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Abstract We report here the fluctuation-induced excess con-
ductivity in RBaSrCu30-_5 (R=Y, Gd, Nd, and La) supercon-
ductor. It is found that Y and Gd samples are orthorhombic,
while the Nd and La samples are quasi-tetragonal. The oxygen
content is found to be close to 7 for all R:1113 samples. The
logarithmic plots of Ao and reduced temperature € reveal two
different exponents corresponding to crossover temperature
due to shifting the order parameter from (2D/1D) to (3D).
The critical temperature, mean field temperature, crossover
temperature, out of plane coherence length, and interlayer
coupling are decreased as the ionic size increases. While the
in plane and effective coherence lengths, and anisotropy are
increased. We have also estimated several physical parameters
such as upper critical magnetic fields in both a-b- and c-axis
(B and Bc), and critical current density J (0 K), and their
values are found to be decrease as the ionic size increases. The
results are discussed in terms of oxygen rearrangement, local-
ization of carriers, coherence lengths, and anisotropy which
are produced as the ionic size increases.
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1 Introduction

Since the discovery of high-temperature superconductors
(HTSC), extensive studies have been done to clarify their
superconducting nature [1]. One way to probe their mecha-
nism is the investigation of their properties in the normal state
region. These properties include the thermal energy-induced
fluctuations in both phase and modulus of the
superconducting order parameter around its mean field region
[2-5]. Due to short coherence length together with elevated
values of critical temperature in high-temperature supercon-
ductors, the thermal fluctuations of superconducting order pa-
rameter have been early observed in the conductivity versus
temperature curves as excess conductivity [6]. By decreasing
the temperature from room temperature toward the critical
temperature 7, the fluctuating of Cooper pairs begin to be
created spontaneously at a temperature 7> 27, [7-10]. As
the temperature approaches 7., the number of Cooper pairs
increases, while the normal electron density decreases.
Therefore, the resistivity decreases and the thermal fluctua-
tions induce an excess conductivity Ao [11-13].

The fluctuation-induced conductivity (FIC) analyses reveal
that the contribution of excess conductivity is due to Gaussian
and critical fluctuations in the mean field and critical regions,
respectively [14]. Gaussian fluctuation is probably dominant
in the temperature region above the mean field temperature
7.”™" when the fluctuation in the order parameter is small and
the interactions between Cooper pairs can be neglected, while
the critical fluctuation occurs in the critical field region below
the 7.™" when the fluctuations in the order parameter are large
and the interactions between Cooper pairs is considered. The
variation of Gaussian fluctuation-induced conductivity with
the reduced temperature helps the researchers to find the di-
mensional exponents, coherence length, and crossover tem-
peratures [15, 16]. The dimensional exponents in high T,
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materials are found to be zero-dimensional (0D), one-
dimensional (1D), two-dimensional (2D), and three-
dimensional (3D). It is seen that the dimensional crossover
takes place between any two different dimensional regions,
and it is mainly obtained above 7. [17, 18].

However, the critical temperature 7, for all R:123
superconducting systems is 90 K at oxygen-deficient § close
to zero [19-25]. This means that the R ions remain in the
trivalent state, and the 7. values are independent of the chosen
R, in which the charge neutrality would require that the level
of hole carriers in them remains the same for a particular
family independent of the R ions. Based on the above, a 3D
dimensional behavior is obtained close to 7, for all R:123
systems [26-28]. Unlike R:123, the R:1113 compounds crys-
talline in a either orthorhombic or tetragonal structure with
oxygen content close to 7. But, T is changed by the chosen
R especially in the case of R:124, R:247, and R:1113
superconducting systems. For example, 7;. of Y:124 is about
80 K, but it is around 70 K for Nd:124 [26-32].

However, Y:1113 has been reported to crystalline in the
orthorhombic R:123 structure with a 7. of around 82 K, and
the T, are decreased to 45 K as the ionic size increases to
lighter R ions such as La [29]. In the present work, we address
the question of Sr substitution at Ba site by studying the struc-
tural and superconducting properties of R:1113 system.
Besides, in other substituted R-123 systems, a fluctuation
study is reported to look may be for the first time the effects
of Sr on the well-known 3D dimensionality of R:123. It would
be also interesting to investigate the impact of rare earth ionic
size on fluctuation and excess conductivity of the same series.
However, we selected R=Y, Gd, Nd, and La in the
RBaSrCu;05 superconducting series as some representatives
to cover nearly the entire lanthanide series, in order to look for
structural and 7. behaviors through analysis of X-ray and R-T
measurements. Further, we have used the data of R-T curves
for fluctuation and excess conductivity study. We could also
estimate several physical parameters such as upper critical
magnetic fields in both a-b- and c-axis (B,, and Bc¢), and
critical current density J (0 K). The appearance of 1D conduc-
tivity for R=Gd, Nd, and La samples could be interpreted as
evidence for the existence of conducting charge stripes in this
type of copper oxide superconductors.

