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Abstract

The paper reports on the temperature dependencies of the electrical resistivity and the a.c. magnetic susceptibility of
the TlygBig.3Sr; gBap,CayCuzO, bulk superconductor measured in the area of the transition from the metallic to the
superconducting state. From the resistivity data, the onset temperature T¢ onset = 121.6 K, the critical temperature
Tes0% = 118.8 K, the zero resistance critical temperature obtained using £ = 10~6 V/cm criterion Tpo = 117.9 K, and the
width of superconducting transition A7 = 1.6 K were derived. The thermal fluctuations were examined using the formulae
for the conductance: Ac = K& ~* | and for the magnetic susceptibility: y = Ce™*, where Ao = 1/R(T)—1/Rp(T), & = |
(T — T,)/ T¢|, A is the critical exponent, and K and C are constants. The critical exponents in the transition region from the
normal to the superconducting state were determined and analyzed. The three-dimensional fluctuations were found to occur

in the vicinity of the zero-resistance critical temperature.
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1 Introduction

Phase transitions, which include the transition from the
metallic to the superconducting state, are accompanied by
critical phenomena which are characterized by singularities
of physical quantities where they go to zero or diverge.
This is a direct consequence of the correlation length &
diverging and becoming larger than every other physical
length scale, so the divergence of & dominates the physics.
In particular, thermal fluctuations (thermodynamic) occur
near the critical temperature. If the entropy dominates
the Ginzburg-Landau free energy, as the temperature
rises approaching the critical temperature, the fluctuations
proliferate. When the temperature is higher than the
critical temperature, i.e., in the normal state of the
superconductor, superconducting islands with sizes of
several coherence lengths appear. As we approach the
transition temperature, the superconducting islands grow
significantly and connect with each other so that the
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normal areas become islands. When we approach the
critical temperature from above, normal areas become small
islands. A large penetration depth A of 10°-10* A [1],
small coherence length & of 10 A [2], high anisotropy
[3, 4] as well as high critical temperatures considerably
enhance the role of thermal fluctuations in high-temperature
superconductors (HTS). After the discovery of HTS,
papers treating thermal fluctuation problems appeared, in
which the excess conductivity in the transition ranges for
yttrium- [5-7], bismuth- [8, 9], and thallium [10-12]-based
superconductors was most often studied.

In the critical region, there occur two types of
fluctuations: critical fluctuations at temperatures close to the
critical temperature and stochastic (Gaussian) fluctuations
above it. It has been shown that thermal fluctuations depend
on the applied magnetic field and the applied pressure [13—
15]. Also, two Gaussian regions were observed, one of them
being localized in the vicinity of the zero-resistance critical
temperature [16].

In this paper, we present and discuss a study of
critical exponents in the fluctuation region of a ceramic
Tlp.gBip.3Sr1.§Bag2Ca;Cuz Oy superconductor derived from
the electrical resistance and the a.c. magnetic susceptibility
measurements. We utilize the fact that electrical resistance
measurements allow us to study thermal fluctuations
above critical temperature while magnetic susceptibility
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measurements allow us to investigate them below critical
temperature. This provides a very interesting look at critical
exponents across the whole range where fluctuations play a
significant role.

2 Experimental

The sample of the ceramic thallium-based Tl gBip3Sr; gBag 2
CapCu30O, (1223) superconductor, partly substituted with
Bi for Tl1 and with Ba for Sr, was prepared in two
stages using a standard solid-state reaction technique
presented in the literature [17]. At the first stage, the
thallium-free precursor was obtained from the appropriate
amounts of CuQO, Bi;O3, SrCO3, BaCOj3, and CaCOs3. The
starting compounds were thoroughly mixed and ground
into a fine powder. Next the powder was calcined at the
temperature 880 °C for 20 h in air and then reground
into a fine powder. At the second stage, the amounts of
T1,0O3 and Bi;O3 appropriate for the starting composition
TlpgBig.3Sri gBag,CayCuzO, were added to the calcined
precursor powder and thoroughly mixed for 1 h. Then, the
powder was pressed into a pellet at the pressure of 0.6 GPa.
The pellet, wrapped in a silver foil, was then sintered at
the temperature of 910 °C for 20 h in the atmosphere
of flowing oxygen. Heating rates were 3 K/min up to
850 °C and 1 K/min up to 910 °C. Then, the sample was
cooled down to room temperature at the rate of 1 K/min.
To obtain a good homogeneity, the pellet was reground,
milled, repressed, and resintered at the same conditions. The
pellet was subsequently unwrapped from the silver foil and
annealed at 740 °C for 15 h in the atmosphere of flowing
oxygen. Then, it was cooled down to room temperature at the
rate of 1 K/min, as before. From the pellet, a cuboidal sample
was cut out with the dimensions of 4.0 x 4.7 x 0.25 mm>.

