition with the highest transition temperature, Top 3p
observed at x = 0.25. The calculations based on Lawrence-Doniach model showed the shortest
coherence length, &:(0) and highest anisotropy(y =13.42 ) for the x = 0.25 sample.
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1. INTRODUCTION

The TISr,CaCu,07.5 superconductor was reported to be superconducting with T, around 70-80
K [1]. However, the TI-1212 superconducting phase is not easy to prepare in pure form because of the
high formal Cu valence (2.5+) and overdoping of hole carriers [2]. Substitution with elements of
higher valence can reduce the formal valence of Cu to the optimal value of around 2.25+ to 2.3+,
improves the superconducting properties and stabilizes the TI-1212 phase [1-4]. Reduction of the
overdoped hole carrier concentrations to the optimal value results in the stabilization of the TI-1212
phase. Partial substitution of Bi, Pb or Cr can stabilize the TI-1212 superconducting phase [5-8].
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Superconducting fluctuations behaviour (SFB) greatly affects the superconducting properties..
This includes the electrical resistivity that deviates from the liner metallic normal state behaviour well
above the zero-resistance-temperature, T¢ 0. Superconducting fluctuation behaviour dominates the
excess conductivity region which arises from the Cooper pairs that start to form at the very initial stage
[9]. Fluctuation induced conductivity behaviour provides the dimensionality of the superconducting
fluctuation and coherence length at its critical region [10].

High temperature superconductors (HTSCs) including TI-1212 exhibit normal and
superconducting-state which are highly anisotropic which results in fluctuation of the order parameter
due to the short coherence lengths along the c-axis, &(0). The linear resistivity vs. temperature curve
bends down above T. due to the enhanced conductivity which is attributed to superconducting
fluctuations [11]. These fluctuations can be analyzed by using the Aslamazov-Larkin (AL) and
Lawrence-Doniach (LD) model. Subtracting the background normal state conductivity from the
measured conductivity gives the excess conductivity [12]:

AG = 1/p measured— 1/p background (1)

where p is the resistivity. Excess conductivity can be written as [13]:

Ao/co=Ae ™" (2

where o, is the conductivity at 300 K, ¢ is the reduced temperature given by the relation [14].

e=In(T/TP) /TP, =(T-T°) /T (3)

where TP is the temperature of the peak obtained from dp/dT. A is the AL temperature
independent constant and A is the critical exponent which is related to the conduction dimensionality D
where A =2 - D/2. For the 1-dimensional region (1D), A = 1.5, for 2-dimensional region (2D), A = 1.0,
and for 3D, A = 0.5. A can be obtained from the slope of In(Ac/c,) versus In(g) plot. Interestingly,
elemental substitutions also contribute to the changes in T,p 3p and coherence length [15]. For TI-
1212, this enhancement leads to a longer &:(0) and enhanced the superconducting properties due to the
reduction in the anisotropy, y and increase in the interlayer coupling, J [15].

At the transition temperature, T,psp, the coherence length along c-axis, &(0) for
polycrystalline samples can be obtained by using the Lawrence-Doniach model [14]:

Tooap=Tc[1+(2E(0) /)] (4)

where d is the distance between the superconducting layers. For T1-1212, d = 3.18 A [14].
Using the Lawrence-Doniach model, the concept of interlayer coupling, J based on Josephson coupling
as a result of &:(0) interaction with the superconducting layers is given by [16]:

3= [2&(0) P/ (5)
For layered superconducting systems the anisotropy v is expressed by [17]:
Y =&an(0) /&(0) (6)

where &(0) is the ab-coherence length which is between 10 and 20 A for copper oxide-based
HTSC [14].

There has been report on the effect of Cr on the superconductivity and formation of the T1-1212
phase [18]. The (Cu, Tl)-based [19-22] revealed a cross over from 2D to 3D fluctuation behaviour
with decreasing temperature. Tl;«CuySr12YbogCaCu,07.4 [23] and TlpsPbosSrYbyCaCu,07.4 [19]
show strong influence of substitutions on the fluctuation behaviour with transition from 2D to 3D
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behaviour. TlogHgo2Ba, Cay.xRxCu3Og.4 (R = Sm and Yb) shows the transitions from 1D to 2D and
2D to 3D as the temperature was lowered [24].