2 Experimental Details

A series of RBaSrCu;0,.5 (R=Y, Gd, Nd and La) sam-
ples are synthesized by the well-known solid state reac-
tion method. The ingredients R,03, BaCOj3, SrCos, and
CuO of 4 N Purity are thoroughly mixed in required
proportions and calcined at 900 °C in air for a period
of 16 h, and then the furnace is slowly cooled to room
temperature. This exercise is repeated three times with

intermediate grinding at each stage. The resulting pow-
ders are ground, palletized in to pellets, and sintered at
940 °C for a period of 24 h. Finally, the furnace is
cooled to room temperature with an intervening anneal-
ing for 24 h at 600 °C. After that, the samples are
characterized for phase purity and oxygen deficient by
X-ray diffraction (XRD) and iodometric titration. The
electrical resistivity of the samples is obtained using
the standard four-probe technique in closed cycle refrig-
erator [cryomech compressor package with cryostat
Model 810-1812212, USA] within the range of (10—
300) K. Nanovoltameter Keithley 2182, current source
Keithley 6220, and temperature controller 9700 (0.001-
K resolution) are used during these measurements.

3 Theoretical Background

The excess conductivity Ao due to thermal fluctuation is de-
fined as the deviation of the measured conductivity of o, (7)
from the normal conductivity o,, (7) as follows:

1 1
Ao': (———) :()'m—()'n 1
Pm Pn M

where p,, and p, are the measured and normal resistivity,
respectively. p,, is obtained from the measured resistivity p,,
at 7>2T, by applying the least square method to the Anderson
and Zou relation, p,(7)=A+ BT [32]. In order to estimate the
paraconductivity, Aslamazov and Larkin (AL) deduced the
following relation for the fluctuation-induced excess conduc-
tivity Ao as [33]

Ao = A (2)

_ & _ & _ €2§z(0)
Here, A = TE0) for 3D, A = ;£ for 2D, 4 = =55 for

1D, e is the electronic charge, d is the interlayer spacing
between two successive CuO, planes, / is the reduced
planks constant, &, (0) is the c-axis 3D coherence length
at zero temperature, S is the wire cross-sectional area of
the 1D system, and A is an exponent related with the
actual conduction dimensionality D as D=2+21. Values
of the exponent’s A are 0.5, 1, and 1.5 for 3D, 2D, and
1D fluctuation, respectively, and & is the reduced tem-
perature given by [32-34]

-1t
&= £
Tm' f
(&

(3)

where 7.™f is the mean field temperature; above it, the
interactions between Cooper pairs can be neglected, the
onset of superconducting phase coherence occurred.

We have followed the dp/dT versus T plot to obtain the
values of 7™ from the peaks.
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However, for polycrystalline samples, the modified equa-
tions for 2D and 3D fluctuations are expressed as [35]

62 1

Aosp = WP(O) g2 (43)

1

853(0) 8—1) ’ (4b)

AO‘ZD = —

4

2

¢ -1
i1
164d ° +< e 0

where &£,,(0) is the coherence length at 0 K across the ab-plane

and &,(0) is the effective characteristic coherence length at 0 K.

On the other hand, the cross over behavior from 2D to 3D
occurs at a temperature 7 given by [34]

2
To = T exp (w) (5)
d
where £.(0) is given by [36, 37]
dk:
s~ (%) Q

where d is the c-axis for these type of samples [27] and £ is the
interlayer coupling expressed by [38]

k= 1<2;_f) )

4 Results and Discussion

Figure 1 shows the XRD pattern of R:1113 samples. It is clear
that Y and Gd samples are orthorhombic being evident from
crystallographic splitting of (006), (200) and (116), and (213),
while Nd and La samples are quasi-tetragonal. There are few
impurity lines in the XRD patterns arising from the small
amounts of R:211 and R,03 phases. The values of orthorhom-
bic distortion (OD) against ionic size are listed in Table 1 (the
ionic size of the samples are 1.02, 1.06, 1.12, and 1.18 A for Y,
Gd, Nd, and La samples, respectively). It is clear that OD is
generally decreased as ionic size increases. The oxygen content
listed in Table 1 is found to be close to 7 for all R:1113 samples.

