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In the light of the Aslamazov—Larkin theory of fluctuation-induced
conductivity (FIC), the excess conductivities of as-prepared, nitro-
gen-post-annealed, oxygen-post-annealed, and air-post-annealed
samples of (Cug.5Tlp.25Hgo.25)BasCazCusO12_s have been deter-
mined. It is observed from FIC measurements that the crossover
of a three-dimensional (3D) to a two-dimensional (2D) behav-
ior of fluctuations is shifted to higher temperatures by the post-
annealing of samples in nitrogen, oxygen, and air. We have accred-
ited this behavior to an increase in the grain size and the improved
carrier concentration in the conducting CuO2 planes. In addition,
it is also noted that, after the post-annealing of samples in nitro-
gen, oxygen, and air, the width of the three-dimensional region of
fluctuations is also enlarged. Furthermore, two distinct parame-
ters (coherence length and interplanar coupling) are also estimated
by the Lawrence—Doniach equations and found to be increased by
the post annealing in nitrogen, oxygen, and air.

1. Introduction

The carrier concentration in CuQOs planes plays a
very important role in high-temperature superconduc-
tors, which is closely linked with the zero resistivity
at the critical temperature 7,(0). The highest T.(0)
in a particular superconductor of the homologous se-
ries is achieved only when the carrier concentration in
CuOs planes is optimum, i.e., 0.2 holes/CuOs plane
[1-6]. To control the carrier concentration, two tech-
niques are used. One is the substitution of an ap-
propriate element in the charge reservoir layer, and
the second is the addition (removal) of oxygen in the
sample by the post annealing in oxygen/nitrogen/air
atmospheres called the self-doping technique. We
used this technique for modifying the carrier concen-
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tration in (Cug 5Tlp.25Hgo 25)BagCagCusO1a_5 super-
conductor.  Fluctuation-induced conductivity (FIC)
of (Cug 5Ty 25Hgp.25)BagCazCusO12_5 superconductor
has been analyzed to study a mechanism which enhances
T.(0) with the optimization of carriers in CuOsz planes.
The creation of Cooper pairs above the critical tempera-
ture T, induces the excess conductivity during the trans-
port of carriers [7-9].

There are possibly two contributions to the FIC in
HTSCs. One is the creation of Cooper pairs, by using
thermal fluctuations well above 7., which leads to the
3D behavior; the second contribution involves the inter-
action of Cooper pairs with the already existing normal
electrons which results in the 2D behavior of the carrier
transport. [10-12].

The Aslamazov-Larkin (AL) and Lawrence-Doniach
(LD) theories are basically the two main theories which
describe fluctuation-induced conductivity [13, 14]; the
Maki-Thomson (MT) corrections are absent in HTSC
due to pair breaking effects that arise from inelastic elec-
tron scattering [15].

As for the Aslamazov-Larkin theory, the excess con-
ductivity in two dimensions (2D) and three dimensions
(3D) are given by the formulas

e? T
i (7). g
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where £.(0) and “d” are the coherence length along the
c-axis at 0 K and the interlayer separation, respectively,

Aoop =
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“c” is the reduced temperature given by the relation

T -1
E=|——7F1.
e

Here, T/ is the mean-field critical temperature ob-
tained from the point of inflection of the p vs T' curve in
our case.

The dimensional exponent A is found from the slope
of the In(Ac) versus ln(e) plot. All physical param-
eters depend on the critical fluctuation dimensionality
(D) which is expressed as

D=2(2+4\).

Previously, it is reported that there is a temperature
regime where the superconductor is neither 2D nor 3D,
and the extent of this regime is controlled by the ratio
of Josephson coupling strengths in the biperiodic model
[16-17]. Lawrence and Doniach introduced the concept
of interlayer coupling in a vicinity of the critical temper-
ature via the Josephson coupling J [18]. The FIC Ao is
expressed as
1/2

(i) ey ]

where £.(0) and d are the coherence length along the
c-axis and the interlayer separation, respectively. It
is noted that the above-mentioned equation reduces to
the Aslamazov-Larkin equation with the approxima-
tions &.(e) < d and &.(¢) > d in 2D and 3D regions, re-
spectively. It is observed that the temperature at which
2D converts into 3D is called the crossover temperature,
is denoted by Tp, and is different for different samples.
Below and above this temperature, the system has 3D
and 2D fluctuations which can be described by the rel-
evant AL equations. The expression for the crossover
temperature according to LD model is [19-21]:

