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Excess conductivity of overdoped Bi2Sr2CaCu2O8¿x crystals well aboveTc
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We have used a multiterminal technique in order to measure the(a,b) plane excess conductivityDs in
several Bi2Sr2CaCu2O81x single crystals. We find that the experimentalDs does not follow a simple power
law Ds;e2a, with e5 ln(T/Tc), and that it drops faster than the two-dimensional Aslamazov-Larkin law,a
51, with increasing temperature. In addition, data for samples with different doping do not scale on a universal
curve. We discuss our data in terms of microscopic and Ginzburg-Landau theories, where high-momentum
fluctuations are either not excited, or phenomenologically cut off. The experimentalDs drops even faster than
the prediction of the extended microscopic theory. However, we can accurately describe all our data up toT
'1.3 Tc with the GL theory, assuming a sample-dependent cutoff value. We relate the cutoff parameter to the
doping level of our samples.

DOI: 10.1103/PhysRevB.64.144508 PACS number~s!: 74.40.1k, 74.25.Fy, 74.72.Hs
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I. INTRODUCTION

Since the discovery of high-Tc superconductors~HTCS’s!
the excess conductivityDs due to superconducting fluctua
tions aboveTc has been experimentally investigated.1–16

While a general consensus exists on the extraordinary
evance of fluctuations in the determination of the superc
ducting properties in a wide range~several kelvins! around
Tc , theoretical descriptions of the data have evolved in tim
together with the availability of better-characterized samp
such as single crystals or crystalline-quality thin film. Fi
interpretations were given using traditional models, such
the well-known Aslamazov-Larkin theory.17 In some cases
Maki-Thompson terms18–20 were found necessary to fit th
data,12 while other experimenters found
unnecessary.1,7,13,15 Theoretical works proceeded to unve
other, previously neglected, contributions to the exc
conductivity,21–23 but unambiguous quantitative descriptio
of the data are still lacking.

Among other interesting features, HTCS’s present a p
nounced anisotropy, even extreme in Bi2Sr2CaCu2O81x
~BSCCO!. This compound is of particular interest as a re
resentative of a nearly two-dimensional superconductor
the sense that the superconducting layers can be consid
as almost decoupled. Only the divergence of the out-of-pl
coherence length induces a crossover to a three-dimens
behavior,24 but extremely close toTc : the crossover region is
estimated to be not wider than;1 K. In fact, such crossove
has been found belowTc ~Ref. 25! from transport measure
ments in a magnetic field. AboveTc the crossover manifest
itself in the excess conductivity by a change of slope:23,26–28

in the 3D region, very close toTc , a 3D~Aslamazov-Larkin,
AL !17 expressions holds, and

Ds3D5
e2
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while for temperatures even slightly aboveTc a 2D AL
formulation17 is appropriate:

Ds2D5
e2

16\d

1

e
. ~2!

Heree5 ln(T/Tc), e is the electron charge,d is the effective
thickness of the superconducting layers andjc(0) is the
zero-temperature out-of-plane correlation length. Similar
pendencies have been sometimes observed,3,12,13,15,16even if
this is not a universal feature of the experiments.7 In fact, the
observation of such a crossover is extremely sensitive to
choice ofTc , since it is expected to take place in the regi
e<0.01, where small differences in the choice ofTc dramati-
cally modify thee dependence ofDs.4,11 Moreover, in this
temperature region sample inhomogeneities can affect
temperature dependence ofDs,10 even if there are indica-
tions that such effect might be negligible in zero magne
field.13

A second interesting and less studied region is the hi
temperature range~up to 1.5Tc). In fact, it is well known
that the original AL theory can be applied only close to t
transition, while with increasinge ~e.g., abovee;0.05) it
overestimates the weight of the fluctuations~technically, the
low-q expansion of the fluctuation propagator and theq in-
dependence of the fermionic propagator employed in
original AL work17 are not valid approximations far from
Tc , where the uniform mode is no longer the only releva
mode!, giving rise to aDs larger than it is actually mea
sured. This statement is confirmed by several reports on b
thin films and crystalline samples. In all the data on th
BSCCO films5,6,8,15 a 2D AL behavior is observed in som
temperature region. However, the simple 2D AL descript
fails abovee values that are sample dependent, scatte
from 0.05 ~Ref. 5! up to 0.18~Ref. 6!. Interestingly, films
from the same source presentdifferentextensions of the AL
region.5,8,15 It is worth to stress that in some cases the ran
of validity for the AL expression resulted overestimated
©2001 The American Physical Society08-1
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the incorrect definition of e5T/Tc21, instead of e
5 ln(T/Tc). As will be discussed in the following, the data o
single crystals are often affected by the incorrect determ
tion of the in-plane resistivity. There are then a very few
any, reliable excess conductivity data in crystals. Mandaet
al.3 employed a Montgomery analysis to extract the exc
conductivity in one BSCCO crystal, and found a 2D A
range extending up toe.0.075. Others2,7,9,13,16 took data
with the simple four-probe configuration in BSCCO crysta
obtaining conflicting results. In general, data in BSCC
crystals were never compared to theories extended bey
the smalle region.