Substitution of multivalent ions such as chromium (Cr¥*/Cr°*/Cr™) results in a higher T than
ion with only one valence such as most of rare-earth elements. Re is another element with multivalent
ion (Re*'/Re®*/Re®/Re™). It is interesting to investigate the effect of multivalent rhenium (ionic
radius < 0.063 nm) at the Tl site (with TI*" ionic radius 0.095 nm).

In this paper, we report the effect of Re substitution at the Tl site in (Tl,.xRex)Sr,CaCu,07.5 (X
= 0.05, 0.10, 0.15, 0.20, 0.25 and 0.30) superconductors. Results of electrical resistivity (dc)
measurements and powder X-ray diffraction are presented. The chemical composition of the samples
was determined using energy dispersive X-ray analysis (EDX). The Aslamazov-Larkin (AL) theory
was employed to determine the dimension of fluctuation induced conductivity, A. The Lawrence-
Donaich (LD) theory was used to calculate &:(0), J and y of the superconducting samples.

2. EXPERIMENTAL DETAILS

Samples with nominal starting composition (Tl;xRey)Sr.CaCu,0O7s (x = 0.05, 0.10, 0.15, 0.20,
0.25 and 0.30) were prepared using the solid-state reaction method. High purity (> 99.99 %) SrO, CaO
and CuO were mixed in the appropriate amounts and ground before being calcined at 900 °C for over
48 h with several intermittent grindings to obtain a uniform black powder. Then appropriate amounts
of TI,03 and ReO, were added to the precursor and completely mixed. The powders were then pressed
into pellets with diameter 13 mm and thickness of around 2 mm. In order to compensate for the
thallium loss during heating, excess 10 % Tl,03; was added. The pellets were heated at 1000 °C for 4
min in flowing O, followed by furnace cooling.

The dc electrical resistance were measured using the four point probe method. Silver paste was
used as electrical contact. A CTI Cryogenics Closed Cycle Refrigerator Model 22 and Lake Shore
Temperature Controller Model 340 were used for low temperature measurements. The powder X-ray
diffraction method was used to determine the resultant phases. A Bruker model D8 Advance
diffractometer with CuKa source was used. The lattice parameters were calculated by employing at
least 15 diffraction peaks. The 1212:1201 volume fractions were calculated from the diffraction
intensities of 1212 and 1201 using the equations [14]:

|
TI-1212(%) = 2z x100% (5)
Z |1212+Z |1201
_ Z |1201
TI-1201(%) = x100% (6)

z |1212+Z |1201

where | is the peak intensity of the phase. Energy dispersive X-ray analysis (EDX) was used to
determine the resultant chemical composition.

3. RESULTS AND DISCUSSION

X-ray powder diffraction patterns for (Tl;xRe,)Sr,CaCu,07.s (x = 0.05, 0.10, 0.15, 0.20, 0.25
and 0.30) are shown in Figure 1. The patterns indicated that the TI-1212 phase with tetragonal unit
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cell (space group, P4/mmm) was dominant with a few weak diffraction lines of TI-1201, and an

unknown phase.
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Figure 1. Powder X-ray diffraction patterns for (Tl;-xRe,)Sr,CaCu,O7.s (x = 0.05, 0.10, 0.15, 0.20, 0.25
and 0.30) samples showing major 1212 phase. The 1201 phase is indicated by (*)

The x = 0.25 showed the highest TI-1212 volume fraction (88%). This may due to the effect of

the ionic radii of the elements involved and certain values are preferred.

When the amount of the

smaller Re ions (with radii equal to or less than 0.063 nm) was increased and the larger TI+3 was
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decreased (0.095 nm), the average radius decreased and became too small to participate in the
formation of 1212 phase. T¢ onset, Tc zero, FeSistivity (at 297 K), 1212:1201 volume fraction and 1212
lattice parameters for (T1;.«<Rey)Sr.CaCu,Oy7_s are shown in Table 1.