1+-(25j0>)2]. 0

The FIC analysis is mainly done on the basis of the
AL equations [22]. These equations are formulated for
the crystallites, but not for the polycrystalline samples.
Therefore, for the case of polycrystalline samples, Ghosh
et al. [21] proposed a model to analyze the fluctuation-
induced conductivity that takes the polycrystalline na-
ture of samples into account. It is a modified form of
the AL equations which can be applied to the polycrys-
talline samples. According to this model, the equations

To =1,
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for 2D and 3D fluctuations are as follows:
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where &,(0) is the effective characteristic coherence
length and is given by
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With the assumption of the high anisotropic nature of
a sample and by using Eq. (2) & (3), the crossover
temperature is given approximately by

»(0) »(0)
LSS0

We have employed the above formulation to interpret the
data on FIC of our samples. As our samples are slightly
anisotropic, we have used Eq. (3) for the estimation of
the crossover temperature.

Ty =1,

2. Experimental

The (Cug.5Tlp.25Hgp 25)BagCazCusO12—5 sample was
prepared by the solid-state reaction method using
Ba(NOs)2, Ca(NOs)2, and Cu(CN) as starting com-
pounds.  These compounds were mixed in appro-
priate ratios for about an hour in a quartz mortar
with a pestle and fired in a quartz boat at 880 °C
for 24 h. The fired CugsBasCazCusO12_s5 material
was thoroughly mixed with TloOs and HgO to give
(CUQ_5T10.25Hg0_25)B32033CH4012_5 as the final com-
position of reactants.The thallium- and mercury-mixed
material was pelletized under 3.5 tons/cm? pressure and
enclosed in a gold capsule. The gold encapsulated pel-
lets were sintered for 10 min at 880 °C followed by the
quenching to room temperature after the heat treatment.
The superconducting phase identification was done by
XRD (X-ray diffraction) measurements. The resistivity
of samples was measured by the four-probe method. The
post-annealing of a sample was carried out in the nitro-
gen, oxygen, and air atmospheres in a tubular furnace

at 550 °C for 6 h.
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3. Results and Discussion

In Fig. 1, we show the x-ray diffraction pattern of
Cug.5(Tly.25Hgo.25)-1234 superconductor.  All of the
diffraction lines are indexed according to the tetragonal
structure following space group P4/mmm with several
nonidentified impurity peaks. The calculated c-axis pa-
rameter using these (hkl) is 17.529 A smaller than that
of Cuy_,T1,-1234 superconductor [23], which shows that
the Hg substitution in the Cug 5(Tlg.25Hgg 25)Bas04_s
charge reservoir layer has decreased its thickness.

The inset in Fig. 2 shows the measured resistivity
versus the temperature for Cug 5(Tlp.25Hgg 25)-1234 su-
perconducting samples as-prepared and post-annealed
in nitrogen, oxygen, and air, respectively. The resis-
tivity variations are metallic from room temperature
down to the onset of superconductivity. In addition,
the peak curves (dp/dT') show the derivatives of the re-
sistivities in the region of transition for all the samples.
It is noted that the well-pronounced dp/dT peaks are
achieved, which shows that the quality of our samples are
fine [24]. The position of this peak on the temperature
axis provides T/ (K); T* (K) is the temperature related
to the pseudogap regime, where the fluctuations in the
order parameter of superconductors start; the Ty (K) is
the temperature, at which a crossover in the fluctuations
in the order parameter from 2D to 3D take place. All
the samples have shown a linear dependence of resistiv-
ities [p(T) = o + BT] on the temperature above 135 K.
Linear fits to the data at high temperatures are shown
by the straight lines. The values of various parameters
such as T*, T., T™f, o, and f3 are listed in Table 1 for
all samples. In all samples from T* (K) to room tem-
perature, the fairly linear resistivity is the characteris-
tic of metallic behavior. The deviation from the linear
behavior below T* (K) is at the decreasing side of the
resistivity, because of the excess conductivity. This is
the temperature region, where the pair creation starts.