The measurement of the X-ray diffraction (XRD) of
the TI-1223 sample was carried out with the Empyrean
Panalytical diffractometer (CuKe radiation) at 300 K in
the 26 range from 2 to 100°. The electrical resistance
versus temperature was measured using the four-probe a.c.
method. The electrical contacts on the sample were made
by Leitsilber 200 silver paint, and their resistance after
curing at 300 °C was less than 0.8 Ohm. The dispersion
x’ and absorption x” parts of the a.c. susceptibility as a
function of temperature at the magnetic field amplitude of
20 mOe were measured by a standard mutual inductance
bridge operating at the frequency of 189 Hz. A Stanford SR
830 lock-in nanovoltmeter served both as a source of the
a.c. current for the primary coil producing the a.c. magnetic
field and as a voltmeter of the bridge. The temperature was
controlled with the accuracy of £0.05 K by a Lake Shore
temperature controller employing a chromel-gold-0.07% Fe
thermocouple for both experimental setups.

@ Springer

3 Results and Discussion

The X-ray diffraction pattern of the ceramic TlggBig3Sr; g
Bagp,CayCus0, is shown in Fig. 1. The diffraction spec-
trum was analyzed using FULLPROF software based on the
Rietveld method [18]. Analysis of the XRD patterns showed
that the sample contains two superconducting phases: the
majority 1223 superconducting phase with the critical tem-
perature T¢ 509, = 118.8 K as determined from resistance
measurement and a minority 1212 superconducting phase
that was not observed in either resistance or susceptibil-
ity measurements and which critical temperature reported
in the papers [19, 20] is of 100 K. The sample was found
to contain also small amounts of non-conducting phases:
CaCuy03, CaO, SrBiO3, and SrgCagCup404;.

The temperature dependence of the resistance is shown
in Fig. 2. From this measurement, the following values
of critical temperatures are obtained: the onset temper-
ature T¢onset = 121.6 K and the critical temperature
Tes0» = 118.8 K. The zero resistance critical tempera-
ture determined with the E = 10~° V/cm criterion (see
inset in Fig. 2) equals Teo = 117.9 K, and the width of
superconducting transition amounts to AT = Tcoop —
Tc10% = 1.6 K.

An important issue associated with thermal fluctuations
is the problem of the dimensionality of superconductivity.
The classical theory of fluctuations [21, 22] predicts
that in three-dimensional superconductivity, the excess
conductivity can be written as

T—T,\*
AUO(( ) (1)

C

with the critical exponent A = 0.5.
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Fig. 1 X-ray diffraction pattern of the Tl gBip3Sr| gBag2CayCuzO,
sample with CuKo radiation. (1) experimental data (open circle),
Rietveld’s analysis (solid line); (2) T1-1223 phase; (3) T1-1212 phase;
(4) CaCu03 compound; (5) CaO compound; (5) SrBiO3 compound;
(6) SrgCagCup404; compound; (7) differences
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Fig. 2 Temperature dependence of the resistance of the
TlogBip3Sr; sBap2CayCuszO, (1223) bulk superconductor. Inset:
illustration of the way of the zero critical temperature determination
using the E = 10~® V/cm criterion

Due to the large anisotropy, as well as the exceptional
broadening of the superconducting transition, HTS mate-
rials are described by a three-dimensional (3D) to two-
dimensional (2D) transition in the critical region. This
concerns the ceramics, single crystals as well as the thin
film samples [23-26]. A crossover from 2D to 1D was also
reported for Hg-T1 1223 ceramic superconductor [27]. The
excess conductivity of the lower-dimensionality supercon-
ductors could successfully be described by the theory [28],
which predicts A = 1 for the two-dimensional and A = 1.5
for the one-dimensional case in (1).

When the temperature is approaching the critical tem-
perature, the electrical conductance, magnetic susceptibil-
ity, specific heat, and other properties exhibit temperature
behavior which can be described by critical exponents.
Their values obtained from the experiments can be used
for a study of the superconducting fluctuations within the
critical region.