The extension of the AL result to higher temperatures
the case of a 2D, clean superconductor has been studie
Ref. 21: it has been shown that, taking into account the
q-vector dependence of the fermionic propagator, the exc
tion of high-q fluctuations is severely depressed with resp
to the AL calculation. This has little consequences on
excess conductivity very close toTc , where low-q modes
are dominant, but strongly reducesDs as far asT exceeds
Tc . The excess conductivity results to be

Ds5
e2

16\d
f V~e!, ~3!

where f V(e) has the limitsf V5e21 approachingTc , and
f V;e23 for T@Tc . The function f V does not contain pa
rameters, so that Eq.~3! predicts a universal behavior for th
two-dimensional excess conductivity~apart from the pos-
sible scaling factord). First experimental investigations5 in
BSCCO thin films agreed with Eq.~3! for e,0.1. At high
temperatures even Eq.~3! predicted a largerDs than
observed.5,15

A second, very often used path that has been followe
the use of time-dependent Ginzburg-Landau theory~TDGL!
to calculate the excess conductivity~paraconductivity!. The
usual TDGL theory in the Gaussian approximation is entir
equivalent29 to the AL formulation at smalle, and Eqs.~1!
and ~2! are recovered. The paraconductivity as calculated
the TDGL-Gaussian approximation shares with the mic
scopic theory the same drawbacks in theq-dependence of the
fluctuational spectrum. In order to overcome such limi
tions, it has been proposed long time ago to phenomenol
cally cutoff the fluctuational spectrum at a maximum wa
vector, of order of the inverse correlation length.30 Such ap-
proach found its roots in similar problems arising from t
calculation of the excess diamagnetism,31–33 where a cutoff
was imposed on the energy spectrum of the excitations
stead. The cutoff approach was then used to extend
Gaussian approximation results for the paraconductivity
larger e in three-dimensional amorphous superconductor30

in YBCO pellets34 and films,4,11 and in textured BSCCO
tapes.14 We are not aware of similar studies in HTCS sing
crystals.

It is clear that detailed, systematic analysis on BSC
single crystals are desirable, in order to ascertain the na
of fluctuations far fromTc . However, the intrinsic, huge an
isotropy of this compound poses severe constraints on
measurements of the true resistivity (rab , in-plane, andrc ,
14450
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out-of-plane!: while measurements in thin films performed
the common four-probe configuration give the correct valu
for rab , this is no longer true for measurements
crystals:35–38 the voltage drop in the four contacts, in-lin
configuration does not yield a quantity that is close to
in-plane resistivity, even approximately.37,38 This fact ob-
scures some of the works performed in BSCCO crystals,
calls for appropriate treatment of the data. For similar r
sons, analysis of the data for the excess conductance t
on noncrystalline materials, such as sintered pellets or th
tapes, can hardly give reliable, quantitative information.

Summarizing the indications given by the literature, it
possible to assert that the regionTc<T<Tc11 K is of very
difficult experimental investigation, due to the reasons ab
mentioned. However, nontrivial dependences are clearly
tectable in the excess conductivity above this tempera
range. Moreover, this is the temperature range where
treatment should better apply to the excess conductivity
BSCCO. In addition, in a very few measurements in BSCC
crystals has been the resistivity correctly derived. Thus,
study of the high-temperature region in highly anisotrop
BSCCO crystals is still far from being complete, and it is t
main subject of this work.

In this paper, we present systematic measurements o
(a,b) plane excess conductivity in several, slightly ove
doped, BSCCO single crystals. We show that an accu
determination of the in-plane resistivityrab is an unavoid-
able starting point for the study of the excess conductiv
Using a recently developed method,38 based upon multiter-
minal measurements, we obtainrab measurements in crys
tals with the necessary accuracy. The data for the exc
conductivity vse as measured in different samples do n
scale together with a mere factor, especially far fromTc . We
discuss the data in terms of existing theories for the fluct
tional conductivity beyond the AL approach, comparing t
findings of the microscopic21 and Ginzburg-Landau~GL!
theories, where the role of high-momentum fluctuations
intrinsically depressed or phenomenologically cut off, r
spectively. We show that both approaches give identical
sults with an appropriate choice of the cutoff parameter
the GL theory. Our data, however, show a decrease of
excess conductivity which is faster than predicted by the
croscopic theory, and depends on the doping of the samp
the high-e region. Allowing the short-wavelength cutoff in
the phenomenological theory to be a fitting parameter,
show that all our data can be fitted by the extended
theory in the range 0.01,e<0.25 ~that is from;Tc11 K
up to;Tc125 K!. We find a correlation between the value
of the cutoff and the doping level.

