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Fluctuation induced conductivity (FIC) analysis on dc resistivity versus temperature data of as-prepared and
oxygen post-annealed TIBax(Caz-yMgy)CuzOy05 (y = 0, 0.25, 0.5, 0.75, 1.0) superconductor samples are carried
out by using Aslamazov-Larkin model for excess conductivity. The microscopic parameters such as zero tempera-
ture coherence length along c axis {&.(0)}, interlayer coupling (J), intergrain coupling (o), critical exponent (1) and
dimensionality of superconducting fluctuations are calculated with the help of aforementioned model. The crossover
temperature (To) is shifted towards higher temperature values with the increase of Mg contents up to y = 0.5 and
then start to decrease but still remains greater than those values of undoped samples. The increase in &¢(0) and J af-
ter Mg-doping at Ca sites shows the improvement of interplane coupling in TIBay(Caz_yMgy)CuzO10-5 samples.
The appreciable change in all the microscopic parameters extracted from the FIC analysis indicates the optimiza-
tion of oxygen in all the oxygen post-annealed samples. The increase in relative intensity of almost all the oxy-
gen modes indicates the oxygen diffusion in the unit cell after oxygen post-annealing. The diffusion of oxygen
can take place at intergranular sites along with intragranular sites, which increases the grains size, intergrain

connectivity and carrier density in CuO; planes.

PACS: 74.72-h Cuprate superconductors;

74.62.Bf Effects of material synthesis, crystal structure, and chemical composition.

Keywords: TIBap(Caz-yMgy)Cuz010-5 superconductor, Mg-doping, excess conductivity, post-annealing.

1. Introduction

Thallium based high-T. superconductor family was dis-
covered in 1988 by Sheng and Hermann [1-3]. All of the
Tl-based compounds can be described by the general formula
TImA2Can-1CunO2n+m+2 Where m = 1, 2, n =1, 2, 3, 4, 5;
A = Ba, Sr. The compound with m =1 and m = 2 are usual-
ly referred to single and double TI-O layered compounds,
respectively. In double layered thallium-based compounds,
TI,BaxCu1Op,  TIoBapCaiCupOg— TlaBapCapCu3zOgg,
TloBayCazCuy012, and TloBaxCasCus014 are major phases
which can be simply represented as TI-2201, TI-2212,
TI1-2223, T1-2234, and TI-2245 with critical temperature
of 95, 118, 127, 112, 105 K, respectively [4,5]. These ma-
terials exhibit tetragonal symmetry with P4/mmm space
group. These compounds can be generally represented
by TI-22(n — 1)n, where “n” represents the number of
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CuO3y planes. On the other hand, the monolayer Tl-based
system includes TIBapCa;Cuy0O7, TIBapCaxCu3Og,
TIBapCazCug011, and TIBapCasCus013 superconductor
phases, which can be represented as TI-1212, TI-1223,
TI-1234 and TI-1245 with critical temperatures 103, 123,
112 and 107 K, respectively [6-14]. The single TI-O layer
compounds have primitive tetragonal structure. The higher
superconducting properties of single layer thallium-based
compounds make them preferable over double layer thalli-
um-based compounds [9-14].

Almost all the compounds of high-T superconducting
families have anisotropic behavior in their transport pro-
perties due to their layered structures [15-18]. The aniso-
tropic nature promotes fluctuations in the order parameters
due to competing effects of different coherence lengths
(along c axis and ab plane) during transport processes in
these materials. The charge carriers have to tunnel across
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the insulating/partially insulating barriers along the ¢ axis
and across the grain boundaries during the transport pro-
cess, which promotes fluctuations in the order parameters.
The fluctuations induced conductivity (FIC) analysis is one
of the experimentally accessible methods just shedding
light on the normal state transport properties of high-T¢
oxides. Just above TO™®! the resistivity p(T) is affected
by superconducting fluctuations resulting in noticeable de-
viation of p(T) down from its linear dependence at higher
temperatures. In the present work, we have tried to unfold
the correlation between different microscopic superconduct-
ivity parameters of single layer thallium-based Mg-doped
TIBay(Cap_yMgy)Cu3O10-5 (y = 0, 0.25, 0.5, 0.75, 1.0)
samples near the transition temperature region. The moti-
vation behind this work is to explore how the insulating
charge reservoir layer affects the superconducting proper-
ties after interplane coupling by Mg-doping at Ca sites. For
this purpose fluctuation induced conductivity has been
carried out on dc resistivity versus temperature data. Ex-
cess conductivity arises due to superconducting fluctua-
tions [19-23] above the transition temperature in super-
conductors. There are two models for the polycrystalline
samples that can explain the fluctuations in intergrain and
intragrain regions. The first model proposed by Aslamasov
and Larkin (AL) is associated with fluctuations in inter-
grain and intragrain regions [23], while the second was
developed by Lawrence and Doniach (LD), which can be
used only for description of fluctuations in intragrain re-
gion [24] of cuprates. The excess conductivity is generally
analyzed by using these two models.