At the first stage, the critical exponents determined from
experimental data of the electrical resistance are considered.
The data have been analyzed within a simple model in which
the thermal fluctuations of the conductivity vary according
to a power law described by the formula:

Ao = Ke™, )

where ¢ = |%|, T. is the critical temperature, A is the
critical exponeﬂt, and K is a constant. The temperature
dependence of the excess conductivity is defined within the
Ginzburg-Landau mean field approximation [29] as

1 1

B0 = Ry T Re(hy’

3

where R(T) is the resistivity measured and Rg(T)
is the resistivity obtained by a linear extrapolation of
the experimental data from about 170 K down to the
temperature of the onset of the transition. The determination
of Ao involves the evaluation of Ry for temperatures close

to T, by extrapolation from a higher temperature in the
following way:

Rr(T) =R dR T 4
r(T) = o+(d—T>, @

where Ry and dR/dT are constants. This method of
determination of critical exponents was described in the
paper [30]. The critical exponent A is usually obtained from
(2) after the transformation to the logarithmic formula:

log Ac = —Aloge + const, 5)

where the critical exponent A is equal to the negative value
of the slope of the line fitted to the linear part of this
dependence. The function logAo substantially depends on
the definition of the critical temperature appearing in (2).
The linear parts of the dependence expressed by (5) were
used to derive the critical exponents.

The critical temperature 7T is well defined for the super-
conductors which have narrow transitions to the supercon-
ducting state. In high-temperature superconductors, how-
ever, the definition of 7, is more complicated because of
the broadening of the transition. In general, this critical
temperature is expected to be in the vicinity of the zero
resistance critical temperature, to include all the fluctuations
appearing within the transition. In the papers [3, 16, 31],
the authors accept the temperature for which the derivative
dR/dT reaches its maximum as a critical temperature and
usually denote it as T¢p, and substitute in the argument ¢ in
(2). The temperature dependence of the first derivative of
the resistance of the TlygBig3Sr; gBag,CayCuszO, (1223)
bulk superconductor and its fit with a single Gauss func-
tion is shown in Fig. 3. The peak position corresponds to
Tep = 118.7 K and is very close to T¢ 509, critical temper-
ature for this sample. The temperature T, is located in the
middle of the resistive transition. From this point of view,
the zero resistance temperature, 7co = 117.9 K, should be
taken as the critical temperature in the argument ¢ to study
whole fluctuations region. The relation corresponding to
(5) for the Tl gBig 3Sr; §Bag2Ca;CuzO, superconductor is
shown in Fig. 4. Two regions within the superconducting
transition were selected for the analysis, giving the expo-
nents A1 = 0.23 £ 0.05 in the temperature range [117.96 K,
118.74 K] and A = 2.12 £ 0.03 in the temperature range
[118.74 K, 123.56 K]. In the interval where the critical
fluctuations are observed, the full dynamical scaling theory
[32] predicts that the excess conductivity expressed by (2)
diverges at the critical temperature with the critical exponent
given by the formula

A=vQ2+z—-d+n) (6)

where v is the critical exponent for the coherence length,
z is the dynamical exponent, d is the dimensionality of the
fluctuations spectrum, and 7 is the exponent for the order
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Fig.3 Temperature dependence of the first derivative of the resistance
of the Tl gBip3Sr| gBag,CayCuzO, (1223) bulk superconductor and
its fit with a single Gaussian function

parameter of the correlation function. The thermodynamic
properties of superconductors in the critical region are the
same as predicted for the 3D-XY model. Following the
paper [33], one can substitute v = 2/3, z = 3/2, and
n = 0. Then, taking into account the calculated values of the
critical exponents, we can determine the dimensionality of
critical fluctuations. This dimensionality (d.) in the critical
region is

de=(T-31)/2 (7)

As mentioned above, in the temperature region above
the critical temperature, the critical exponents are usually
dominated by stochastic (Gaussian) fluctuations. The
Ginzburg-Landau mean field theory predicts that v = 1/3,
z = 2, and n = 0. Thus, following the paper [21, 22],
the dimensionality (dg) of stochastic (Gaussian) fluctuations
can be described as follows

dy =4 -3 (8)