II. EXPERIMENTAL SECTION AND RESULTS

In anisotropic, bulk materials a single voltage measu
ment is not in general sufficient to obtain the resistivity38

The resistivity in BSCCO samples thicker than, e.
;1 mm, is related to the measured voltages by nontriv
relations. In particular, by means of multiterminal volta
measurements we have experimentally shown38 that in typi-
cal BSCCO single crystals, usually a few tens ofmm thick,
8-2
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EXCESS CONDUCTIVITY OF OVERDOPED . . . PHYSICAL REVIEW B64 144508
none of the voltage measurements is proportional to the
plane component of the resistivity, even in an approxim
way. This statement becomes evident with the observatio
Fig. 1, where it is shown how different the temperature
pendence of the in-plane resistivityrab is and the in-plane
voltage dropVtop ~we employ here the accurate analysis d
veloped in Ref. 38!. It is evident that the assumptionVtop
;r is incorrect, and can easily lead to wrong conclusions
the interpretation of the data. We remember that the ext
tion procedure depends on several geometrical parame
which can hardly be controlled with high accuracy. This
sults in small uncertainties on the precise value of the re
tivity, which, however, do not affect the following discus
sion. It is worth to stress that, using different sets of volta
measurements, the multiterminal technique allows fo
quantitative determination of these uncertainties, wh
simple four probe measurements do not yield any estim
on the possible error related to the measurement met
Finally, the multiterminal measuring method allows for a
multaneous determination of the out of plane resistivityrc ,
which can be used for a more complete characterization
the samples.

In this paper the resistivity is always obtained from m
titerminal voltage measurements. On each sample, eight
resistance contacts were obtained by attaching with si
paste 25mm gold wires onto freshly cleaved surfaces. C
rent was fed by a stepped current source~typical current
intensity wasI 50.1 mA! through one pair of the contacts
and voltage measured on the other three pairs by mean
sensitive nanovoltmeters. Current was reversed for each
tum point to cancel out thermalem f. Voltage measurement
were taken in zero magnetic field from low temperature up
270 K. Measurements upon cooling and warming gave
measurable differences. Screening the Earth’s magnetic
with m-metal sheets did not change the measured voltag
the temperature range of interest. We checked that all
measurements of relevance for this study were taken in
Ohmic regime.

We have performed a systematic study of the dc electr
transport properties on several high-quality BSCCO cryst

FIG. 1. In-plane voltage measurements in sample 11M,
scale, full circles, and extracted~see text! in-plane resistivity, right
scale, continuous line. It is apparent that simple voltage meas
ments cannot be used as an evaluation of the behavior of the r
tivity. To avoid crowding, only 30% of data is plotted. In the inse
the out of plane resistivity of the same sample.
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The crystals were grown using the directional solidificati
method.39 Crystals of typical dimensions 1 mm3 0.2 mm
30.01 mm were cleaved from the crystallites. Very smoo
and shiny surfaces were observed under optical microsc
The samples were successively annealed in air for sev
hours to get a uniform oxygen concentration. According
the annealing procedure,40 the crystals were slightly over
doped. To confirm this statement, we comparedrc of our
samples to the values reported in Ref. 40. We used as pa
eter the ratior 5(rc

max2rc
min)/rc

min , whererc
max andrc

min are
the maximum and the minimum value ofrc in the normal
state. Using the data of Fig. 3 of Ref. 40, it turns out thatr is
a monotonically decreasing function of doping, withr 51 for
optimally doped samples,r &1 for overdoped samples, an
r .1 for underdoped samples. In our samples,r &1, thus
confirming that they are slightly overdoped. Experimen
and fitting parameters~see below! are presented in Table I.

In Fig. 2 we present a typical in-plane resistive transitio
An anomalous enhancement of the resistivity is observe
some of the crystals close to the zero-resistance tempera
We have observed the same anomaly also in BSCCO cry
from other sources. This feature is likely to be due to t
breakdown of local conductivity,41 a fundamental assumptio
for the correct extraction of the resistivity.38 The study of this

ft

e-
is-

TABLE I. Sample characteristics: critical temperatures,r ratio
for the out-of plane resistivity~see text!, cutoff parameters and ef
fective fluctuating layer thickness~Ref. 48!.

