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Abstract Superconducting order parameter fluctuation (SCOPF) region in a set of pristine bulk sinter
{YBCO) thick films and YBa,Cu,0, /Ag (YBCO/Ag), Y, Ca,Ba,Cu,0, /Ag composite samples are studied by
varying the dniving current in the first and Ag content in last two systems The mesoscopic inhomogeneities that
1fluence the tailing region anses due to most of Ag residing at the grain boundaries in the composites or due to

urrent induced suppression of Josephson tunnelling of supercurrent across grain boundaries These
inhomogeneities in principle should not influence the SCOPF region Ca doping at yttrium site in the grains of
YBCO directly influences the SCOPF region We observe a strong variation of T, with Ag and associated
ncrease in coupling strength Itis observed that SCOPF regron is more affected in Ca doped sample as compared
to Ag composite one The SCOPF being basically a precursor to the onset of superconductivity in the grains our
results thus show that the SCOPF s affected due to either Ag diffusing into the grains in the composites or due
to Ca occupying Y site in the doped samples
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1. Introduction

Superconducting and normal state properties in YBa,Cu,0, y(YBCO) system I1s controlled
by charge carriers. Carrier density can be enhanced either by increase of oxygen content
or by on-site cationic substitutions with dopants of lower valence state Ca doping at Y
site has created much Interest in the scientific community as this doping turns an oxygen-
defictent YBCO system from insulator to superconductor. On the other hand, Ca doping
tends to decrease the oxygen content in YBCO resulting in the reduction of transition
temperature T. [1,2]. This decrease of oxygen content Is countered by extra holes
Introduced by Ca?* ions [3,4]. In addition to affecting T, Ca doping decreases normal
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state resistivity, increases critical current J,, affects the interlayer coupling strength 5
and hence influences the superconducting order parameter fluctuation (SCOPF) [6] region
above 7. Not just the electrical properties even the structure changes from orthorhompy
to tetragonal [7] and grain size reduces [8] on Ca doping

Unlike Ca, which occupies lattice in the grains, Ag 1s preferentially disposed at the
grain boundaries and forms composites with YBCO Remaining at the grain boundary 1t
reduces weak link between the grains, enhances J,_ reduces normal state resistivity 19]
without affecting 7. Though most of the studies [10,11] point to the disposition of Ag at
the grain boundaries, some of the studies [12] have indicated that some amount of Aq
goes into the grains The conflict that whether Ag remains only at the grain boundarnes
and brings in microstructural dependent modifications and brings in associated modifications
1s still not resolved

The nature of the superconducting transition, particularly the region just above and
below T, are strongly influenced by the intra and intergranular characteristics respectively
The SCOPE region above T_1s an indicator of the onset of fluctuating superconducting
state inside the grains The SCOPF 1s much enhanced in high T_ superconductor like
YBCO as compared to the low 7_ones due to very short coherence length £, relatively
low penetration depth, A and high transition temperature, 7. Thus, as the samplc

temperature 1s lowered from room temperature towards T, the fluctuating Cooper pairs
begin to be created spontaneously from a temperature well above T, the number of
Cooper pairs increases rapidly at the expense of the normal electron density As a result
the net resistance of tne sample decreases, which i1s known as the fluctuation induced
excess conductivity or paraconductivity

The paracoherent phase Iin the transition region becomes fully coherent below T_with
zero resistivity or infinite conductivity at a temperature, T, The region betwen T and 7
s controlled by percolation process through the inter-granular weak lnks, which is
accompanied by thermal fluctuations [3, 13] For decreasing temperature, phase coupling
between the grains takes place and gradually a paracoherent-coherent transition
charactenstics of a granular superconductor, occurs The zero-resistance at the temperature
T, characterizes the onset of global superconductivity In the samples where the longrange
superconducting order i1s achieved The approach to this state in the form of tailing indicates
that the Josephson tunnelling across the grain boundary weak links progressively couple
the superconducting grains to each other This type of tailling feature in the resistive
transition close to T, has been seen mostly in granular superconductors In the tailing
region close to T_, this heterogeneous medium consists of two components For the first
component we consider the superconducting grains and the grain boundary weak links
through which superconductivity is established through Josephoson tunneling The second
component consists of weak links which are not superconducting, either due to the Iink
being too weak or due to the measuring current exceeding the J, of the corresponding
link or the temperature being higher than the T_ of that link For T<T, the first component
provides the channel for the transport of supercurrent For T, < T < T, the volume of the
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yrst component 1s not adequate enough to provide a percolative path for super current and

the A-T transition shows a tail with R =0 Only when T < T, a percolative path through
the first component i1s established and a global superconductivity Is established in the
<ample with A going to zero