Because the OD are significantly decreased for Nd and La
samples, the neutron diffraction analysis based on these

ﬂ R=La
I
— [ R-Nd
g MWJ“ ‘ﬁJ\JI' NWMWJ UL_
E
E ‘ R=Gd
I
S Y -
R P R L S —— 1.,,,_\
o } T R-Y
g & | .z iz 2
. A i - AN _,_%_.ﬂ - Jb‘l_._w-\_wfm-_\'- LJ
20 30 A0 ] &0
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Fig. 1 X-ray diffraction pattern for RBaSrCu;07_s samples

samples shows a rearrangement of O(1) and O(5) site occu-
pancies in the Cu-O chains in such a way that both are nearly
equally occupied without intermixing between Sr and Ba [38].
This is obtained only for bigger ionic size of rare earths
(higher c-axis), which is consistent with OD behavior listed
in Table 1. A similar behavior has been observed for La:1113
superconductors when Sr is replaced by Ca [39].

The curves of resistivity versus temperature for the samples
are given in Fig. 2a—d. The normal resistivity is linear as the
temperature reduced from room temperature down to a certain
temperature 7. In this region, p,(7) follows the above formu-
la, p,(T)=A+ BT as discussed above. Tp=2T.™ is defined as
the temperature below which the Cooper-pair formation starts
[40-42]. As the temperature is further reduced beyond the
normal state region, the rate of change of resistivity becomes
entirely different as compared to this region. This is mainly
due to increasing Cooper pair formation as the temperature is
reduced. Therefore, the fluctuation induced conductivity in
this region follows the A-L model to yield the dimensional
exponent appropriate to fluctuation-induced conductivity. As
seen from the resistivity curves, the resistivity increases with
increasing the ionic size, which suggest a weakening of the
metallic behavior as the ionic size increases.

Table 1 OD, c-parameter,

oxygen deficient 5, 7., T,™, To, R OD c(A) & T.(K) TL™®K) T,(K) A(GBD) D@ED) A2D/ID D (2D/ID)
Asp, D (3D), Axp and D
(2D/1D) for RBaSrCu;07_s Y 0.015 11.522 0.04 &4 86.8 109 0.44 2.88 0.75 3.50
samples with various R Gd 0009 11538 003 72 78.6 104 0.56 3.12 1.36 472

Nd 0005 11547 005 73 752 101 0.69 3.38 227 6.54

La 0002 11564 002 48 53.5 74.8 0.76 3.52 2.75 7.50

@ Springer
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Fig. 2 a—d Resistivity versus
temperature for RBaSrCu;0_5
samples (a R=Y,b R=Gd, ¢
R=Ndand d R=La)

or w=1 - ¢= 0.80277 ( 0.88176)

1159.7, 228.8] K = 228.8 ¥ = 1.115 ( 1.118)

The normal resistivity p,(7) is calculated in terms of A and
B parameters which are obtained from the linear fit of the
measured resistivity. The mean field temperatures 7,™ for all
samples are estimated from the peak of dp/dT against temper-
ature plot shown in Fig. 3. After that, we have calculated the
excess conductivity Ao and reduced temperature €. Then, we
have plotted In Ao against In ¢ for all samples as shown in
Fig. 4. It is evident from the fitting that there is distinct change
in the slope of each plot. The corresponding temperature
where the slope change occurs is designated as the crossover
temperature 7,.

Figure 5a shows the variation of 7, 7, and 7.mt against
ionic size, and similar values are listed in Table 1. It is clear
that 7., 7™, and 7, are decreased by increasing ionic size.
However, two different exponents corresponding to crossover
temperature are obtained from each plot with an accuracy of
+1 K. The first exponent occurred in the normal field region at
and its values are between 1 and 2, in which the OPD is 2D/
1D, while the second exponent occurred in the mean field
region and its values are close to 0.5, in which the OPD is
3D (—7.68<In ¢<-2.6) and (—2.6<In ¢<-0.88) for Y,
(=3.96<In £€<-1.22) and (-1.17<In £€<-0.10) for Gd,
(-3.90<In €<-1.07) and (—0.94<In £<-0.31) for Nd, and
(-8.22<Ine<-2.77)and (—2.11 <ln £ <-0.71) for La. Figure
Sb shows the variation of OPD against ionic size, and similar
values are listed in Table 1. The OPD is shifted from (2D) to
(3D) as the temperature is reduced toward 7;.. However, more
than one region has been reported in pure and doped Y:123
samples [27, 43]. Normally, the critical field region is con-
trolled by the critical fluctuation results from the small mean

= 1.519 ( 1.531)

[134.8, 27581 X = 275.8 ¥ = 5.23? ( 5.

free path of the charge carriers and also the short coherence
length produced as the carrier concentration is changed [27,
44-46]. Anyhow, the dimensional nature in RE:123 systems is
supposed to be 3D conduction, but in some recent studies
based on Y:123 superconductors, the presence of 2D fluctua-
tion conduction is certified. Furthermore, an intermediate
crossover region between 2D and 3D is reported for Y:123
systems, in agreement with the present work [47-49].

