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Abstract Polycrystalline samples of RE1−2xCaxMxBa2

Cu3O7−δ with RE = Nd, Y and M = Pr, Th (with 0.0 ≤
x ≤ 0.10), superconductors were prepared by the standard
solid-state method. Resistivity was measured as a function
of temperature and doping concentration x. Excess conduc-
tivity was analyzed using the modified Lawrence-Doniach
(LD) expressions. The fluctuation regions, crossover tem-
peratures, coherence lengths, and effective layer thickness
were obtained and the values were compared for both sam-
ples. For both samples, it was found that with increasing
doping, the crossover temperatures were reduced, while the
coherence length decreased. The upper critical field and crit-
ical current density were increased with increasing doping
concentration due to the introduction of disorder and the
enhancement of flux pinning by charge neutral doping. Fur-
thermore, the coherence lengths of the Nd-based samples are
larger than that for the Y-based samples by a factor 2. It was
found that the value of critical current density in Nd(CaPr)-
123 is higher than Y(CaTh)-123, from which it is suggested
that CaPr doping is more effective than CaTh doping.
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1 Introduction

Since the discovery of the high-critical-temperature (high Tc)
cuprate superconductors [1], a large number of studies have
been performed to understand the mechanism of high-Tc su-
perconductivity. In spite of many efforts, however, the mech-
anism of high-Tc superconductivity still remains unclear.
The observed deviation from the linear relation between re-
sistivity and temperature above Tc in high-temperature su-
perconductors, which is called excess conductivity, has been
explained on the basis of fluctuations in the superconduct-
ing order parameter. The Cooper pairs are simultaneously
formed and broken as the temperature approaches Tc. The
formation of these Cooper pairs may give rise to excess con-
ductivity of the carriers.

There are two main sources of excess conductivity. The
first is the formation of Cooper pairs above the critical
temperature, arising from the fluctuation-induced conduc-
tivity, as given by the Aslamasov-Larkin (AL) contribu-
tion [2], which is explained by the Lawrence-Doniach (LD)
model [3]. It predicts a crossover from the three-dimensional
(3D) electronic state of the system to the two-dimensional
(2D) state with increasing temperature. In oxide supercon-
ductors, the AL term dominates close to Tc. The second
source of excess conductivity relates to the effect of su-
perconducting fluctuations on the conductivity of normal
electrons, given by the Maki-Thompson (MT) contribu-
tion [4, 5]. The MT term depends largely on the phase-
relaxation time, tϕ , and becomes important in the 2D fluctu-
ation regime with moderate pair-breaking [6]. The study of
excess conductivity due to thermodynamic fluctuation pro-
vides useful information on some of the fundamental as-
pects, such as understanding the intrinsic superconducting
characteristics and the dimensionality of high-Tc systems.
There have been several models of the excess conductivity,
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such as the Aslamasov and Larkin (AL), Lawerence and Do-
niach (LD), and Varlamov and Livanov (VL) models [7–11].

It is well known that non-isovalent atomic substitution
has two main effects on the solid structure. The first is the
addition of carriers to the lattice, and the second is disorder
introduced by doping. The way to study these effects sepa-
rately is by using charge neutral doping. The neutral doping
enables one to infer the main effects of disorder on various
normal and superconducting state properties, since electrons
(holes) added to the lattice are compensated by added holes
(electrons).

In the present paper we have studied the excess con-
ductivity in polycrystalline Nd1−2xCaxPrxBa2Cu3O7−δ and
Y1−2xCaxThxBa2Cu3O7−δ samples with 0.00 ≤ x ≤ 0.10.
The effects of the doping on superconductivity parameters
such as the coherence length, the upper critical field, and the
critical current density have been investigated by the modi-
fied Lawrence-Doniach model. Results show that the upper
critical field and critical current density were increased with
increasing dopant concentration, due to the introduction of
disorder by increasing charge neutral doping.