log o

log €

Fig. 4 Dependence of logAo versus log ¢ for bulk
TlogBip3Sr; gBag2Ca;CuszOy with straight lines fitted to the lin-
ear regions giving A; and A, critical exponents. The zero critical
temperature 7o = 117.9 K was used to derive ¢
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For the first region, the closest to the zero resistance critical
temperature 7o, we find that the value of critical exponent
A1 is 0.23. Assuming that this region is dominated by
critical fluctuations [19, 20], using (7), we evaluated the
dimensionality of the fluctuations in the first region at
dc1 = 3.16. This result is in a good agreement with the
assumption of 3D-XY universality class for our case. The
second critical exponent A, = 2.12 is too large to be
considered and analyzed within this theory. To compare
the effect of critical temperature versus the argument £ on
the values of critical exponents, a log-log calculation was
made for the critical temperature at which the maximum
dR/dT is observed. The graph illustrating (5), in which the
argument ¢ contains the critical temperature T, = 118.7 K
that has been set as the position of the peak of dR/dT,
is shown in Fig. 5. As previously, the two regions of the
superconducting transition were selected for the analysis,
giving the respective exponents: A1 = 0.22 £ 0.05 in
the temperature range [118.74 K, 119.12 K] and A, =
1.24 + 0.02 in the temperature range [119.20 K, 121.94 K].
The critical exponents XA in the region close to the critical
temperature are virtually the same. However, A, decreases
from 2.12 to 1.24 when the critical temperature increases
from 117.8 to 118.7 K. While critical exponent 2.12
cannot be interpreted within the present phase transition
theories, the value of 1.24 indicates that, according to the
theory described in papers [21, 22, 28], we can deal with
fluctuations between 2D and 1D case.

At the second stage, the critical exponents were
determined from the a.c. susceptibility data. These data
were analyzed within a simple approach in which the
fluctuations of the magnetic susceptibility are described
within a power law that can be written in the following way:

x=Cet, ©
25F
-3.0F /
N 1,=0.22
8 35}
1,=1.24
40}
T,=118.7K %
-3.5 -3.0 -2.5 -2.0 -1.5
log e
Fig. 5 Dependence of logAo versus log ¢ for bulk

TlogBip3Sr; sBag2Ca;Cuz O, sample with straight lines fitted to the
linear regions giving A; and X, critical exponents with the critical
temperature Tcp, = 118.7 K used to derive ¢
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Fig. 6 Dispersion (a) and absorption (b) components of a.c suscep-
tibility of TlygBig3Sr; gBag2Ca;CuzO, superconductor measured at
the a.c. magnetic field amplitude of 2 mOe. Inset: the inter-grain crit-
ical temperature 7, = 117.2 K obtained from the point in which the
non-zereo x’ appears

T;T” , Tc is the critical temperature, A is the

critical exponent, and C is a constant.

The a.c. susceptibility can be written as a complex
number by the formula

where ¢ = ‘

x=x"+ix", (10)
where x’ is the dispersion and x” is the absorption part of
the a.c. susceptibility and i> = —1.

Experimental data for these components of the suscep-
tibility are shown in Fig. 6a, b, respectively. The measure-
ments were done at the a.c. magnetic field amplitude of
20 mOe. One can notice a small width of the transition
to the superconducting state which is consistent with the
result obtained from the resistance vs. temperature measure-
ment. The inter-grain critical temperature 7, = 117.2 K is
taken from the point in which the non-zero x’ appears (see
the inset of Fig. 6a). In the analysis according to (9), the
modulus of the a.c. susceptibility is defined as:

mod(x) =/ (x)?+ (x")?,

The modulus of the measured components of a.c. suscep-
tibility is presented in Fig. 7 as a function of temperature.

an

H,.=20 mOe

modulus y (a.u.)
0000 © ) oood»o.

12 114 116 118 120
T (K)

Fig. 7 Modulus of the parts of the a.c. susceptibility measured as a
function of temperature

The critical exponent X is derived from (9) which can be
converted to the following formula

log(mody) = —Aloge + const, (12)

where the critical exponent A, defined as previously, is equal
to the value of the slope of the line fitted to the linear parts
of this dependence.

The relation obtained from (12) for the Tl gBig 3Sr; gBag»
CayCu30, superconductor is shown in Fig. 8. For the
analysis, two regions within the superconducting transition
were selected and they give the critical exponents A3 =
0.30 % 0.18 for the temperature range [116.91 K, 117.15 K]
and A4 = 2.48 £ 0.07 for the temperature range [116.33 K,
116.91 K]. The zero critical temperature 7oo = 117.2 K
was used to derive &. In the vicinity of the critical
temperature, the critical fluctuations also show three-
dimensional character, d;; = 3.05, which is in a good
agreement with the 3D-XY universality class. It is worth
noting that the critical exponents derived close to the

log (modulus y)

log €

Fig. 8 Log(modulus (x)) versus log(e) for the bulk
TlogBip3Sr; gBag2Ca;CuszOy with straight lines fitted to the linear
regions providing A3 and X4 critical exponents. The zero critical
temperature 7o = 117.2 K was used to derive ¢
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Table 1 Critical exponents

obtained both from the Critical exponents

Temperature range (K)

conductivity and the

susceptibility data together
with the temperature ranges in Al
which they were derived from A