According to AL model, the excess conductivity Ac is
given by

AcpL =C e_k, 1)

where A is the critical exponent related to the dimension of
superconducting fluctuations and C is the fluctuation am-
plitude in 2D and 3D regions:

o2
=——, A=1for2D, 2
16xd
o2
C=——, A=0.5for3D, (3)
32n&. (0)

where e is the electronic charge, £¢(0) and d are the zero
temperature coherence length along the ¢ axis and the in-
terlayer separation, respectively.

The FIC in 2D and 3D regimes can be calculated as

2
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where Tcmf is the mean field critical temperature and is
determined from o > versus T (K) plot [25]. The dimen-
sional exponent A is found from the slope of In (Ac) versus
Ine plots. It is seen that 2D to 3D crossover is mainly
found at a particular temperature (To) well above the criti-
cal temperature, which is different for different samples.

Lawrence—Doniach introduced the concept of interlayer
coupling in the neighborhood of the critical temperature
via Josephson coupling [24]. According to the LD model
for layered superconductors, the excess conductivity Ac|p
due to superconducting fluctuations is expressed as

2 2
Ao p = (12%] gt {1+ (—ZE’Z(O) j } : ()

where &c(0) and d are the coherence length along ¢ axis
and the interlayer separation, respectively. The LD model
predicts that near T¢ a crossover of the dimensionality of
the fluctuations occurs and is given by

2
(50 ®

The second term is the interlayer coupling strength,
which is related to the reduced temperature ¢ by J = ¢ /4.
The LD model suggests a change from 2D to 3D behavior
at T, which can be determined from the experimental data
by extrapolation of straight lines and taking a crossover
point.

The excess conductivity induced by superconducting
fluctuations is given by

Ac=0(T)—on(T)=1/p(T) =1/ pn(T), )

where p(T) represents experimentally measured resistivity,
while pn(T) is the extrapolated resistivity which is calculat-
ed by the following equation:

pn(T) = o+ BT, (10)

where a is an intercept at 0 K and B is a slope of straight
line on the normal state resistivity curve.

2. Experimental details

The superconducting TIBaz(Caz-yMgy)CuzO10-5 (y = 0,
0.25, 0.5, 0.75, 1.0) samples were prepared by the solid-
state reaction method accomplished in two stages. At the
first stage Bay(Cap_yBey)Cu3O10_s precursor material was
prepared by thoroughly mixing Ba(NO3)2, Ca(NO3)2,
MgO and Cu(CN) compounds in a quartz mortar and pestle
in appropriate ratios. The mixed material loaded in a quartz
boat was fired twice at 860 °C for 24 h in a preheated fur-
nace. After 24 h heat treatment, the furnace was switched
off and the precursor material was cooled down to room
temperature. At the second stage, thallium oxide (TI>03)
was mixed with precursor material and was ground for
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about an hour. TI,O3 mixed material was pelletized under
3.8 tons/cm’ pressure and the pellets were enclosed in gold
capsules. The pellets enclosed in gold capsules were sin-
tered at 860 °C for about 10 min and then quenched to
room temperature. The samples were characterized by dc-
resistivity and ac-susceptibility measurements [26]. The
structure of the material was determined by x-ray diffrac-
tion (XRD) scan from Rigaku x-ray diffractometer using a
CuK,, source of wavelength 1.54056 A and the cell param-
eters were calculated by using the cell refinement com-
puter program. Fourier transform infrared (FTIR) absorp-
tion measurements are analyzed to investigate the changes
in oxygen phonon modes. FTIR absorption measurements
were performed by using a Nickolet TM5700 spectrome-
ter. The spectral resolution was 4 cm™ and 200 scans for
the background (KBr) and samples spectra were taken. The
post-annealing of the samples in flowing oxygen was car-
ried out in a tubular furnace at 500 °C for 6 h.