A large number of studies have indicated the influcene of the inter-granular
characteristics like weak links and secondary phases at the grain boundaries on the
SCOPF region [14-16] The SCOPF being basically a consequence of the onset of
superconductivity In the grains, the influence of the secondary phases at the grain
boundaries on the SCOPF region 1s still a mystery In the present study, we examine the
tailing region below T, and the SCOPF region and T, by increasing current in a set of
pure YBCO thick films and with varying Ag content in a set of YBCO/Ag thick film and
Y, ,Ca,-123/Ag bulk sample A comparison of the influence of these two control parameters
fcurrent and Ag content) on both the regions (tailling and the SCOPF) indicates that a
fraction of Ag diffuses Into the grains of YBCO/Ag composite thick films

2 Experiment

Y Ca, Ba,Cu;0; (Y, 4Ca,,—123) was prepared from the stoichiometric amount of Y O,
BaCO,, CaCO, and CuO through standard solid state reaction For the preparation of
'Y, ,Ca,,~123)/Ag composite bulk sinters, Ag,0 was mixed with Y, ,Ca,,~123 powder
before the final stage of sintering The samples were pressed Into pellets, annealed at
920°C for 12 hrs and cooled to 400°C where they stayed for 12 hrs with oxygen flowing

Then the samples cooled to room temperature at a rate of 2 °C/min

Thick films of YBa,Cu,0, /Ag composites were prepared by diffusion reaction technique
Y BaCuO, (Y211), the insulating green phase of YBCO was used as the substrate The
diffusion reaction method involved the reaction of the substrate (Y211) with an over-layer
0* Ba,Cu;0, (deposited by doctor blading) at 920° C in ambient atmospheric condition
leading to the formation of YBCO film of about 10 u m thick

The temperature dependent resistacne, R(T) was measured using four-probe technique
with a Nanovoltmeter (Keithley-181) and an indigenously developed constant current source
With the voltage resolution of 1077 V of the Nanovoltmeter, a constant current of 1 mA
flowing through the samples gives a resolution ~ 1 4 Ohm in the measured resistance A
Closed Cycle Helium Refrigerator (APD cryogenics-HC2) and a Temperature Controller
(Scientific Co 9600-1) were used for temperature vanation The Temperature Controller
used a Si diode sensor having a temperature resolution of + 0 1 K. A computer controlled
data acquisition system was used to acquire the resistance data from 40 K to room
temperature Resistance data were acquired during the heating cycle with heating rate
confined to 3 K per minute.

To study the current dependence of the superconducting transition, we passed 100
HA-25 mA DC current through the two outer probes of the four-probe arrangement by
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current pulse technique The Voltage developed across the two inner probes was measureq
by the nanovoltmeter Pulsing of current was necessary to avoid sample heating ang
damage to the contacts

3. Results and discussion

Figure 1 shows the temperature dependence of normalized resistance, A (T) measured at
different driving current through a pure YBCO thick film The resistance was normalized
with respect to the value obtained at 100K As shown in this figure, onset of
superconductivity occurs at a temperature, T where R, shows a sharp decrease This is
the temperature where superconductivity sets In the grains with grain boundaries stil|
remaining normal At a lower temperature, ch, R (T) for different currents starts to branch
out. The branching of R (7) indicates the beginning of the non-ohmic behaviour of the
weak links below Tq from the ohmic behaviour above TC/ This temperature, therefore
characterizes the establishment of superconductivity across some of the grain boundaries
(strongly Iinked ones) due to Josephson tunnelling As the temperature 1s further decreased
the resistance vanishes at T, where global superconductivity prevails
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Figure 1. Temperature dependence of normalized resistance, R, at different driving currents in pure
YBCO thick film