From conductivity data for 7cp, = 118.7 K

A
A2

From susceptibility data for 7, = 117.2 K

A3
Agq

From conductivity data for 7,o = 117.9 K

0.23 £ 0.05 (117.96, 118.74)
2.12 £0.03 (118.74, 123.56)
0.22 +£0.05 (118.74 K, 119.12 K)
1.24 £0.02 (119.20 K, 121.94 K)
0.30 £0.18 (116.91, 117.15)
2.48 £0.07 (116.33, 116.91)

critical temperature from both the susceptibility (slightly
below T.) as well as the resistance (slightly above T¢)
measurements are close to each other: A3 = 0.30
and A1 = 0.23 respectively. All the obtained critical
exponent values are collected in Table 1. They show that
in the bulk Tl gBig3Sr;.§Bag2Ca;CuzO, superconductor,
three-dimensional behavior of superconductivity around
the critical temperature occurs. Surprisingly, the critical
exponents derived from the region farther from the critical
temperature, both below and above it, have comparable
values: A4 = 2.48 and Ap = 2.12 respectively. When the
temperature decreases, the resistance decreases due to new
percolation paths formed through the weak links (Josephson
junctions). Therefore, in this region, the fluctuations with
the Cooper pairs that flow through the intergranular area are
concerned. Below the critical temperature, the susceptibility
signal is mainly related to the grain interiors, so the
respective Cooper pair fluctuations are related to the intra-
granular regions. As described in several papers [5, 27,
34, 35], the critical exponents bigger than 1.5 do not find
reliable theoretical explanations. In several works [36-38],
one can find suggestions that such high values of critical
exponents are related to the properties of the Josephson
junction. It means that the granular structure of the HTS is
the most likely responsible for the large spectrum of their
parameters observed.

4 Summary and Conclusions
The results of this work can be summarized as follows:

1. The temperature dependencies measured for the elec-
trical conductivity and the a.c. susceptibility enabled
us to study the transition from normal to the super-
conducting state for the Tl gBig3Sr; gBag2Ca;Cuz O,
bulk superconductor with the critical temperature
T:50% = 118.8 K and the width of superconducting
transition AT = 1.6 K.
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In the electrical conductivity data, the two regions
within the superconducting transition are distinguished,
giving the exponents A1 = 0.23 £ 0.05 and A, =
2.12 £ 0.03. For the first region, the closest to the
zero critical temperature T¢q, the critical exponent Aj
value reveals the three-dimensional character of the
fluctuations. The second critical exponent A = 2.12
is too large to be analyzed and explained within
the present theories. If the temperature at which the
dR/dT reaches the maximum is set as the critical
temperature, the following values of the critical
exponents are obtained: A; = 0.22 £+ 0.05 and
XA = 1.24 £ 0.02. The critical exponents Aj in
the region close to the critical temperature are nearly
the same. However, A, decreases from 2.12 to 1.24
when the critical temperature increases from 117.8 to
118.7 K. The value of 1.24 can be interpreted within
the theory described in papers [21, 22, 29] and can
possibly be related to fluctuations between 2D and 1D
cases

In the a.c. magnetic susceptibility data also two
regions within the superconducting transition were
distinguished, giving the critical exponents: A3 =
0.30 £ 0.18 and A4 = 2.48 + 0.07. In the vicinity
of the critical temperature, the critical fluctuations
with the exponent A3 show also three-dimensional
character, which is in a good agreement with the 3D-XY
universality class.

The critical exponents derived from the region close
to the critical temperature for both the susceptibility
(slightly below T¢) as well as the electrical resistance
(slightly above T¢) data are close to each other: A3 =
0.30 and 1| = 0.23 respectively.

The large values of the critical exponents in the region
farther from the critical temperature, like A4 = 2.48
and A, = 2.12, obtained in the region farther from the
critical temperatures are not explainable within current
theories. However, their values depend on the choice
of critical temperature and, for T, = 118.7 K, the
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critical exponent obtained, A = 1.24, can be related to
fluctuations between 2D and 1D cases.
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