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Superconductivity fluctuations in electrical and thermoelectrical properties
of granular ceramic superconductors: Homogeneous versus fractal behavior
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Both the electrical-resistivity and the thermoelectric-power temperature-derivative diver-
gences are examined in typical granular ceramic superconductors (YBa,Cu;O0,_, and
Bi, ;5Pby 55Ca,Sr,Cu30,0-,). Critical exponents are extracted in the region above the critical tem-
perature. The dimensionality of anomalous superconductivity fluctuations is deduced. The same
“universal” behavior is found for the excess resistivity and the excess thermoelectric power in a
given system. It is shown that a homogeneous regime and a self-similar (fractal) behavior can be
distinguished depending on the samples. The results are discussed in terms of superconductivity
paths occurring through surface connections and of different values of the superconductivity £s and
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percolation £, coherence-length ratio.
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The behavior of the temperature dependence of the
thermoelectric power S(T) is predicted to be intimately
related to that of the electrical resistivity p(7T) (Refs. 1
and 2) but such relationships often grossly misrepresent
thermoelectric-power data.’ Even though the Matthiesen
rule* can be applied when calculating electron-scattering
cross-section contributions to the thermoelectric power,
this does not imply that thermoelectric-power scattering
mechanisms are additive contributions in S(7) itself.>>
However, in the vicinity of a magnetic critical tempera-
ture T, inelastic and elastic scattering of the conduction
electrons have been predicted to contribute to S(7)
through the same temperature dependence (in terms of
critical components®’). In view of the expectation that
noncritical scattering process contributions can be weak-
ly temperature dependent near T, a simple relationship
can thus be expected between the most singular contribu-
tions to dp/dT, and to dS /dT

_ds
T dT

c

dp

dT (1)

4

It can be of interest to examine whether such a propor-
tionality holds near other critical points as well, e.g., at
superconductivity transitions. Such a result if true would
thus be by no means trivial since p and S involve different
integrals of the dynamic correlation function.®*®~ 1 The
temperature interval on which Eq. (1) is supposed to hold
is certainly material-dependent, however. An obvious re-
striction on Eq. (1) is that the reduced temperature inter-
val €=|T—T,|/T, be “small enough.” This restriction
might appear to limit the validity of Eq. (1) to the scaling
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region only. However, it might also hold in the mean-
field regime if the “background” (noncritical) contribu-
tion is smooth. Therefore it is also of general interest to
observe the temperature interval validity of Eq. (1) (with
respect to the Ginzburg temperature value T; or, in re-
duced units, to €g)."!

In this Brief Report we complete our paper!? on pre-
cise measurements of p with those on S as a function of
temperature taken on samples from the same batch for
two different types of granular ceramics oxides
(YBa,Cu3;0,_, and Bi, 75Pbj,5Ca,Sr,Cu30_,). We
briefly report on experimental setups and data acquisition
first. We discuss the data next and analyze the so-called
excess resistivity Ap and excess thermoelectric power AS
versus the reduced excess temperature (all terms to be
defined below). We show that the same behavior, i.e., the
same exponent characterizes the temperature derivative
of Ap and AS divergence in a large temperature regime
encompassing the critical temperature. The behavior
found for the excess resistivity!? is hereby recovered for
the excess thermoelectric power AS though the data are
(as usual) less precise. Therefore we confirm Eq. (1) in
the mean-field regime as well, i.e., where superconductivi-
ty fluctuations are not necessarily highly coherent. As in
Ref. 12 we thus show that the thermoelectric-power be-
havior is affected by the granularity of the materials and
can present some fractal character (i.e., in the Bi-based
sample). Finally we discuss such results in terms of rela-
tive values of the superconductivity coherence length and
of some percolation coherence length as imagined in the
fracton theory of Alexander and Orbach.!® This leads to
the understanding of superconductivity propagation in
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terms of connecting two-dimensional paths.

Experimental details on measurements and synthesis
have been presented elsewhere.!*”!7 It is necessary to re-
call that the resistance (R) is measured with a dc current
density (I) of the order of 0.2 A/cm?. The temperature
gradient on the sample holder is less than 1072 K/cm.!*
The data for R (T) are highly reproducible for I being a
constant. Furthermore, dR /dT is stable but not R
versus T for various temperature sweeping rates. Furth-
ermore, the thermoelectric-power (.S) measuring method
avoids sharp thermal gradients at contact leads.'® In all
cases much care has been taken to eliminate parasitic
effects. The temperature sweep rate is low (a few K/h)
such that quasistatic conditions are maintained. The sen-
sitivity is about a few nV for voltages and a few 1073 K
for temperature. This allows us to take with confidence
the temperature derivative of R and S (through a third-
order polynomical fit).