3. Results and discussion

X-ray diffraction patterns of TIBay(Cap_yMgy)Cu3O10-5
(y = 0, 0.75) are shown in Fig. 1. Most of the XRD peaks
are indexed according to the tetragonal structure following
P4/mmm space group with cell parameters a = 4.22 A and
¢ = 15.20 A for the samples withy = 0 and a = 4.19 A and
¢ = 15.12 A for the samples with y = 0.75. The decrease of
axes lengths with Mg-doping manifests that the anisotropy
of the final compound is decreased [27,28]. The role of
phonon modes associated with the various oxygen atoms in
the unit cell of cuprates are considered to be highly signifi-
cant in the mechanism of superconductivity. The FTIR ab-
sorption spectra of as-prepared TIBay(Caz-yMgy)CuzO10-5
(y =0, 0.25, 0.5, 0.75, and 1.0) samples are shown in
Figs. 2(a), (b). The modes of vibration related to the apical
oxygen atoms are observed at around 400-450 cm_l, CuOy
planar oxygen atoms around 500-550 cm™t and Og atoms
in the CugsTlpsBayO4_s charge reservoir layer around
600650 cm + in CuTI-1223 samples [29,30]. In Mg free
TI-1223 samples, the apical oxygen mode TI-Oa-Cu(2) is
observed at around 453 cm ~. The CuO; planar oxygen
mode is observed at around 547 cm_1 and the O mode of
oxygen in TIBa%O4_5 charge reservoir layer is peaked at
around 607 cm . The relative intensities of almost all the
oxygen modes have been increased with the increase of Mg
content in TIBay(Caz_yMgy)Cuz010-5 samples. The increase
in the intensity of the Og mode indicates that the oxygen
content has been increased with the increase of Mg-doping
in TIBay(Caz-yMgy)Cu3z010-5 samples. The position of
apical oxygen mode remains almost the same but the CuO
planar oxygen mode and Og mode are systematically sof-
tened from 547 to 528 cm * and 607 to 594 cm™* with the
increase of Mg-doping, respectively, as shown in Fig. 2(a).
The FTIR absorption measurements of oxygen post-an-
nealed TIBay(Cap_yMgy)CuzO10-5 samples are shown in
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Fig. 1. XRD patterns of TIBay(Caz_yMgy)CuzO10-5 (y = 0, 0.75)
superconductor samples.

Fig. 2(b). The apical oxygen mode TI-Oa—Cu(2) have been
observed at around 428-458, 428-460, 429-457, 428-457,
and 428-457 cm_l, CuOy planar oxygen modes are ob-
served at around 546, 549, 534, 546, and 536 cm_1 and Og
mode in the charge reservoir layer are observed at around
596, 591, 577, 570, and 572 cm * for y =0, 0.25, 0.5, 0.75,
and 1.0, respectively. The apical oxygen modes almost re-
mained at the same positions (i.e., at around 428-457 cm_l)
but relative intensity has been increased after oxygen post-
annealing in all the samples. The increased intensity of
almost all the oxygen modes indicates the oxygen diffusion
in the unit cell after oxygen post-annealing. The diffusion
of oxygen can take place at intergranular sites along with
intragranular sites, which increases the grains size,
intergrain connectivity and carrier density in CuO> planes.
The dc electrical resistivity of TIBay(Caz_yMgy)CuzO10-5
(y =0, 0.25, 0.5, 0.75, 1.0) samples was measured using
the conventional four-point probe method. The samples
were cut in slab form with dimensions of 1.2x1.0x7.0 mm
and they were fixed on a sample holder. Four low-electric
resistance contacts were made on the samples with silver
paint. The fluctuation induced conductivity analysis on the
resistivity vs temperature data of TIBay(Caz-yMgy)CuzO10-s
samples are carried out by using Aslamazov-Larkin model
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Fig. 2. FTIR absorption spectra of TIBay(Car_yMgy)Cu3010_3
(y=0, 0.25, 0.5, 0.75, and 1.0) superconductor samples: as-pre-
pared (a) and oxygen post-annealed (b).