With increasing current, taiing below Tc] becomes more pronounced and the T
progressively shifts to lower values. The T, and Tq however remain unaffected at all
currents up to 20mA Not just these transition temperatures, even the mean field region
where thermal fluctuation leads to the excess conductivity above T I1s also not affected
The T, and T and the SCOPF region not depending on the driving current through the
sample clearly indicates that the superconductivity in the grains is not affected. On the
other hand T, shifting to lower temperature side with increasing current clearly indicates
that some of the inter-granular junctions are dniven from the non-dissipative to the dissipative

state drniving them from the Josephson coupled state to the normal state.
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Figure 2 shows the temperature variation of the normalized resistance, (also normalized
with respect to the resistance at 100 K) in a set of YBCO/Ag composite thick films with
varying Ag concentration. The YBCO/Ag composite thick films represent a class of granular
superconductor where the charge transport occurs in an interpenetrating superconducting
and normal state percolative medium. In YBCO/Ag composites, it is believed that Ag
resides at the grain boundaries and modifies the microstructure of the sample to a large
extent. With increasing Ag concentration in the sample T_, shifts to lower temperature
side. The observed decrease of T, (Figure 2) is therefore of consequence of the progressive
decoupling of the superconducting grains with increasing Ag content at the grain boundaries

in the films.
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Figure 2. Temperature dependence of normalized resistance, R, at different Ag content in YBCO/Ag
composite thick films

The temperature dependent electrical resistance (R vs 7) of Y,,Ca, ,~123 and Y, ,Ca, ,~
123/Ag (10 wt.%) are shown in the Figure 3. Though the superconducting transition occurs
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Figure 3. Temperature dependent resistwity in Y,., CaBa,Cu,0, , (x = 01) and Y,..Ca,Ba,Cu 0, /Ag (Ag
10 wt.%) sample.
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at same temperature In both the systems, Ag composite one shows higher Too. Addition
of Ag In the system thus does not degrade the transition temperature rather improves the
coupling strength and enhances the microstructural modifications [13]. The SCOPF regn
however I1s affected in Ca doped sample as compared to Ag composite one (Figure 3)

The similarity of shifting of 7 in Figure 1 and Figure 2, in response to different contry,
parameters : variation of current in YBCO thick films and variation of Ag contents
YBCO/Ag composite thick films respectively point to a single phenomenon in the granular
superconductor. That is, both the increased current and increased Ag content suppress
the Josephson coupling across the grain boundaries. Thus both influence the inter-granular
charactenstics of the sintered granular superconductors as is used In the present study
In principle, the grain boundary modification either due to increased current or increased
Ag content should not affect the grains, which is characterized by 7 , T, and SCOPF
region. In fact we find that the current does not affect these parameters in pure YBCO
sample. In YBCO/Ag composite thick films however, Ag content in the samples influences
both the inter-as well as the intra-granular regions significantly. In addition to the T,
shifting to lower temperatures as in the case of higher current, the Tc;’ and the SCOPF
regions are affected with increasing Ag content. This indicates that Ag not only influences
the grain boundary characteristics, it also influences the grains themselves.

The mesoscopic inhomogeneities like grain boundaries, crack, voids etc. having much
larger length scale than the superconducting coherence length, £ and being temperature
independent are not expected to influence the SCOPF region [1]. These inhomogeneties
dominate the region describing the approach to the zero resistance state. The microscopic
inhomogeneities such as structural (twin boundaries, stacking faults) and chemical
imperfections (oxygen deficiencies etc.) inside the grains occur in a length scale smaller
than the mesoscopic inhomogeneities, but still larger than £. These inhomogeneities
therefore have negligible effect on the SCOPF region [1]. Many studies however have
shown that the inhomogeneities crucially influence both the critical and the mean field
region of SCOPF, particularly the excess conductivity and its divergence as T Is approached
from high temperature side [14-16]. Cukauskas et al [14] for example have shown expansion
of the critical region with increasing secondary phases associated with reduced value of
the critical exponent. Similar observation has been made by Aswal et al [15] who have
also shown that increased secondary phases at the grain boundaries leads to the
appearance of both static and dynamic critical region. The exponents in the mean field
region as well as the Lawrence-Doniach crossover temperature, T, characterising the
transition from 2 to 3 dimensional nature of SCOPF have all been affected by such
inhomogeneities [17]. In the background of such conflicting analysis of the influence of
inhomogeneities on the SCOPF region, we show that the SCOPF remains unaffected If
the grain boundaries are driven to normal state simply by increasing current, while having
second phases like Ag in the sample influences the SCOPF region dramatically.
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For the analysis of the fluctuation effect, we have used the Aslamazov and Larkin (AL)
18] phenomenological relation between the excess conductivity and the reduced

temperature as
Ac = Ae~? (1)

where € =(T-T, )/Tc, the reduced temperature defined with respect to T_. The excess
conductivity, Ac was obtained by subtracting the normal conductivity, o,(T) from the

measured conductivity, o(T) in a temperature interval close to T. The o,=1p, was
obtained by linear fitting of the resistivity curve in a temperature interval 250 to 150 K and
extrapolating the same to temperatures below T .. The AL relation is based on the Ginzburg-
Landau (GL) mean field theory and is valid only in a mean field temperature ~ 1.01 T_to
11 T. The amplitude A is a temperature independent parameter and its value for 2D and
3D cases Is €°/16nd and €°/32 £.(0) respectively, where d and £.(0) are the effective
layer spacing and the GL correlation length respectively.