2 Experimental

Samples of Nd1−2xCaxPrxBa2Cu3O7−δ and Y1−2xCaxThx

Ba2Cu3O7−δ with 0.00 ≤ x ≤ 0.10 were prepared by stan-
dard solid-state methods. Starting materials were high-
purity RE2O3 (RE = Y, Nd), BaCO3, CuO, CaCO3 and
Th2O3, and Pr6O11. The samples were pressed into pellets
and calcined in air at 900, 920, and 920 °C, respectively,
with intermediate grindings. Annealing was then performed
in flowing oxygen at 460 °C for 3 days, and the temperature
was finally decreased to room temperature at a slow rate of
12 °C/h. X-ray diffraction (XRD) patterns were recorded by
a Guinier-Hagg focusing camera using CuKα radiation with
Si as an internal standard. The electrical resistivity was mea-
sured with a standard dc four-probe method. Electrical leads
were attached to the sample by silver paint and heat treated
at 300 °C in flowing oxygen for half an hour, which gave
contact resistance of the order of 1–2 � [12].

3 Theoretical Considerations

The excess conductivity due to superconductivity fluctua-
tion behavior was obtained from [13]:

�σ = σ(T ) − σn(T ) (1)

where σ(T ) = 1/ρ(T ) is the measured conductivity and
σn(T ) = 1/ρn(T ) is the extrapolated conductivity fitted
with ρn = ρ(0) + aT , where ρ(0) is the residual resistiv-
ity at T = 0 (intercept) and a is the slope of the resistivity
vs. temperature relation.

Aslamasov-Larkin [14] obtained the following expres-
sion for describing the excess conductivity using a micro-
scopic approach in the mean field region (MFR), where the
fluctuations are small:

�σ

σ300
= Aε−λ (2)

where the reduced temperature ε = (T − Tmf)/Tmf. Tmf is
the mean field temperature given by the peak in the dρ/dT

versus T plot. λ is the conductivity exponent, which equals
−0.5 for the 3D region, −1 for the 2D region, and −1.5
for the 1D region fluctuations. σ300 is the room-temperature
conductivity. A is an independent constant, which is given
by [15, 16]

A =

⎧
⎪⎪⎨

⎪⎪⎩

e2

32�ξc(0)σ300
for 3D fluctuation

e2

16�dσ300
for 2D fluctuation

e2ξc(0)
32�sσ300

for 1D fluctuation

(3)

ξc(0) is the zero-temperature coherence length along the c-
axis, d is the effective layer thickness of the 2D system, and
s is the cross-sectional area of the 1D system.

The dimensionality of the critical fluctuation (D) is
D = 2(2 + λ). The physical parameters calculated from
fluctuation-induced conductivity (FIC) analysis depend
strongly on the dimensionality of the fluctuations. The
crossover from 2D to 3D is mainly found above the critical
temperature. A characteristic temperature, T0, is obtained,
which is called the crossover temperature. The system has
3D fluctuations below this temperature and 2D fluctuations
above this temperature, which can be explained by the AL
equations. The expression for the crossover temperature ac-
cording to the LD model [3, 17] is

T0 = Tc

{

1 +
[

2ξc(0)

d

]2}

(4)

Tc is the critical temperature. The FIC analysis carried out
by using the AL equations [2] is valid for single crystals, but
its validity for the polycrystalline samples is limited. How-
ever, for the case of polycrystalline samples, Lawrence and
Doniach [3, 18] proposed a modified expression for the AL
equation, and their equations for 2D and 3D fluctuations are

�σ2D = 1

4

{
e2

16�d
ε−1

[

1 +
(

1 + 8ξ4
c (0)

d2ξ2
ab(0)

ε−1
) 1

2
]}

(5)

�σ3D = e2

32�ξp(0)
ε− 1

2 (6)

where ξab is the coherence length in the ab plane and ξp(0)

is the effective characteristic coherence length given by

1

ξp(0)
= 1

4

[
1

ξc(0)
+

(
1

ξ2
c (0)

+ 8

ξ2
ab(0)

) 1
2
]

(7)
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Table 1 The λ(3D), λ(2D), λ(1D), T cr−3D, T 3D−2D, T 2D−1D and Tmf for Nd1−2xCaxPrxBa2Cu3O7−δ and Y1−2xCaxThxBa2Cu3O7−δ

x λ(3D) λ(2D) λ(1D) T cr−3D (K) T 3D−2D (K) T 2D−1D (K) Tmf (K) Tc (K) ρ0 (m�.cm) d (nm) J