in the mean field regime. The value of Ayp and Agp for as-
prepared and oxygen post-annealed samples are given in
Tables 1 and 2, respectively. The microscopic parameters
such as crossover temperature (To), mean field critical
temperature (Tcmf), zero temperature coherence length
along c axis {€c(0)}, interlayer coupling (J) are observed to
be improved with the Mg-doping up to y = 0.5 and then

slightly decreases but remains greater than those of undop-
ed samples. The decrease in the values is not appreciable.
At higher doping level of Mg, it can be expected that Mg
may agglomerates at grain-boundaries and causes scatter-
ing. Therefore, superconducting properties decrease at
higher doping level of Mg in the TIBapCapCu3O10-g Su-
perconductor. The decreased value of “a” after oxygen
post-annealing shows the improvement of intergrain con-
nectivity in Mg-doped TIBay(Caz-yMgy)Cu3O10-5 sam-
ples. Moreover it is also witnessed that oxygen has been
intercalated in our post-annealed samples.

The plots of In(AcaL) versus Ine of as-prepared
TIBay(Cap_yMgy)Cuz010-s samples for y = 0, 0.25, 0.5,
0.75, 0.1 are shown in Fig. 3. In the insets of Fig. 3 are
shown the experimentally measured dc resistivity, derivative
(dp/dT) of dc resistivity versus temperature, and the straight
line extrapolated from the room temperature (290 K) normal
state resistivity to 0 K. The values of Tcmf for the as-
prepared samples are determined from the tangent drawn
on the o 2 versus T curves, Fig. 3(f). The fitting of experi-
mental curves shows the existence of two different fluctua-
tion regions in these samples. The values of critical expo-
nent (1) derived from the slopes of sample withy = 0 is
found to be 0.51 and 1.08, which correspond to 3D and 2D
AL fluctuations, respectively. Also, the value of A were found
to be (0.49, 1.09), (0.5, 1.05), (0.49, 1.14) and (0.52, 1.03)
with y = 0.25, 0.5, 0.75, and y = 1.0, respectively, for 3D
and 2D fluctuations. There is a crossover temperature at
which fluctuations have been changed from 2D to 3D in
low-temperature region. The plots of In (Acar) versus In g

Table 1. The superconductivity parameters observed from the FIC analysis of as-prepared TIBay(Caz_yMgy)CuzO10-5 (¥ = 0, 0.25,

0.5, 0.75, 1.0) superconductor samples

f —
Pn(290 K), TC! TO! Tcm ) o= Pn(OK)x 7‘3D 7"ZD éc (O), 2,42
Sample =[2
P Q.cm K K K Q-cm slope slope A I =[50/

y=0 0.031 102 107.37 | 104.10 0.0067 0.51 1.08 1.712 0.052
y=0.25 0.014 106 111.38 | 107.9 0.0113 0.49 1.09 1.689 0.050
y=05 0.012 115 13552 | 116.53 0.0063 0.5 1.05 3.244 0.187
y=0.75 0.040 103 108.37 | 104.68 0.0094 0.49 1.14 1.704 0.051
y=1.0 0.031 101 111.38 | 103.37 0.0149 0.52 1.03 2.397 0.102
Table 2. The superconductivity parameters observed from the FIC analysis of oxygen post-annealed TIBay(Caz_yMgy)Cu3zO10-5

(y=0,0.25, 0.5, 0.75, 1.0) superconductor samples
f -
pn(290 K), Te To, Tcm .| @=pn(0K), 3D el & (0), 2,.2