Sample Tc~K! r K d(Å)

9M 86.2 0.66 0.63 4.0
11M 86.0 0.75 0.44 4.0
15M 86.6 0.74 0.50 3.8
16M 89.5 1.07 0.36 2.8
5M 86.6 0.85 0.41 3.0
7L 88.7 0.75 0.52 3.8

FIG. 2. Resistivity measurements in sample 9M. Open circ
experimental data, dashed straight line: normal state resistivity
set: enlarged view of the same data. Continuous line is the
resistivity: r5(rn

211Ds)21 with Ds calculated by the cutoff GL
theory ~see text!. To avoid crowding, only 30% of data is plotted
8-3
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E. SILVA, S. SARTI, R. FASTAMPA, AND M. GIURA PHYSICAL REVIEW B64 144508
effect is under current investigation, and is out of the sco
of this paper. The presence of this feature does not affec
present analysis of the data, since it lies in the tempera
region below or very close toTc . The transition tempera
tures~see below for the determination! are reported in Table
I, and vary from 86.0 up to 89.5 K.

Once the data for the resistivity are obtained, a cruc
step for the study of the excess conductivity is the deter
nation of the normal state resistivityrn . In fact, the in-plane
excess conductivity is determined through the relation

Ds5
1

rab~T!
2

1

rn~T!
, ~4!

whererab(T) is the measured resistivity. In all our sample
the resistivity is linear above;160 K and always concav
downward with decreasingT. We stress that this is not a
ways true in the raw voltage data: in some of the crystals
upturn close toTc appears. This is not due to sample quali
but only to the unavoidable mixing ofrab and rc in all
voltage measurements.37,38The extracted resistivity isalways
linear in T, with very low ~or zero! residual resistivity ex-
trapolated at zero temperature. We have chosen the no
state resistivity as the linear extrapolation at low tempe
tures, obtained from the fitting of the data above 160 K,
depicted in Fig. 2. This determination obviously preve
from an accurate extraction of the excess conductivity ab
;140 K, where even small differences inrn may determine
large variations inDs. However, we have checked that b
low ;140 K the obtainedDs is robust against smal
changes in the choice ofrn , so that a wide range of tem
peratures can be analyzed with very small uncertainties.
remind that our crystals are overdoped, so that we do
expect a pseudo-gap opening that might affect theT depen-
dence ofrn .

The final step is the determination of the critical tempe
ture Tc . We here recall that in this paper our interest
focused in the temperature range above;Tc11 K, so that
the determination of the critical temperature is not as cru
as in other studies,9 where the behavior in the close vicinit
of Tc was the subject of interest.

The determination ofTc was accomplished as follows. W
have calculatedDs and plottedDs21 vs T. Assuming the
validity of Eq. ~2! in a ~even small! temperature range, b
simple linear extrapolation we obtainedTc .11 This proce-
dure, graphically sketched in Fig. 3, was found to be s
consistent with the analysis performed in Sec. IV. The unc
tainty of this procedure is well within the necessary accur
for the purposes of this paper. Since we will mainly discu
data far fromTc , it is important to use the correct reduce
temperature,e5 ln(T/Tc).

42

In Fig. 4 we report the in-plane paraconductivity,Ds, vs.
the reduced temperaturee, in our samples and in the hig
temperature region. As can be seen, the data strongly b
downward with increasinge: these results do not compa
favorably to a simple AL framework. A different represent
tion of the same data sheds light on a second aspect of
data: in Fig. 5 we report the data as normalized paracond
tivity Ds/(e2/16\d) vs e. Comparison with the 2D, AL law,
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Eq.~2!, reveals that the pure 2D behavior~as indicated by a
slope -1 in the lnDs vs lne plot! is indeed observed, but in
all samples it does not extend for more than 2 K aboveTc
~see also Fig. 3!, since the tendency is to have an increas
slope with increasing temperature, that is a less pronoun
excess conductivity. Interestingly, the latter feature shows
to a different extent in different samples. From the analy
of the data, it is then possible to assert that nonunive
excess conductivity is observed at highe. In the following
we discuss our results in terms of microscopic and phen
enological theories for 2D excess conductivity.