For polycrystalline samples, &,(0) is given by [36]

0.40

035

0.30

0.25

0.20

dp/dT (mQ.cm/K)

0.10

0.05

0.00

40 50 60 70 80 90
T(K)

Fig. 3 dp/dT versus temperature for RBaSrCuz;0;_s samples
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Fig. 4 Ln Ao against Ln ¢ for RBaSrCu;07_5 samples

where &, (0) is calculated in terms of £,(0) and £.(0)

values. Then, anisotropy parameter 7 :E{hT(oO)) is easily

obtained. Figure 5c¢ shows the behaviors of &.(0),

a
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&n(0), and &,(0) parameters against ionic radius. It is
clear that the coherence lengths are generally increased
as the ionic size increases. However, the variation of &
and 7y against ionic size is shown in Fig. 5b, and similar
values are listed in Table 2. Actually, the R:1113 system
is essentially 3D with two Cu-O, planes and one CuO
chain which are manifested in the higher values of &
and lower degree of anisotropy 7y [50]. However, the
decrease of k against ionic size suggested that the sys-
tem may become higher anisotropy and consequently
the charge carriers increasingly confined within the
CuO, planes. The upper critical fields along the c-axis
and a-b plane, and critical current density at 0 K J
(0 K) are estimated by the following relations [51, 52]:

_ b b
Bii(c) = 2”£ib(0) , Bri(ab) = 27E.(0)&,,(0) ©)
2¢y
7.0 10
0) V6ra2(0) &,(0) "
C
14
—-o-Ec
12 [ =Ep
—A— Eab
o: 10 |
g 6 I F///"‘/—’./_/H
§ 4 .\0\.\.
2 -
0
1 1.05 11 115 12

lonic radius (A°)

Fig.5 a T, T.™ and 7, versus ionic radius for RBaSrCu;07.s samples. b Order parameter, interlayer coupling, and anisotropy versus ionic radius for
RBaSrCu;0-_5 samples. ¢ Coherence lengths versus ionic radius for RBaSrCu307-5 samples
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Fig. 6 a Critical magnetic fields versus ionic radius for RBaSrCuz; 0.5

samples. b Critical current density versus ionic radius for RBaSrCuz0;_s
samples

where ¢ is the quantum flux given by ¢y = £ =2.07 x
1071 (web/m?) and 2*(0) is the London penetration depth at
0 K which is about 150 nm for R:123 superconductors [53].
The behaviors of B against ionic size are shown in Fig. 6a, and
similar values are listed in Table 2. It is clear that B, is more
than twice B,, and their values are decreased as the ionic size
increases, while critical current density J (0 K) shown in
Fig. 6b is generally decreased by increasing ionic size.
However, we do not expect any changes in the London depth

ul
at 0 K according to the formula, A(7) = 1(0) [I—T—TJ " At

T=T. AT)=0, and at 7=0, A(T)=A(0) for all samples. But,
the coherence lengths at 0 K £%,,(0), £,(0), and [E(0)%,(0)] listed
in Table 2 are increased as the ionic size increases and help for
improving anisotropy of the lighter ions. This is of course a good
real evidence in our hands for decreasing the critical fields and
current for the lighter ions. The alternative way may be due
decreasing zero temperature pinning potentials SI(0) for the ligh-
ter ions which is 76.7x 10* J/W for Er:123 systems. This is of
course due to oxygen rearrangements and OD which helps for
lowering the J,. (0 K) [54].

However, It is found that Cu atom in the CuO chains lose
some of oxygen atoms as the ionic size increases, and conse-
quently, the Cu coordination number is decreased. So, a slight
change of superconducting transition temperature 7, is ob-
served for the lower values of ionic size (R=Y, Gd). But,
the further increase of ionic size leads to the abrupt decreasing
of T, and the structure from orthorhombic to tetragonal phase
occurs, in agreement with the present data for R=Nd and La
[55-57].