Sampl =

ample Q.cm K K K Q.cm slope slope A [25:(0)1°/d

y=0 0.0679 102 106.36 | 103.18 0.0173 0.5 1.4 1.719 0.0525
y=0.25 0.0158 116 132.45 | 117.78 0.0135 0.52 0.77 2911 0.1507
y=0.5 0.0499 111 116.40 | 113.23 0.0048 0.5 1.55 1.753 0.0546
y=0.75 0.0713 97 101.34 | 99.07 0.024 0.51 1.14 2.528 0.1136
y=1.0 0.0432 108 113.91 | 109.98 0.0136 0.49 11 1.6081 0.0459
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Fig. 3. In (Ac) versus In ¢ plot of as-prepared TIBa;Cap_yMgy CuzO10_5 samples: y = 0 (), 0.25 (b), 0.5 (c), 0.75 (d), 0.1 (e). (In the
insets are shown the experimentally measured dc resistivity p(Q2-cm), derivative (dp/dT) of dc resistivity versus temperature, and the
straight line extrapolated from the room temperature (300 K) normal state resistivity to 0 K). The tangent drawn on the o 2 versus T (K)
curves of as-prepared TIBap(Cap_yMgy)Cu3zO10-5 (y = 0, 0.25, 0.5, 0.75, and 1.0) superconductor samples (f).

of oxygen-post annealed TIBay(Caz-yMgy)Cu3O10-5 sam-
ples fory =0, 0.25, 0.5, 0.75, 0.1 are shown in Fig. 4. Also
in the insets of Fig. 4 are given the experimentally meas-
ured resistivity, derivative of dc resistivity versus tempera-
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Fig. 4. In (Ac) versus In ¢ plot of oxygen post-annealed TIBa;Caz_yMgy CuzO1q-5 samples: y = 0 (a), 0.25 (b), 0.5 (c), 0.75 (d), 0.1 (e).
(In the insets are shown the experimentally measured dc resistivity p(Q-cm), derivative (dp/dT) of dc resistivity versus temperature, and
the straight line extrapolated from the room temperature (300 K) normal state resistivity to 0 K). The tangent drawn on the o % versus
T (K) curves of oxygen post-annealed TIBay(Cay_yMgy)CuzO105 (y = 0, 0.25, 0.5, 0.75, and 1.0) superconductor samples (f).

Fig. 4(f). The values of A deduced from the slopes are The microscopic parameters such as crossover tempera-
found to be (0.5, 1.4), (0.52, 0.77), (0.5, 1.55), (0.5, 1.14)  ture (Ty), zero resistivity critical temperature (T¢), coher-
and (0.49, 1.1) for y = 0.25, 0.5, 0.75, and 1.0, respectively,  ence length along c axis () and coupling constant (J) ex-
corresponding to 3D and 2D fluctuations. tracted from the fitting of excess conductivity data of as-
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prepared and oxygen post-annealed samples are given in
Tables 1 and 2, respectively. The widths of these fluctua-
tion regions are given in Tables 3 and 4. It can be seen
from the data that T, has been shifted toward higher tem-
perature with Mg-doping. On the other hand, {&c(0)} and J
have been improved with Mg-doping, which show that
interlayer coupling is increased in these samples. The im-
provement in the value of &; makes us to conclude that our
samples become more isotropic with Mg-doping as com-
pared to undoped samples.

The values of the critical exponent (A3p) for as-prepared
samples are 0.51, 0.49, 0.5, 0.49 and 0.52 in the temperature
regime of 105.36-107.37, 108.37-110.38, 118.46-135.52,
105.36-106.36 and 104.35-106.36, respectively, as given
in Table 3, while for oxygen post-annealed samples are 0.5,
0.52, 0.5, 0.5 and 0.49 in the temperature range of
103.35-105.36, 118.40-120.41, 113.31-114.39, 99.34-101.34
and 110.38-111.38, respectively, as given in Table 4. The
shift of 3D regime to higher temperature indicates that Mg-
doping increases the grain size resulting in the improve-
ment of T, and T,. The values of the critical exponent
(Aop) for as-prepared samples are 1.08, 1.09, 1.05, 1.14
and 1.03 in the temperature regime of 107.37-138.47,
111.38-116.40, 135.52-154.60, 106.36-129.44 and
106.36-147.50, respectively, while for oxygen post-an-
nealed samples are 1.4, 0.77, 1.55, 1.14 and 1.1 in the tem-
perature regime of 105.36-135.46, 120.41-154.53,
114.39-129.44, 101.34-124.42, 111.38-147.50, respec-
tively.