Table 1. T¢ onset, Te zero, 1212:1201 volume fraction, lattice parameters, TP, room temperature resistivity
(p297), a, B, T2D-3D, 7¥2D, 7¥3D; &C(O), J and Y for (Tll.xRex)SrzcaCU207-5 (X = 005, 010, 015,
0.20, 0.25 and 0.30) samples

Te onset (K) 70 74 77 80 82 79
Te zero (K) 59 62 65 67 72 69
1212:1201 volume fraction 79:21 83:17 85:15 86:14 88:12 75:25
(vol. %)

TI11212 lattice parameter

a (A)+0.003 3.778 3.781 3.774 3.766 3.780 3.762
¢ (A)£0.005 12.091 12.072 12.098 12.086  12.092 12.073
T (K) 65 67 68 71 75 71
p297 (MQcm) 0.712 0.822 2.399 2.425 3.290 4.749
o = pp(0K)(mQcm) 0.13 0.25 0.40 0.45 0.55 0.85
B=dp/dT «10”° (mQcm)/K  1.959 1.927 6.729 6.645 9.247 13.099
Top 3p (K) 88 92 95 98 100 97
2D 1.027 0.945 0.879 0.875 0.891 0.867
3D 0.518 0.515 0.492 0.505 0.513 0.479
£(0) (A) 0.806 0.784 0.769 0.754 0.745 0.759
J 0.257 0.243 0.234 0.225 0.219 0.228
Y 12.40 12.75 13.01 13.26 13.42 13.18
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Figure 2. EDX spectrum of (Tl;xRe,)Sr.CaCu,07.s superconductor for x = 0.15
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The XRD data show existence of more than one phase. One concern is that the lattice
parameters of T11212 do not change with Re content (within the data scattering range). This could be
an indication that Re does not in fact substitute into T11212 crystal lattice and the change of R(T) is
due to impurities in the polycrystalline samples. Resistivity above T is strongly sensitive to inclusion
of phases other than T11212 in the pellet sample.

Figure 2 shows the EDX spectrum of (Tl;.xRex)Sr,CaCu,07.; superconductor for x = 0.25.
Table 2 shows the elemental composition of (TlxRey)Sr,CaCu,075 for x = 0.25. The energy
dispersive X-ray (EDX) analysis showed the presence of elements approximately according to the TI-
1212 phase with slight modification probably due to the presence of the 1201 phase and the
uncertainty in determining the oxygen content by using the EDX method.
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Figure 3. Electrical resistivity of (Tli.x<Rex)Sr,CaCu,07.5 (x = 0.05, 0.10, 0.15, 0.20, 0.25 and 0.30)
samples. Inset shows plots of dp/dT versus temperature. The linear fit curves show the
background normal state resistivity projection
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The normalized resistance at room temperature as a function of temperature for the (Tl;.
xRey)Sr,CaCu,07.s samples for x = 0.05, 0.10, 0.15 0.20, 0.25 and 0.30 sintered at 1000 °C for 4 min is
shown in Figure 3. All samples displayed metallic normal-state behaviour above T onset fOllowed by
the superconducting transition as the temperature was lowered. T onset fOr the samples with x = 0.05,
0.10, 0.15, 0.20, 0.25 and 0.30 were 70, 74, 77, 80, 82 and 79 K, respectively.

Table 2. Elemental quantitative analysis of (Tl;xRey)Sr.CaCu,0O7s superconductor for x = 0.15
superconductor as presented in EDX graph shown in Figure 2

Re(x) Element OK CaK CulL SrL  ReM TIM  Totals
015 Weight% 3241 483 2296  30.54 3.11 6.14 100
Error% 0.89 0.21 0.18 0.14 0.26 0.76