III. THEORETICAL BACKGROUND

The extension of the calculation of the effects of sup
conducting fluctuations to the high-temperature region

FIG. 3. Determination ofTc from the linear dependence o
Ds21 vs T in samples 9M ~circles!, 11M ~diamonds!, 15M
~squares!, and 16M~triangles!. To avoid crowding, the data for the
peak atTc have been omitted and only 25% of data is shown.

FIG. 4. Ds vs the reduced temperaturee for the same samples
as in Fig. 3. The data are divided by a factor 2, 4, and 8 for sam
11M, 15M, and 16M, respectively, to avoid crowding. The contin
ous lines through the data are the fits with the 2D cutoffed
expression, Eq.~9!.
8-4
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EXCESS CONDUCTIVITY OF OVERDOPED . . . PHYSICAL REVIEW B64 144508
usually performed within two main general frames, name
the phenomenological Ginzburg-Landau theory4,30,43 or
through microscopic calculations.21 It is useful to briefly re-
view the microscopic approach to the problem of the hig
temperature limit of superconducting fluctuations.17,21,23As
discussed in the Introduction, apart from a small reg
aroundTc the BSCCO system can be considered as alm
2D, so that we will restrict ourselves to the case of a
superconductor.

Within the microscopic approach, one uses the Kubo
mula to relate the conductivity to the mean value of t
correlator @J,J#. One then expands the latter in terms
Feynmann diagrams and considers the leading terms. It t
out17 that for v→0 the leading diagram is the Aslamazo
Larkin one~see Fig. 1 in Ref. 17!. In the original work by
Aslamazov and Larkin the diagram was calculated in
small e and smallq limit, and the result can be written as

j5EWE C2
q3

$e1@j~0!q#2%3
dq5EWE gAL~q!dq, ~5!

where j is the current density,E is the applied field,W is a
constant,j(0) is the zero temperature correlation44 length,
Cq is the integral corresponding to the fermionic loops w
C.const in the limit of smallq,17 and the latter equality
definesgAL(q). The smallq approximation is valid close to
Tc , since in that case the integrand decays very fast a
function of q. In the abovementioned limits, this result co
responds exactly to the conventional GL expression29 ~see
also the Appendix!.

This approximation loses its validity for largee. To ex-
tend the calculation to higher temperatures, one has to
into account the fullq dependence of both the fluctuation
propagator and the fermionic loops. This has been done

FIG. 5. High-temperature behavior of the normalized parac
ductivity, f 5Ds/(e2/16\d) vs the reduced temperaturee
5 ln(T/Tc). Same samples as in Figs. 3 and 4. The difference
high e are evident. The dashed straight line is the 2D AL law, E
~2!, while the continuous line is the behavior of the extended
croscopic calculation~Ref. 21! Eq. ~3!. As can be seen, already a
low e there is a significant departure from the AL prediction, a
the full microscopic theory approximates the data only for smale.
14450
,

-

n
st

r-

f
ns

e

a

ke

by

Reggianiet al. in the limit of a clean superconductor.21 The
result of their calculation is that the function ofq to be inte-
grated in Eq.~5! can be written as, apart from a consta
prefactor

gV~q!5q3e24eE
2`

1` 1

sinh2~2py!

Im b̃~x,y,e!

ub̃~x,y,e!u4
Im$b̃~x,y,e!

3@S* ~x,y!#2%dy, ~6!

where b̃(x,y,e)5c( 1
2 1x1 iy)2c( 1

2 )1e, c is the di-
gamma function, and

S* ~x,y!5(
n

1

F S n1
1

2
2 iy D 2

11.173xG3/2, ~7!

wherex5k@qj(0)#2e22e, k is a constant which depends o
^q•v&/uquuvu, and ^& indicates the average over the Ferm
surface (k50.203 for a circular Fermi surface!. Integrating
Eq. ~6! overq, one getsDs as a function ofe, as reported as
a thick line in Fig. 5. In the same figure, we report the e
perimental data for our samples. Two main differences
tween data and theory are evident: first of all, the experim
tal curves do not show an universal behavior, as it would
predicted from the theory. The second difference betw
data and theory is that the predictedDs is always larger than
the measured one. This is particularly evident fore.0.1 and
in most samples it is noticeable also fore.0.05. This means
that even the improved microscopic theory overestimates
extra conductivity at highe, though the qualitative down
ward bending of the data is reproduced.

The discrepancies between the theory and the data sh
be found in the failure of some of the assumptions made
Ref. 21. In particular, the calculation was performed in t
clean case: disorder and impurities are not considered
addition, only the AL diagram was calculated, and a circu
section of the Fermi surface was used. It has to be noted
all these conditions were somehow released in subseq
papers,23 but the calculations were restricted, to our know
edge, to the smalle region.