3.1. Fluctuations induce conductivities and
dimensional exponents

We have analyzed the excess conductivity of the samples
as-prepared and post-annealed in nitrogen, oxygen, and
air with a metallic behavior in the normal state within
the Ginzburg—Landau mean-field approximation in the
region T* to T, [25]. This temperature range has been
chosen because in this region, where the excess conduc-
tivity due to fluctuations is manifested in the pair cre-
ation and annihilation. The excess conductivity has been
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Fig. 1. X-ray diffraction pattern of

(Cup.5Tlp.25Hgo.25)BazsCazgCus O15_ 5 superconducting samples

estimated as

on(T)—o(T)
ao(r) = |2 ey | "
where p(T') is the actually measured resistivity, and
pn(T) = a + BT is the extrapolated normal resistiv-
ity from room temperature to T* (K), as seen in Fig. 2.
The quantity py(T") is the sum of the resistive contri-
bution of grains and that of the links connecting the
grains, the latter assumed to be independent of the tem-
perature. The intergrain parameter is included in «, the
values of o at 0 K have been obtained from the inter-
cepts. Lower values of « suggest the improved intergrain
coupling. We see a considerable decrease in the value of
« after the annealing in nitrogen, oxygen, and air, which
indicates the improvement in the weak link behavior in
annealed samples.

We plot In (Ao) versus In (¢) in Fig. 2,a—d for the as-
prepared and annealed in nitrogen, oxygen, and air in
order to compare the experimental data with the the-
oretical expressions for superconducting fluctuating be-
havior. Aq}m and Aosp haveobeen calculated by using
£c(0) =4 A and £,(0) = 16 A for Cug 5(Tlo.25Hgo.25)-
1234 samples [26]. We have taken d, the effective sep-
aration between the CuOs layers, to be equal to 9.3 A
for this analysis [27]. Like all high-temperature super-
conductors (HTSC’s), all our samples have well shown
2D character at higher temperatures and 3D behavior at
lower temperatures (closer to the transition temperature
regions) as suggested by Ghosh et al. [14]. This was also
observed by Vidal et al. [28], and they attributed this
to the formation of a higher-7, phase.

From Fig. 2, it is evident that there are two distinct
changes in the slope in each plot, the slope gradually
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Fig. 2. In(Ao) versus In () plots of (Cug.5Tlp.25Hgo.25)BagsCazCusO12_s samples: a — as-prepared; b — annealed in nitrogen; ¢ —
annealed in oxygen; d — annealed in air. Solid lines (3DAL) through experimental points has slopes: a — —0.43 [-4.70767 < lne <
—2.92784]; b—-0.45 [—4.73588 < Ine < —2.803]; ¢ ——0.44 [—4.74774 < Ine < —2.74822]; d — —0.55 [—4.80058 < Ilne < —2.26202]. Dashed
lines (2DAL) through the experimental FIC have slopes: a — —1.08 in the region [—2.92784 < lne < —0.91883|; b — —0.92 in the region
[-2.803 < Ine < —1.56926]; ¢ — —1.18 in the region [—2.74822 < Ine < —0.87877]; d — —1.22 in the region [-2.26202 < Ine < —1.37227].
Ao is found by using Eq. (8). In the insets, the resistivity of samples and their derivative curve are shown

increasing from the low to the high-temperature side.
The temperature corresponding to a change of the slope
in the low-temperature side is designated as Tp. We
have used the general fitting of the excess conductivity
with the equation Ao = Ae~* for the temperature range
concerned. In the log-log plot of the excess conductivity
versus the reduced temperature, different A values or the
exponents corresponding to various samples above and
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below the crossover temperature are listed in Table 1 (A\y
referring to the exponent below Tp, Ay to that above Tp).
The following things are evident from the analysis of the
plots of the samples.

The exponent Azp is found to be —0.43 in the re-
gion —4.70767 < lne < —2.92784 for the as-prepared
Cu0_5(T10.Q5Hg0_25)—1234 sample (Flg 2,&), this value
seems to fit well with the 3D AL theory showing 3-
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Table 1. Various parameters obtained from the resistivity versus temperature data and In(Ao) versus In(e) plots
of (Cuq.5Tlo.25Hgo.25)BazCazCus0;12_5 (as-prepared and annealed in nitrogen, oxygen, and air) samples

Samples CuT1-1234 ‘ T, (K) ‘ 7 (K) ‘ T*(K) ‘ a=pn(0) ‘ 8 = dp/dT (10~4) ‘ A2p ‘ AsD ‘ Ty (K) ‘ (A% ‘ = P
As-prepared 107.47  109.405 200.056  0.01495 2.891 108 043 113221 1075  0.053
Annealed in nitrogen 109.405 121.106 150.349 0.000534 1.447 -0.92 -0.45 116.038 1.144 0.060
Annealed in oxygen ~ 110.365 118.357 135.181  0.00539 14.007 118 --0.44 117433 1.176  0.063
Annealed in air 114.164 128.263 163.263  0.01014 2.589 122 055 126053 15 0.103