The sample granular structure will be seen to be of in-
terest. We do not claim to have optimized in any way the
texture for the following considerations. However, the
Y-Ba-Cu-O sample is markedly porous and a quasisingle
phase.!* The grains have a linear dimension about 1 pm.
The small pore size distribution is peaked near 30 A. In
the Bi-based sample the grains look “more spherical,”
and are smaller in size with a distribution around the
mean linear dimension about 0.1 um. The sample is also
more compact with both much less large and small pores.

The electrical resistance R and thermoelectric power S
are similar to those reported in the literature by other au-
thors for the same kind of compounds. The temperature
dependence of dR /dT and dS /dT is shown on Figs. 1
and 2 over a temperature range encompassing the so-
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FIG. 1. Plots of (a) electrical resistance (R) and (b) ther-
moelectric power (S) temperature derivative versus temperature
for a YBa,Cu;0;_, sample.
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FIG. 2. Same as Fig. 1, but for Bi, ;5(Pb)y ,5Ca,Sr,Cu;0,4_,
sample.

called “critical temperature” 7. (Ref. 11) even though
some discussion may arise!""!®!® whether such a value is
identical to that derived from static properties. Some
structure is found at a few degrees below T,.

For a definite quantitative examination of Eq. (1), plots
of dR /dT as a function of dS /dT in the close vicinity of
T, should be given using T as an implicit variable. How-
ever, the log-derivatives cannot be taken here since R and
S almost vanish below T,. Since each derivative is ob-
tained in a different experimental run (and obviously this
can be hardly avoided). It is necessary to interpolate one
of the derivatives in order to find its “exact” correspond-
ing values as measured at each temperature of the other
run. In view of the experimental precision as discussed
here above this interpolation scheme is just barely accept-
able down to reduced temperatures as €>5X10"* or
Ine>—7.6.

It should be emphasized that the data rely then on the
previous determination of a particular value for T, which
we found to be slightly varying, i.e., if determined from
the maximum of the peak in dR /dT and in dS /dT.
Thus much data scattering is found and cannot be totally
eliminated in this procedure. On the other hand, due to
the weaker precision in dS /dT only a dozen of points or
so could be calculated.

Nevertheless a proportionality relation between
dR /dT and dS /dT can be seen both below and above T,
respectively, in both compounds for the whole tempera-
ture range investigated. However, visual inspection indi-
cates much departure from linearity in such an analysis
which is not thus further pursued here.

On the other hand, a log-log analysis of
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where AR and AS are the so-called excess resistance and
the excess thermoelectric power, i.e., the values of R and
S from which a linear background has been subtract-
ed'*~ 1% leads to values of A and u (Figs. 3 and 4). The
critical exponents are indicated on the figures. For AR
(in fact for the excess conductivity Ao, but this subtlety is
not relevant here!'!) the values are predicted in the mean-
field region above T, according to landmark
theories.??"%* Already, in such a region superconductivi-
ty fluctuations are expected to be important.?*~2" It
could be thought that a Maki-Thompson (MT)
theory??~2* rather than an Aslamazov-Larkin (AL)
theory?® would describe such a region, but the MT pre-
diction only leads to a log divergence near T, (in two-
dimensions and to a very small contribution in three di-
mensions). However, such a MT term may be expected
to be more important than an AL term at “high tempera-
ture.”

In the AL theory, the critical exponent A of the (ex-
cess) resistivity is related to the fluctuation dimensionali-
ty D by

A=2—D/2 (3)

[and from Eq. (1), it is expected that A=p]. Therefore
from the values of the slopes on Figs. 3 and 4, it is found
that D =4 for this YBa,Cu;0,_, sample above T (be-
tween €=2 and 0.07) and D =2 for YBa,Cu;0;_, be-
tween €=0.07 and 0.005. Notice that the crossover be-
tween D =4 and D =2 seems to occur at the same € value
in both transport properties.

On the other hand, A=p=2 implies D=1 for the
Bi, ;5Pb; ,5Cu,Sr,Cu;0,y_, sample between €=1 and
€=0.002. We stress that such results are valid for both
transport properties.

In the so-called homogeneous critical regime, i.e.,
below the Ginzburg temperature Tg,!! critical exponents
2 and 1 (i.e., slopes —1 and —2) are, respectively, pre-
dicted to correspond to A=p=1 and 1, i.e., to D=2 and
3. We can only state that such values are not unlikely,
and are similar for both transport coefficients R and S
(see the parallelism of data on Figs. 3 and 4) but can
hardly be treated with confidence here in view of the
scarcity of data points. Furthermore, it is unlikely that
the critical regime be attained in view of the precision of
the data. Therefore we let other investigations clarify the
status of Eq. (1) in such a regime, but consider that its va-
lidity is confirmed in the mean-field regime for such
high-temperature superconductors.