The calculation of the extra conductivity at highe from
the microscopic theory goes beyond the scope of this pa
In the following, we will show the results that can be o
tained by making use of a phenomenological GL approac
the problem. In particular, we will show that within this ap
proach it is possible to describe all the experimental d
with a single, sample-dependent parameter, whose phy
meaning will be the subject of the last part of the paper.
better understand the main differences between the theo
low and highe, we calculatedgV(q) for several values ofe
and compared it to the AL expressiongAL as defined in Eq.
~5!. In Fig. 6 we report the two expressions as a function
qj(0), for e50.1. Similar or identical results are obtaine
for different values ofe. The two functions differ sensibly a
high values ofqj(0), wheregV drops much faster thangAL .
Recalling that the AL approach finds an exact matching w
the GL calculation, and guided by the shape of the mic
scopicgV(q), we inserted in the GL calculation a phenom

-
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.
-
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enological cutoff in the fluctuational spectrum. Similar ca
culations have been made by other authors,4,11,30,43 which
introduced the cutoff in order to eliminate from the tot
conductivity the unphysical contributions arising from flu
tuations whose size is less than the superconducting cor
tion length. Here we briefly summarize the main steps of
calculation, reported for completeness in the Appendix.

In the Ginzburg-Landau frame, one calculates the exc
~fluctuation! conductivity by assuming that the total condu
tivity s is the sum of the electrons and~fluctuating! pairs
contributions. Interactions among normal electrons and fl
tuations are taken into account only through the finite li
time of the latter. To obtain the fluctuational contribution
s one has to calculate the average of the current operato
the superconducting wave function, in which the moment
is shifted to take into account the presence of the app
electric field. For a two dimensional system~see the Appen-
dix!:

^Jx~ t !&52
\e!

mdE d2q

~2p!2
qxCFk5q2

e!

\
A~ t !;t G , ~8!

whereC(q,t) is the Fourier transform of the equal-time co
relation functionC(r ,r 8;t,t)5^c(r ,t)c!(r 8,t)&. Performing
the integration over the wholeq space, one gets the standa
Gaussian correction to the normal state conductivitysn ,
which is equivalent to the AL result and, as discussed pre
ously, is not accurate at high temperatures. The cutof
introduced by limiting the integral overq space to a
square4,11 or a circle ~see the Appendix!. In the latter case
one obtains

Ds~e!5
e2

16\de

1

~11e/K2!2
, ~9!

whereK5Qj(0) andQ is the radius of the circle in theq
space over which the integration is performed. Eq.~9! has

FIG. 6. Comparison of the Aslamazov-LarkingAL ~full symbols!
with the full microscopic calculationgV ~open symbols! for e
50.1. gV drops faster thangAL at high qj(0). In the inset, the
comparison off (e) as obtained from the full microscopic theor
~full dots! and from the GL cutoffed theory, Eq.~9!, with K50.74
~dashed line!.
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the correct limiting value for smalle, where it recovers the
standard AL resultDs}e21, and it drops much faster a
higher temperatures. Further, the result of the cutoffed
theory numerically reproduces the result of the improved
croscopic theory ifK50.74 is chosen44 ~inset of Fig. 6!.

IV. DISCUSSION

We obtain the excess conductivityDs from the experi-
mental data as described in Sec. II. The data for our sam
are reported in Fig. 4. As explained, the reliable data ra
extends from 0.5–1 K aboveTc up to ;Tc140 K. The
elaborations are then restricted to that temperature range
also do not discuss the data fore,1022, where the choice of
Tc is the major issue. In the latter range, a 2D-3D crosso
is predicted28 and sometimes observed.3,13,16 Some of our
data are compatible with this behavior, but for the reas
mentioned in Sec. II we do not discuss in detail this tempe
ture region.

The first conclusion that can be drawn from the obser
tion of the data is that even the extended microsco
theory21 does not describe correctly the strong decrease
Ds with increasinge. This can be seen either in the norma
ized excess conductivity, Fig. 5, or in the absolute data, F
4. In addition, the curvesDs(e) differ from sample to
sample.

As discussed in the Introduction, this finding confirm
previous results indicating thatDs does not have a single
universal behavior in BSCCO. The only feature that clea
emerges from the data is that a two-dimensional AL behav
is present, although in temperature ranges of various ex
sion.