T able 2. Temperature ranges for 3D and 2D FIC behaviors of (Cug.5Tlp.25 Hgo.25)Ba2CazCus0O12_5 (as-prepared

and annealed in nitrogen, oxygen, and air) samples

Samples (CuTl-1234) ‘

Reduced temperature (In €) range for 3D ‘

Reduced temperature (In €) range for 2D

As-prepared
Annealed in nitrogen
Annealed in oxygen

Annealed in air

—4.70767 < lne < —2.92784
—4.73588 < Ine < —2.803
—4.74774 < lne < —2.74822
—4.80058 < Ine < —2.26202

—2.92784 < Ine < —0.91883
—2.803 < Ine < —1.56926
—2.74822 < Ine < —0.87877
—2.26202 < Ine < —1.37227

dimensional conductivity. For the nitrogen-annealed
sample, the exponent A3zp is found to be -0.45 in
the region —4.73588 < Ine < —2803. For the
oxygen-annealed sample, the value of A\sp is —0.44 is
in the region —4.74774 < Ine < —2.74822 and, for
the air-annealed sample, Asp is —0.55 is in the region
—4.80058 < Ine < —2.26202. Therefore, the excess con-
ductivity for the above-mentioned samples below the
crossover temperature is fitted well with the 3D AL the-
ory [14]. In view of the above data, it is observed that,
after the annealing of Cug 5(Tlp.25Hgo.25)-1234 samples
in nitrogen, oxygen, and air, the width of the region for
3D-AL increases, and, hence, the 2D region dominates.
The exponent \op above the crossover temperature Ty
for the as-prepared Cug (Tl o5Hgg 25)-1234 sample is
—1.08 in the region —2.92784 < Ine < —0.91883; this
value is closer to —1 and seems fitted well with AL
2D as referred by [14]. In the nitrogen-annealed sam-
ple, the exponent Aop is found to be —0.92 in region
—2.803 < lne < —1.56926, and it is also closer to —1,
which is characteristic of the two-dimensional conduc-
tivity (2D AL). Thus, there is a transition from the
mean-field to the critical-fluctuation regime before the
transformation from two- to three-dimensional conduc-
tivity in the case of as-prepared and nitrogen-annealed
samples. The exponent Aop in the high-temperature
region is —1.18 and 1.22 for oxygen- and air-annealed
samples in the regions —2.74822 < Ine < —0.87877 and
—2.26202 < lne < —1.37227, respectively. The possi-
bility of a superposition of different dimensional fluctu-
ations may be one of the reasons for this type of expo-
nent values. This was also observed by Vidal et al. [28],
and they attributed this to the formation of a higher-T,
phase.
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Note: Temperature ranges are given in Table 2.

3.2. Zero-resistivity critical temperature,
coherence length, crossover temperature
and interlayer coupling strength

It is easily seen from Table 1 that, by the post anneal-
ing of Cug.5(Tly.25Hgo 25)-1234 samples in nitrogen and
oxygen, the zero-resistivity critical temperature T, is in-
creased to 109.405 K and 110.365, respectively, as com-
pared with 107.47 K of the as-prepared sample. Basi-
cally, T, depends on the dimensionality of thermal fluc-
tuations which induce the excess conductivity in these
samples. The dimensionality of fluctuations is affected
by two sources; one is the intrinsic properties of intra-
grain regions, i.e. the carrier concentration in CuOs
planes, and the second is the nature of the grain bound-
ary junctions and the grain size (extrinsic properties).
The nitrogen- and oxygen-annealed samples with higher
T, possess 3D type fluctuations due to the better grain
boundaries, increased grain size, and optimized carrier
concentration in CuQOs, planes. Therefore, the optimum
carrier concentration, strong connectivity of grains, and
large size of grains are possible sources of 3D fluctuations
which ultimately bring the critical temperature to higher
values, as well as the source of higher crossover tem-
perature values (116.038 K for nitrogen-annealed sample
and 117.433 K for oxygen-annealed sample) as compared
with that of the as-prepared sample [29].

At the crossover temperature T, we can find the co-
herence length along the c-axis by using the Lawrence—
Doniach (LD) model

- (20)7],

Ty =1,
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where “d” is the thickness of superconducting lay-
ers [18].