Atomic%  69.70 4.15 12.50 12.02 0.60 1.04

This can be explained by the hole-filling mechanism, due to partial replacement of TI** with
higher valence Re ions. The parabolic shape of T vs. x (Figure 4) is a typical characteristic of high-
temperature superconductors substituted with higher valence ions. The addition of Re reduces holes
concentration (by hole filling mechanism) which optimized the hole concentration closer to the optimal
value resulting in the highest T, at x = 0.25. Based on the observed T; onset Values of between 70 and 82
K for (Tl;xRey)Sr,CaCu,07.5 (x = 0.05-0.30) it is suggested that the superconductivity is dominated by
1212 phase. T. is related directly to the TI-1212 vol% (Table 1), but was mostly influenced by the
doping level which is related to the average copper valence. The 1201 phase has been previously
reported with T onset Delow 50 K.
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Figure 4. Normal state electrical resistivity (®) at 297 K and the variation of T gnset (¢) and T zero (A)
as a function of x for (Tl;xRey)Sr,CaCu,07.5
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The normal state electrical resistance increased with increased of Re content (Table 1). Figure
4 shows T¢ onset, Tc zero @nd electrical resistivity (at 297 K) as a function of x. The resistivity values
indicate variation in the hole carrier concentration of (Tly.xRex)Sr,CaCu,07.5 (x = 0.05-0.30) with
increasing Re substitution. The normal state electrical resistance increased with increased of Re
content case due to electron doping and substitution of the higher valence Re>* reduced average copper
valence in the CuO, planes and caused hole concentration to decrease (Re reduces holes concentration
by hole filling mechanism).

The possible valences of the metallic ions in (TlyxRey)Sr.CaCu,07.5 are TI*/TI**, Sr**, Ca*,
Cu?*/Cu®, and Re*'/Re®*/Re®*/Re’™. The optimal Cu valence to maximize T in the TI-1212 phase is
2.25+. By assuming that Tl is in the TI** state and by using the optimal Cu valence (2.25+) and the
fact that the x = 0.25 sample exhibited the highest T., the average Re valence for optimal
superconductivity is 5+ (Re®"). The substitution of pentavalent Re>" for trivalent TI"™* may have
contributed to the stabilization of the 1212 phase (Table 1).
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The normal state electrical resistivity was fitted to p = a + BT for x = 0.05-0.30 (Figures 3),
where a. is the intercept and B is the slope of the fitted resistivity data [13]. The linear fits for the data
at high temperatures are shown as straight lines. The deviation from linear behavior decreases with the
resistivity because excess conductivity reveals the region where Cooper pair formation begins. The
insets in Figures 3 show the temperature dependence curves for the derivative of the resistivity; the
peak temperature (T°.) was used to calculate the reduced temperature (g). All samples showed almost
a single peak at T, indicating a superconducting transition within the grains. The values of various
parameters such as TP, the room temperature resistivity (pag7), o and B are listed in Table 1 for all
samples.