Anyhow, a much increase in the OPD near the critical field
region is observed for Nd and La samples, which suggested an
anomalous crossover as a result of suppression of supercon-
ductivity as compared to Y sample. An indication of 2D near
7. suggests a deterioration in the CuO, coupling in this region.
Furthermore, the increase of ionic size causes an increase in
the c-axis coherence length, resulting in an increase of the
mean free path, and consequently, the coupling between
CuO, planes is decreased, while Y and Gd samples look more
3D near the critical field region and 2D/1D above the mean
field region. Therefore, we do not expect decoupling of the
CuO chains or an increase in &, or c-axis length, which causes
an increase in Ao [58]. Hence, the behavior of these samples
is nearly similar to the pure Y:123 sample, and the planes
remain coupled as strongly.

Because of the matching ionic radii and divalent oxidation
states, substitutions of Sr for Ba in R:113 systems are not
likely to have any significant effect on the carrier density.
The Ba and Sr ions have the same valence states, and the
charge balance within the CuO, plane does not change. On
the other hand, the increase of ionic size from Y up to La may
be disorders and disturbs the hybridization and alignment be-
tween Cu-3d and O-2p, and causes the carrier localization in
the CuO, planar networks. Furthermore, in London criteria,
ny(0)« 1 -%(0), the A(0) increase corresponding to a large

Table2 Kk, & (0), &y (0), & (0)Eap (0), v, &p (0), Bric, B, and J(0) for RBaSrCus;05-s samples with various R

R k & (0) (A) £a(0) (A) Ee (0)Ea(0) (A)? y & (0) (A) Buc (T) By (T) J (Alem?)
Y 047 3.95 6.15 24.29 1.56 5.14 871.5 1357 4.66 % 10*
Gd 041 3.69 7.80 28.78 2.11 5.53 541.8 1145 433x10*
Nd 0.38 3.56 991 35.28 2.78 5.87 335.6 934.3 4,08 x 10*
La 0.35 342 12.7 43.43 3.71 6.07 2034 757.1 3.94 % 10*
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decrease in carrier density 7, is reported [59, 60]. Therefore,
the invariant of OPD with ionic size suggests its independence
from n, variation, while the OD independent of Sr indicates an
intact oxygen ordering or the linear chain structure. Since Sr
does not change the lattice parameters significantly, we neither
expect a change in the overlap between the Cu-3d and O-2p
orbital’s nor in the separation between the CuO, planes. The
3D nature of the OPD and its invariance by Sr indicate that the
two planes in the unit cell are so coupled that their contribu-
tions appear as due to a single plane, vice versa in the case of R
ions. However, appearance of the 1D fluctuation in the super-
conductivity process in these types of high 7. materials sug-
gests that the CuO chains are also contributed in the electrical
conducting as well as the CuO, planes [51, 52].

The mean-field region for each sample consists of three
distinct linear parts indicating 1D, 2D, and 3D fluctuation
conductivity behavior. It is well-known that inhomogeneities
and characteristics of superconducting grain crucially influ-
ence the mean-field regimes and the dimensionality of fluctu-
ation conductivity [61, 62]. 1D fluctuation conductivity
appearing in our samples suggests the existence of 1D-
conducting channels. Similar behaviors are also observed in
HTS materials [63—66]. The 1D regime fluctuation has been
interpreted by the existence of conducting charge stripes in the
superconducting cuprate [67]. This model incorporates elec-
tronic and magnetic structural features; the system is inhomo-
geneous and charge segregation into domain walls that are
separated by antiferromagnetic insulating zones. Notably, the
width of the 1D region is increasing sharply for Nd and La
samples compared to Y and Gd. This may suggest that oxygen
rearrangements and the higher anisotropy presented in the Nd
and La samples destabilize the conducting charge stripes.
Therefore, the width of the 2D/1D regime is wider for the
Nd and La samples, in which 1D is clearly obtained.

5 Conclusion

Structural and fluctuation-induced excess conductivity in
RBaSrCu3;07_5 (R1113) superconductors is reported. Y and
Gd samples are orthorhombic, while the Nd and La samples
are quasi-tetragonal. The oxygen content is found to be close
to 7 for all R:1113 samples. The fluctuation conductivity anal-
ysis revealed the occurrence of two fluctuation regions corre-
sponding to 2D/1D and 3D for all samples. We have shown a
decrease in the critical temperature, mean field temperature,
crossover temperature, out of plane coherence length, and
interlayer coupling as the ionic size increases, while the in
plane and effective coherence lengths, and anisotropy are in-
creased. The appearance of 1D conductivity for R=Gd, Nd,
and La samples could be interpreted as evidence for the exis-
tence of conducting charge stripes in this cuprate. Moreover,
the upper critical magnetic fields and critical current density J

@ Springer

(0 K) are decreased as the ionic size increases. A rearrange-
ment of O(1) and O(5) and an increase of both coherence
lengths anisotropy are investigated as the ionic size increases.
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