The values of £.(0) for nitrogen-annealed & oxygen-
annealed samples are 1.144 & 1.176, respectively, as
listed in Table 1. It is evident from the table that the
values of coherence length increase from ~1.075 A (co-
herence length of the as-prepared sample) after the an-
nealing in nitrogen and air. In cuprate high-temperature
superconductors, the grain size plays an important role
because, with increase in the grain size of the sample,
the number of grain boundaries, which act as a source
of the scattering of mobile carriers, is decreased [30].
The decreased scattering of carriers possibly gives rise
to the three-dimensional fluctuation-induced conductiv-
ity. At the annealing in nitrogen and oxygen, the im-
proved grain size and the higher carrier concentration
are the possible sources of an enhancement of coherence
lengths.

Lawrence and Doniach introduced the concept of in-
terlayer coupling in a vicinity of the critical temperature
via the Josephson coupling (i.e, J) [18]. The FIC (Ao)

is expressed as
—-1/2
9 2
wE e

Ao—(-E )
7= \16nd ) °

where £.(0) and d are the coherence length along the
c-axis and the interlayer separation, respectively. The
above equation reduces to the Aslamazov—Larkin equa-
tion with the approximations £.(¢) < d and &.(¢) > d
in 2D and 3D regions, respectively.

The J values (listed in Table 1) of the sample clearly
show an increasing trend with nitrogen-post-annealing.
It is because that, in oxide HT'SC’s, the values of ab-
plane coherence length are around 16 A. The dimension-
less parameter v = £,5(0)/&.(0) defines the anisotropy of
superconductors. The lower anisotropy of the nitrogen-
annealed sample is a possible reminiscence of the en-
hanced interplane coupling. During the oxygen-post-
annealing, the oxygen diffusion takes place at the in-
tergrain sites and within the grain; the former improves
the intergrain connectivity, while the latter enhances the
carrier concentration in conducting CuOs planes. This
factor is most likely to contribute to the enhancement of
the J values.

Finally, regarding the annealing in air, it is clear from
Table 1 that the parameters T., Ty, coherence length,
and inerplanar coupling are enhanced as compared with
the nitrogen- and oxygen-annealed samples, because air
contains roughly 78.09% nitrogen and 20.95% oxygen.

238

4. Conclusion

Excess conductivity data of Cug 5Ty 05Hgp.25-1234 su-
perconductor samples have been analyzed. In all the
samples, one crossover temperature and two distinct ex-
ponents have been observed. It is noted that our all sam-
ples are well fitted with the 2D & 3D AL. It is further
concluded that, at the annealing of the samples in ni-
trogen, oxygen, and air, the critical zero-resistivity tem-
perature, crossover temperature, coherence length, and
interplanar coupling are enhanced due to the optimum
carrier concentration, high connectivity of grains, and
large grain size. In addition, air is a mixture of nitrogen,
oxygen etc. Therefore, the above-mentioned parameters
have also been enhanced to a greater extent for the same
reason. Therefore, we can say that the superconducting
properties of Cug 5Ty 25Hgg.25-1234 have been enhanced
by the post annealing in nitrogen, oxygen, and air.
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14 BIAIIAJIY HA TIPOBIJIHICTH HAIIIPOBIIHUKA
(Cu(),5'1‘1(),25Hg()725)]3&2Ca3Cu4012_57 THIAYKOBAHY
OJIIVKTYALIAMUN

Babap 11la66ip, Adnan FOwnic, Hasasiw Anai Xan
PezowMme

V pamkax AciiamazoBa—Jlapkina Teopil poBigHOCTI, 1HIYKOBaHY
duykryanisvu (I11P), BU3HAYEHO HAYIMIIKOBY IIPOBIIHICTH 3pas-
kiB (Cug,5Tlo 25 Hgo,25)BaxCazgCusO12_5 cBikonpuroroBanux i
micys Bignmasy B a3oTi, KucHi Ta mosiTpi. 3a BuMmipamu [11® 3Ha-
#iieHo, o Iepexin BiZi TPUBUMIpPHOI 0 ABOBUMIpPHOI IIOBEIiHKN
daykTyaniit 3mMingyerscs 1o OiIbIIUX TeMIepaTyp Hicis Bigmasty,
L0 IPHUIIICYETHCS 30LIBIIEHHIO PO3MIpY 3€peH 1 GBIl KOHIEeH-
Tpanil HociiB y nposiguux CuOg nnomunax. Bingguadeno 36iabie-
HHsI IIIUPUHU TPUBHUMIpHOI obJiacTi micis Biamasy. I3 3acrocysan-
uaM piBusgab Jloypenca—/lomiaka oIjiHeHO JOBXKUHY KOI€PEHTHOCTL
Ta mapaMeTp MIXKIJIOIUHHOIO 3B’fA3KY, sIKi 3pOCTAIOTh BHACJIIIOK
Biammasmy.
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