Coming back to the interpretation of the data, since
extended microscopic theory is not sufficient for a prop
description of our data we resort to the phenomenolog
GL approach, extended in order to include a sho
wavelength cutoff as described in Sec. III. The shape of
cutoffed GL expression, Eq.~9!, depends only on the cutof
parameterK. In fact, the other parameter~the effective layer
thicknessd) is a mere scale factor, which absorbs all t
uncertainties on the determination of the exact crystal thi
ness. However, values of the order of magnitude of the
perconducting double CuO layers45 '3.3 Å or of the inter-
layer separation23,26 '15 Å are expected. The choice of th
critical temperatureTc , which affects the shape ofDs in
;1 K range only, is not crucial for our purposes~the value
of Tc has been fixed according to the procedure describe
Sec. II!.

In Fig. 4 we report some of the fits with Eq.~9! in differ-
ent samples. As a general indication, we can safely state w
follows.

~i! In all samples, Eq.~9! is a very good description of the
data in the range 0.01<e<0.2. This is a remarkable resul
since this range roughly covers the temperature rangeTc
11 K, 1.25Tc).

~ii ! The differences between the obtained values forK are
much larger than the maximum estimated error (60.03), and
they are relevant in the determination of the different sha
of Ds vs e curves between different samples. This behav
8-6
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is again a manifestation of the nonuniversal fluctuation c
ductivity.

~iii ! The thickness of the effective superconducting laye
obtained through the fitting procedure is in the range 2.8
<d<4 Å, indicating that the double CuO planes act as
dependently fluctuating layers. This is in agreement with
crowave results46 and with temperature-dependent angu
scaling properties of the magnetodissipation belowTc .45

~iv! The values attained by the cutoffK vary in the range
0.36,K,0.63. All these values arebelow the value 0.74,
that would correspond to the extended microscopic the
~see Sec. III!.

Keeping the original significance of the cutoff,30 that is
that fluctuations shorter than;j(0) should be suppressed
we would get a cutoff of fluctuations of wavelengths shor
than (1.5–3)j(0), which would be a reasonable numbe
However, within this frame, we cannot find some compelli
argument neither for the sample variations ofK, nor for the
clear departure from the ‘‘expected’’ value 0.74.

In order to add information on this point, we have tried
correlate theK value with other features that can be obtain
from the resistivity data. We did not observe a correlat
betweenK and the normal state, in-plane resistivity, so tha
appears that disorder does not play a fundamental role.
have then takenr as a parameter indicating the doping lev
~we recall thatr is not a direct measure of the doping: i
stead, it is a monotonically decreasing function of it!. In Fig.
7 we report the cutoff parameterK vs r. It is immediately
clear that, even if according to the heat treatment40 our dop-
ing level does not change much, a correlation clearly exi
with increasing doping,K increases. We now comment o
this behavior and propose some speculation.

We first remind that pseudogap related phenomena are
expected, since our data are taken in the~slightly! overdoped

FIG. 7. The value of the cutoffK against the doping paramete
r 5(rc

max2rc
min)/rc

min (r decreases with increasing doping, see te!
in all the crystals investigated. The dashed line represents
equivalence with the microscopic theory. Error bars are differ
from sample to sample and reflect the uncertainty on the dete
nation of bothrab andrc through the multiterminal analysis. Ope
symbols denote samples 5M and 7L, where it was not possibl
estimate the error bars~Ref. 49!.
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regime. In addition, we note that if such effects were prese
we should get aDs larger than the theoretical expectation
while we have the opposite result.

At the lowest level, we can identifyK as a measure of the
departure ofDs from the microscopic theory. From obse
vation of Fig. 7 we then argue that our data tend to
microscopic prediction with increasing doping. Since t
theory is developed for a conventional, clean supercondu
with circular sections of the Fermi surface, we speculate t
this departure might be a signature of a non circular sec
of the Fermi surface, which should evolve into a conve
tional metal for extreme overdoping. Interestingly, our da
are compatible with an extrapolation toK50.74 ~i.e., appli-
cability of the microscopic theory! for highly doped samples
While more work is needed in order to confirm this resu
the indication is rather intriguing.

V. CONCLUSION

In conclusion, we have employed a multiterminal tec
nique to measure the in-plane excess conductivity in sev
BSCCO crystals. We have shown that not too close toTc no
simple universal behavior appears. Our data are not
scribed by the microscopic theory extended at high redu
temperature. However, all our data can be described b
phenomenological Ginzburg-Landau model for the dc flu
tuational conductivity in a 2D superconductor, extended
yond the close vicinity ofTc by means of the introduction o
a cutoff in the spectrum of the fluctuations. The agreem
between our data and the GL model is excellent up toTc
125 K. The cutoff is found to be sample dependent. W
found a correlation between the cutoff value and the dop
level, suggesting that only extremely overdoped samp
might be described by the conventional microscopic theo

ACKNOWLEDGMENTS

We acknowledge fruitful discussions with R. Raimon
and D. Neri. We thank E. L. Wolf for supplying crystals an
M. W. Coffey for careful reading of the manuscript. Th
work has been partially supported by INFM under PR
‘‘HOP.’’