The deviation of resistivity, p(T) from the background linear resistivity revealed excess
conductivity (Ac). To compare the experimental data with the theoretical expression for fluctuation
conductivity, a graph of In(Ac/c,) versus In(e) was plotted (Figures 5). This figure shows the
fluctuation conductivity for all samples covering the mean field regime: -3 < In(¢) < 1. Table 1 shows
the calculated values for Typ.3p, &(0), J and y for the (Tl<Rey)Sr.CaCu,07.s samples. It is clear that
each plot showed two significant different regions. In order to compare the experimental data with
theoretical predictions, the different regions of the plots are linearly fitted and the conductivity
exponent A values are determined from the slopes and listed in Table 1. Fluctuation phenomena in the
superconducting cuprates would have a significant effect on our understanding of the superconducting
process in these materials. With further decreasing in temperature a crossover between two
dimensional fluctuations and three dimensional is observed at temperature above T.. The mean field
region, for each sample, consists of two distinct linear parts. For the first part, at higher temperature,
the conductivity exponent values Ayp vary from -1.027 to -0.867, indicating the existence of 2D
fluctuations. Whilst at lower temperature, the conductivity exponent values Asp vary from -0.518 to -
0.479 reflecting the appearance of 3D fluctuations. The 3D-2D crossover temperatures Tsp.op are
calculated from the intersection of the two linear parts and the values are listed in Table 1. The
shortest &(0) within the series was 0. 745 A at x = 0.25. This sample also showed the lowest J value
(0.219) and the highest anisotropy (y) (13.42). Therefore, Re substitution modified &.(0), consequently
increased the anisotropy of the samples and reduced the interlayer coupling strength. This reduction
however does not suppress the transition temperature. It is clear that the shortest coherence length
along the c-axis lies in the optimum-doped region. However the coherence length drops in the under-
doped region and increases in the over-doped side with the increase of hole concentration. All the
values of inter-layer coupling J are less than one, indicating a weak coupling between the CuO,-planes.
Also, J decreases as the substitution-content increases. This means that, the partial replacement of TI*
ions by either Re™ ions weakens the CuO; interlayer coupling in the (TlixRey)Sr.CaCu,07.s samples.
Excess conductivity analysis was also recently reported for TISr,(Ca;«xRex)Cu,07.5 [25]. It was found
that Re substitution decreased &¢(0) with increased of x [25]. Moreover, Re substitution caused
changes in T,p 3p; the highest transition was observed at x = 0.15 [25]. Excess conductivity analyses of
Tlo_gBi0_15rl_ngo_zcal-XCdxcul_ggFeo_0107.5 [11] showed that Cd substitution influenced T2D73D, gC(O)
and J. Interestingly, changes in &(0) due to elemental substitution was also previously reported for
other TI-1212 compound [14,15], T|o_5Pbo,5SI’z-bexcaCU207-5 [19] and TI1-XCuXSrl,szo,8CaCu207-3
[23].
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For (Tl;«xRey)Sr,CaCu,07., the x = 0.25 sample showed the highest T, and the highest 1212
phase. The decrease in coherence length along the c-axis promotes an increase in anisotropy (),
possibly explaining the superconducting behavior when T, onset €XCeeds 70 K. The deviation of linearity
in R(T) is the strongest for the sample with highest nominal Re content. This would imply that these
deviations are indeed due to impurities in the pellets, containing Re.

The average slope B increased from 1.959x 10 to 13.099x 10 (mQ-cm)/K as x increased
from 0.05 to 0.30 due to the change in carrier concentration when Re-content increased. EXxcess
conductivity analyses for (Tl;xRex)Sr,CaCu,O7.; indicated that 2D- to 3D transitions in the normal
state were induced by the partial substitution of Re into the Tl sites. Excess conductivity analyses of
TISr,(Ca;xRey)Cu,07.5 which showed 2D fluctuation behavior [25] is similar to that of the Re
substituted samples in this work (Figure 5) and also from previous reports on (Cu, Tl)-based [20-22],
Cu-substituted Tl;.xCu,Sr12YbosCaCu,07.5, Tli«CuxSr16Ybo4CaCu,07.5 [15, 23] and Yb-substituted
Tl sPbgsSr«YbCaCu,07.5 [19] superconductors which showed 2D to 3D transition behaviors. The
calculated &.(0) values were comparable to those (0.03-0.68 nm) reported for double-layered Tl-based
compounds. The small &(0) values indicated the high degree of anisotropy in the TI-1212 samples.
Excess conductivity analyses revealed the dependence of &(0) on the amount of Re substitution in the
(Tl;xRex)Sr,CaCu,075.  Moreover, Re substitution caused changes in Top 3p; the highest transition
was observed at x = 0.25. Our calculations showed a decrease in J with Re (x = 0.05 to 0.25)
substitution.

5. CONCLUSION

This work showed that ReO, was effective for the formation of the TI-1212 phase. EXxcess
conductivity analyses of (Tl;xRex)Sr,CaCu,07-s indicated that 2D to 3D transition in the normal state
can be induced by partial substitution of Re for Tl. The x = 0.25 sample showed the lowest value of
£:(0) (0.745 A) which also recorded the highest anisotropy, y (13.42). These results indicate that Re
substitution modified &(0) and consequently decreased the interlayer coupling strength and increased
the anisotropy of the samples. Moreover, Re substitution caused changes in T,p 3p With the highest
transition observed at x = 0.25. The decrease in inter-layers coupling as a result of Re substitution may
be the reason for variation in T; ;0. A Strong correlation between T onset and Top 3p Was observed in
these superconductors.
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