The superconductivity has been increased due to im-
proved interplane coupling by the substitution of Mg at Ca
sites in between the CuO; planes and oxygen post-annealing
experiments are carried out for further improvement of
superconducting properties of TIBay(Cap_yMgy)Cuz010-5
samples.

4, Conclusions

A series of superconducting T1Bay(Caz_yMgy)CuzO10-5
(y =0, 0.25, 0.5, 0.75, 1.0) samples were successfully syn-
thesized by solid state reaction method. The excess con-
ductivity Ac derived from the dc resistivity measured data
to be fitted very well with 3D and 2D Aslamasov-Larkin
equations. The crossover temperature (Tg) is shifted to-
wards higher temperature values with the increased Mg-
doping concentration up to y = 0.5 and then slightly de-
creases but remains greater than those of undoped samples.
The width of the temperature window in 3D conductivity is
increased with the incorporation of Mg in almost all as-
prepared samples. The increase in the value of &; and J
with Mg-doping indicates that these samples become less
anisotropic and interlayer coupling has been improved.
The value of a has been decreased after oxygen post-
annealing with the increase of Mg-content, which showed
that intergrain coupling has been further improved. The ap-
preciable change in all the microscopic parameters extract-
ed from the FIC analysis verifies the oxygen incorporation
in all post-annealed samples. The increase in relative inten-
sity of almost all the oxygen modes indicates the oxygen

Table 3. Widths of critical 3D and 2D fluctuation regions observed from fitting of the experimental data of as-prepared
TIBay(Cap_yMgy)Cuz019-5 (y = 0, 0.25, 0.5, 0.75, 1.0) samples using AL model

ApT, K

In € (range in 2D)

Sample Ap T, K In € (range in 3D)
y=0 105.36-107.37 -44<Ing<-3.46
y=0.25 108.37-110.38 -54<Ing<-3.77
y=05 118.46-135.52 -40<Ing<-1.81
y=0.75 105.36-106.36 -5.03<Ilng<-4.12
y=1.0 104.35-106.36 -46<Ing<-354

107.37-138.47

111.38-116.40

135.52-154.60

106.36-129.44
106.36-147.50

-346<Ine<-1.07
3.77<Ing<-254
-181l<Ilne<-1.11

-412<Ing<-1.44
-354<Ing<-0.85

Table 4. Widths of critical 3D and 2D fluctuation regions observed from fitting of the experimental data of oxygen post-annealed
TIBay(Caz_yMgy)Cuz010-5 (y = 0, 0.25, 0.5, 0.75, 1.0) samples using AL model

In € (range in 3D)

Ap T, K

In € (range in 2D)

Sample Ap T, K
y=0 103.35-105.36
y=0.25 118.40-120.41
y=0.5 113.31-114.39
y=0.75 99.34-101.34
y=1.0 110.38-111.38

—6.37<Ine<-3.85
-5.23<Ine<-3.79
—6.55 <In e <-4.57

-5.89<Ine<-3.77
—5.61<Ine<-4.36

105.36-135.46

120.41-154.53

114.39-129.44

101.34-124.42
111.38-147.50

-3.85<Ine<-1.16

-3.79<Ilne<-1.16

—-457<Ine<-194

-3.77<Ilne<-1.36
—4.36 <lne<-1.05

Low Temperature Physics/Fizika Nizkikh Temperatur, 2014, v. 40, No. 3

265



M. Mumtaz, M. Zubair, Nawazish A.

Khan, and Saleem Abbas

diffusion in the unit cell after oxygen post-annealing
the samples. The diffusion of oxygen can take place
at intergranular sites along with intragranular sites, which
increases the grains size, intergrain connectivity and carrier
density in CuO» planes and all these factors play the signif-
icant role in improving the superconducting properties
of the material.
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