Nd(CaPr) 0.00 −0.48 −1.04 −1.44 92.8 106.5 108.7 91.3 92.1 0.31 4.36 0.473

0.050 −0.51 −1.02 −1.52 86.3 102.4 106.2 84 85.4 0.47 3.27 0.594

0.10 −0.53 −0.98 −1.51 79.2 94.5 104.4 72.5 74.1 0.65 2.50 0.772

Y(CaTh) 0.00 −0.67 −0.01 −1.58 92.4 97.6 99.8 92.2 91.2 0.20 11.37 0.158

0.025 −0.59 −1.12 −1.59 89.8 93.7 97.9 87.8 87.7 0.41 9.63 0.178

0.050 −0.63 −1.08 −1.61 88.7 92.2 96.2 83.5 85.2 0.67 8.17 0.223

0.075 −0.61 −1.05 −1.65 85.8 89.1 93.7 79.2 82.4 0.74 8.96 0.171

By assuming the highly anisotropic nature of the sam-
ple and using Eqs. (6) and (7), the crossover temperature is
given by

T0 = Tc

[

1 + ξ2
p (0)

d2

(

1 + ξ2
p (0)

16ξ2
ab(0)

)]

(8)

Because the samples are polycrystalline, we have employed
the above formulation to analyze the excess conductivity
data, which is induced by fluctuation.

4 Results and Discussion

The temperature dependence of the electrical resistivity
for Nd1−2xCaxPrxBa2Cu3O7−δ (x = 0.00, 0.050, 0.10) and
Y1−2xCaxThxBa2Cu3O7−δ (x = 0.00, 0.025, 0.050, 0.075)
is shown in Fig. 1. Linear resistivity was observed in the
normal state for all samples. On increasing the substitution
content x, the resistivity curve is shifted upwards, indicat-
ing an increase of ρ0 with x. This means that the primary
scattering effect of the doping enhances the residual resis-
tivity. The mean field temperature Tmf was obtained from
the dρ/dT versus T plot (see inset Fig. 1). Tc is the critical
temperature, which is defined from the midpoint of the re-
sistive transition (50 % ρn) and the Tmf values are listed in
Table 1.

Figure 2 shows the normalized excess conductivity
�σ/σroom versus the reduced temperature ε in a log-log
plot. Four different fluctuation regions are clearly distin-
guishable, which can be identified as the critical, 3D, 2D,
and 1D regions. Similar results were obtained by Abou-Aly
et al. [13] in Tl0.8Hg0.2Ba2Cu3O9−δ and Han et al. [21] in
Hg0.8Tl0.2Ba2Cu3O8+δ . In order to compare the experimen-
tal data with theoretical predictions, the different regions
are linearly fitted, and the conductivity exponent λ values
are determined from the slopes. The obtained results for λ

are listed in Table 1.
The 2D fluctuation conductivity is the contribution of the

CuO2 planes, which has been confirmed in RE-123 super-
conductors, where RE is a rare earth [19, 20]. The appear-
ance of the 1D fluctuation conductivity suggests the exis-
tence of 1D conductivity channels, which may represent the

Fig. 1 The variation of electrical resistivity with T for
(a) Nd1−2xCaxPrxBa2Cu3O7−δ and (b) Y1−2xCaxThxBa2Cu3O7−δ .
Inset: dρ/dT versus T

CuOx contribution to the conduction in the RE-123 super-
conductors. The 1D fluctuation conductivity in the cuprate
superconductors would have a significant effect on our un-
derstanding of the superconducting process in these materi-
als. The mean field region that is shown in the plots for each
sample consists of two distinct linear parts, the 3D and the
2D regions.