APPENDIX: CALCULATION OF Ds WITH A SHORT-
WAVELENGTH CUTOFF

We present here the explicit calculation of the 2D exc
conductivity within the GL approach, with a phenomenolog
cal cutoff in the fluctuational spectrum. We model our syst
as a stack of uncorrelated layers, whose effective thickne
d ~in the Lawrence-Doniach model this thickness cor
sponds to the interlayer separation; for a superconduc
film, thin with respect to the correlation length,d is the film
thickness!. We assume the material to be isotropic in t
(a,b) plane, neglecting the small in-plane anisotropy. W
work in the Gaussian approximation, where the GL fun
tional contains the order parameterc only up to the second
order:

he
t
i-
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F5E dr F (
j 5x,y,z

\2

2mj
US ]

]r j
2

ie!

\
Aj Dc~r !U2

1auc~r !u2G ,
~A1!

where mj are the effective masses, andmx5my5m, e!

52e, a5ae, e5 ln(T/Tc) is the reduced temperature,42 the
zero temperature in-plane correlation length is defin
throughj(0)5\/(2ma)1/2, and we have chosen thez axis to
be perpendicular to the (a,b) planes. We are interested in th
linear response in presence of an applied electric field al
the (a,b) planes, e.g., along thex axis:A5(A,0,0). We then
start from the standard time-dependent GL theory for a
perconductor in presence of an external vector poten
A(t)52Et, where t is time ~we use Siste`me International
units!. The response function is given by the current opera
averaged with respect to the noise, and it can be express
a function of the~Fourier transform of the! order parameter
correlation function,C(r ,t;r 8,t8)5^c(r ,t)c!(r 8,t8)&. The
equal time response reads

^Jx~ t !&52
\e!

mdE d2q

~2p!2
qxCFk5q2

e!

\
A~ t !;t,t G ,

~A2!

where the momentum dependence has been shifted fromk to
the new vectorq5k1(e!/\)A(t), and in a nearly two-
dimensional superconductor d3q/(2p)3→(1/d)
3@d2q/(2p)2# in the integration. In the frame of the linea
response, the quadratic terms in the vector potential ca
neglected, and for the equal time correlator@see, e.g., Eq.~4!
of Ref. 47 for an explicit expression ofC(q;t,t)] we
finally get

C~q;t,r !52kBTG0E
0

1`

dsexpS 22G0as

2G0\2s
~qx

21qy
2!

m
2

G0\e!

m
Eqxs

2D , ~A3!

where the relaxation timeG05(8kBT/\pa) is evaluated
from the microscopic theory.19 Calculation of Eq.~A2! is
. M

ur

hy
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now possible in polar coordinates, and after some manip
tion we get

^Jx&52
kBT\e!G0

pmd
E

0

1`

dse22G0as

3E
0

Q

dqq2e2(G0\2/m)sq2
I 1S 2

e!EG0\

m
qs2D ,

~A4!

where on the integration onq we have explicitly put a cutoff
on the modulus of the fluctuation wave vector~we used a
similar approach46 for the calculation of the microwave ex
cess conductivity!. The cutoff simulates in the GL frame th
effect of the reduced importance of high-wave vector flu
tuations which, in the microscopic theory, comes from theq
dependence of the normal electrons propagator. We incid
tally point out that lettingQ→` one recovers exactly the
Gaussian result for a thin film.17,19

In the frame of the linear response, one can expand
Bessel functionI 1(x) for small arguments. Performing th
integral overs in Eq. ~A4!, one then gets

^Jx&5
e* 2E

16d\E0

QF qj~0!

e1@qj~0!#2G 3

d@qj~0!# ~A5!

which, in the limitQ→` is equivalent to the AL result, Eq
~5!. Integration overqj(0) is trivial, and one finally gets the
excess conductivity, defined through^Jx&5DsE, with

Ds~e!5
e2

16\de

1

~11e/K2!2
, ~A6!

whereK5Qj(0) is an adimensional cutoff which has to b
determined by the experiments~the cutoff value is here nu
merically different by a factorA2 from the one defined in
Ref. 4, due to the different integration domain!. This cutoff is
the single parameter introduced in the modified express
for Ds ~we mention that previous calculations using t
Kubo formula43 introduced two different cutoffs alongx and
y, respectively!.
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