Approaching the superconducting transition temperature from above, the fluctuations
exhibit ilamentary nature corresponding to one dimension, or planar fluctuation corresponding
to 2- dimensions or fluctuation in all 3- dimensions. From p - T plot different regions are
also identified. The crossover temperature between different regions is assigned such as
T,, (2D to 3D) and T, (3D tocritical). Lawrence and Doniach (LD) [19) extended AL
model for layer superconductors where conduction occurs mainly in 2D planes, which are
coupled via Josephson tunnelling. Assuming &,(0) = £,(0) , the excess conductivity parallel
to layers in the LD model is

40 =(e?/16nd ¢ )[1+ BLDs*]_”z @

where the LD parameter B, = | 2§C(0)/d]2. This expression predicts a crossover from 2D
16 3D behaviour of the order parameter fluctuations in the mean field region at temperature

Two =T {1412 (0)/af }. @)

We have used the LD theory to extract T, p (figure 3) from which the coupling strength
between superconducting layers given by J = [56(0)/d]z was obtained.

Different regions of the SCOPF analysed as above in Ag composite samples are shown
in Figure 4. From the variation of the different crossover temperatures from one region of
SCOPF to another region, it is observed that T, almost remains unaffected (Figure 2),
Whereas T, and T, show a significant increase with increasing Ag content (Figure 4).
The decrease of T, (Figure 2) refeicts the Ag induced mesoscopic modification in the
grains, which also explains the widening of the critical region associated with increase in
Ts The strong variation of T, , with Ag content associated with increase of the interplanar
Coupling strength J. Figure 5 shows the effect of Ca in decreasing T, and increasing T, .
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Further when Ag made as a composite to the system containing Ca, both Tand T .
increases. The crossover temperature between 2D-3D region T, is shifted towards higher
temperature side. Ca doping at the Y site is expected to affect the SCOPF parameterg
as it basically affect the intragrain behaviour. Hence it can be inferred that some amouyn;
of Ag goes to lattice site. Since microscopic inhomogeneity has been shown to have an
insignificant effect on the SCOPF [1], we explain the strong dependence of T, on Ag by
involving its role in modifying the overall electronic structure of grains [20].
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Figure 4. Log - Log plots of excess conductivity = Figure 5. Log - Log plots of excess conductivity as

as a tunction of reduced temperature for YBCO/ a function of reduced temperature for Y, Ca

Ag composite thick films for different Ag content. BaQCugo,_y (x = 01) and Y, CaBa,Cu,0, /Ay
composite thick fiims with Ag 10 wt %

4. Conclusion

Our study of the temperature dependence of resistivity in YBCO/Ag composite thick films
with variing Ag content and Y,_xCaxBa20u307_/Ag have revealed that a fraction of the Ag
diffuse into the grains. The intra-granular features like the SCOPF region and the onset of
superconductivity are thus significantly modified with Ag concentration in the films. This
observation is further supported by our study on pure YBCO thick films where the current
dependence of the R (T) only influences the intergranular characternistics and leaves the
granular characteristics unaffected.

Table 1. Ag content dependence of different transition temperatures (zero resistive, mean field, Ginzburg
and Lawrence-Doniach) and the inter-planar coupling strength of YBCO / Ag composite thick films.

wt. % To(K) TAK) crossover temperatures (K) J(1073)
of Ag Ts Tio

0 872 + 04 889 + 0.2 90.6 + 0.8 96.9+0.2 2+0.12
5 834 + 15 89.0 + 0.2 922 £1.5 100.5 + 0.2 3 x012
10 830 £ 10 89.2 + 0.2 923 + 0.5 99.2 x 0.2 3 £ 0.12

20 80.5 + 2.0 88.6 =+ 0.2 96.0 + 1.4 1064 + 0.2 5 + 0.12
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