It can be seen that the 3D region is shifted to lower tem-
perature, and its width is decreased with the increasing dop-
ing. The crossover temperatures from the critical region to
3D, 3D to 2D, and 2D to the 1D region are decreased by
increasing doping. The values determined for the crossover
temperatures are listed in Table 1.
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Fig. 2 ln(�σ/σroom) versus ln(ε) plot for (a) Nd1−2xCaxPrxBa2
Cu3O7−δ and (b) Y1−2xCaxThxBa2Cu3O7−δ

The effective coherence length and the effective layer
thickness were obtained by using Eqs. (5) and (6). The ef-
fective layer thickness results are given in Table 1. Then,
the coherence lengths in the ab and c directions were cal-
culated by using Eqs. (7) and (8). The results are shown in
Fig. 3. By increasing the doping level, more disorder is in-
troduced into the lattice, and the mean free path of electrons
decreases, which results in a decreasing coherence length.
The results for x = 0.075 in the Y1−2xCaxThxBa2Cu3O7−δ

sample do not obey this increasing process and decrease,
because the limit of solution in the solid state for CaTh is
less than 0.075 [22]. As can be seen in Fig. 3, the coherence
length in Nd(CaPr)-123 compound is smaller than that in
Y(CaTh)-123. Therefore, the mean free path of electrons in
the first compound is smaller than second one because it is
proportional to the coherence length. This result is supported
by the resistivity results where the resistivity of CaPr-doped
Nd is larger the resistivity of CaTh doped Y. The inter-layer
coupling, J = [2ξc(0)]2/d2, [3] was obtained. The J values
are given in Table 1. The inter-layer-coupling are increase
with increasing doping concentration. This means that the

Fig. 3 The normalized coherence length versus x in the ab and c di-
rections

partial replacement RE ions by either CaPr or CaTh ions in-
crease the CuO2 inter-layer coupling. This leads to reduction
of the effective layer thickness of the 2D system, d , and the
wire cross-sectional area, s, of the 1D system as the substi-
tution content increases.

The upper critical magnetic field at 0 K, Bc2(0), calcu-
lated from the coherence length relations in the ab and c

directions is given by [23, 24]

Bc2,ab = Φ0

2πξab(0)ξc(0)
(9)

Bc2,c = Φ0

2πξ2
ab(0)

(10)

where Φ0 = h/2e is the flux-quantum number. Bc2 versus
doping level is shown in Fig. 4. Bc2 is increased by increas-
ing the doping. This originates from the decreased coher-
ence length due to the introduction of disorder by doping.

The critical current density, Jc, is one of the most signif-
icant physical properties in high-Tc superconductors and is
given for self-field at 0 K by [23, 24]

Jc = 2Φ0√
6πλ2(0)ξc(0)

(11)

where λ(0) is the penetration depth at zero temperature and
is about 150 nm in RE-123 superconductors [25]. Figure 5

Author's personal copy



J Supercond Nov Magn (2014) 27:749–754 753

Fig. 4 The upper critical magnetic field normalized with respect to the
undoped value at 0 K versus x in the ab and c directions

Fig. 5 The critical current density, normalized with respect to the
value for the undoped sample at self field and 0 K, versus x

shows the critical current density versus doping level. Jc is
increased by increasing the doping concentration x. The Jc

is mainly controlled by flux pinning. The increase in Jc is
most likely to be due to disorder introduced by doping. The
increasing disorder due to the increasing doping concentra-
tion results in increasing pinning force. As can be seen in
Fig. 5, the value of critical current density in Nd(CaPr)-123
is larger than Y(CaTh)-123 at higher doping concentration.

This result suggests that the introduced pinning center by
CaPr doping is more effective than CaTh.

5 Conclusions

The excess conductivity for RE1−2xCaxMxBa2Cu3O7−δ

with RE = Y, Nd and M = Th, Pr (0.00 ≤ x ≤ 0.10) were
analyzed using the LD model. By calculating the coherence
length in the ab and c directions, it is shown that the normal-
ized coherence lengths were decreased by increasing dop-
ing, and therefore, the upper critical field and critical current
density were increased. The crossover temperatures were
found to shift to lower temperature values with increased
doping, and the width of 3D region is decreased with in-
creasing doping. It was found that the upper critical field
and critical current density were increased with increasing
doping concentration, which is due to the introduction of
disorder and the enhancement of flux pinning by increasing
charge neutral doping. The result shows that the introduced
pinning center by CaPr doping is more effective than CaTh.
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