In some sense the above results also place an upper
bound on the Ginzburg temperature: T is estimated to
be at Ine < —6.!! Notice that the impossibility to reach a
temperature less than 7; can be due to the distribution
of so-called critical temperatures in the samples which
are just signatures of stoichiometry defects in general.

A fluctuation dimension D =2 can be easily under-
stood from the anisotropic crystallographic structure of
the Y-Ba-Cu-O compound. A D =4 value is awkward,
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FIG. 3. Log-log analysis of the singular behavior of the ex-
cess resistance (AR) and excess thermoelectric power (AS)
above T, for Y-Ba-Cu-O. Critical exponents are indicated.

but from Eq. (3) it appears that A=0 then. It is known
from singular function analysis that such a value indi-
cates a “logarithmic singularity”.?® In fact, Maki and
Thompson?*~2* and Lawrence and Doniach?! have pre-
dicted such a logarithmic term for o (thus for d(Ac)/dT
and d(AR)/dT) as arising from pair breaking-
mechanisms (see also Ref. 29). Twins, grain boundaries,
and other defects can thus account for such a behavior
both on R and on S.

The most anomalous value (D =1) found in the Bi-
based sample can be understood when generalizing Eq.
(3) to noninteger D, i.e., when allowing for a fractal
description of nonhomogeneous (granular) material. It
has often been pointed out that the resistivity vanishes
because the superconducting system is a percolation net-
work indeed, i.e., superconductivity is restricted to re-
gions where microscopic mechanisms are active in induc-
ing the phenomenon. We observe here that the percola-
tion mechanism can already be effective above the critical
temperature in both transport properties.

According to well-known results in fractal description
of percolation networks'’ a structurally quasi-three-
dimensional network may behave as a lower dimensional-
ity system from the dynamical point of view. The
dynamical behavior should scale as the (so-called fracton)
or spectral dimensionality which governs energy
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FIG. 4. Same as Flg. 3, but for Bi1'75(Pb)o(25Cazsr2Cu3010_z.
A line of slope —2 (corresponding to a critical exponent A=1
or u=1) has been shown in order to contrast these results with
those of Fig. 3.
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diffusion. The (length, and consequently temperature) va-
lidity range of this description is usually unknown. How-
ever, the lower cutoff is connected to a length of the or-
der of the mean interatomic spacing, but the maximum is
as the correlation length £, of the percolation network.
This effect can evidently only apply if the superconduc-
tivity correlation length £ is of the order or less than £p:
for larger distance scales, the system has to appear homo-
geneous and fractal effects disappear. The simple condi-
tion (£ <&p) for the observation of fracton contribution
thus explains the fluctuation apparent difference between
YBa,Cu;0,_, and Bi; ;5(Pb)g ,5Ca,Sr,Cu30p -, com-
pounds. In fact, £ has to be temperature dependent,
while in granular materials £, should depend on the
grain and pore size distribution. Some crossover could be
expected’ but is not observed here. The length scale &
can be set also by the dimensions of oxygen defective re-
gions, i.e., by superconducting layers or by the carrier
mean free path.!! The granularity is also quite different
in both cases indeed, and the superconductivity coher-
ence lengths appear also to differ.>' ~3* Thus samples can
indeed have distinct behaviors. It remains for other in-
vestigations to discuss whether such results depend on
specific sample preparations or whether they are intrinsic
unavoidable properties.

Finally, notice that the values of A=u =2 for the frac-
tal regime observed in d(AR)/dT and d(AS)dT hides
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dimension of the fractal network. Indeed, the value
D=1 found here above is “nothing else” than (1+3),
where % is known as the fractal dimension for linear-like
percolating clusters.!®> Therefore we emphasize that the
relevant phase-space dimensionality of the fluctuation
spectrum of such superconductors is markedly higher by
a single unit than in usual cases. Such a result indicates
that the percolation backbone is more surfacelike than
pathlike both in the resistivity and in the thermoelectric
power.

In conclusion, we have confirmed the occurrence of
similar (or “universal”) behaviors between superconduc-
tivity fluctuation contributions in different transport
properties. Fractal or homogeneous regimes can be
found (even far away from the critical temperature) de-
pending on the materials.

Finally notice that several authors claim that the frac-
tal nature of the materials and its dynamics contribute to
raise the superconducting temperature—suggesting that
the selection of granule size and material composition
can be optimized to reach a high-T, value.>>3¢
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