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Excess conductivity of overdoped BiSr,CaCu,0g,., crystals well aboveT
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We have used a multiterminal technique in order to measurdafig plane excess conductivitko in
several BjSr,CaCyOg,  single crystals. We find that the experimentar does not follow a simple power
law Ao~ e ¢, with e= In(T/T), and that it drops faster than the two-dimensional Aslamazov-Larkindaw,
=1, 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 experimeatdiops even faster than
the prediction of the extended microscopic theory. However, we can accurately describe all our dafa up to
~1.3T. with the GL theory, assuming a sample-dependent cutoff value. We relate the cutoff parameter to the
doping level of our samples.
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[. INTRODUCTION while for temperatures even slightly abodg a 2D AL
formulatiort’ is appropriate:
Since the discovery of highi. superconductorHTCS'’s)
the excess conductivith o due to superconducting fluctua- 2D e’ 1
tions aboveT, has been experimentally investigafed® ST 2
While a general consensus exists on the extraordinary rel-
evance of fluctuations in the determination of the supercontieree= In(T/To), e is the electron charge is the effective
ducting properties in a wide randeeveral kelvinsaround  thickness of the superconducting layers aff0) is the
T, theoretical descriptions of the data have evolved in timeZ€ro-temperature out-of-plane correlation length. Similar de-

: - 15,16 :
together with the availability of better-characterized samplesP€ndencies have been sometimes obsetved > even if

such as single crystals or crystalline-quality thin film. First IS i not a universal feature of the experimehiis fact, the
interpretations were given using traditional models, such a§PServation of such a crossover is extremely sensitive to the
the well-known Aslamazov-Larkin theol.In some cases, choice ofTc, since it is expected to take place in the region
Maki-Thompson term&=2°were found necessary to fit the €<0.01, vyhere small differences in the chomeT@fdremat!-
datal> while other  experimenters found it cally modify thee dependence ah o A1 Moreover, in this
unnecessa&?,lS,lS Theoretical works proceeded to unveil temperature region sample |qgomogeneltles can .aff_ect the
other, previously neglected, contributions to the exceséémperature dependence &fr,™ even if there are indica-
conductivity?~2®but unambiguous quantitative descriptionst!onsl:ghat such effect might be negligible in zero magnetic
of the data are still lacking. field. _ _ _ o _
Among other interesting features, HTCS’s present a pro- A second interesting and less stud|eq region is the high-
nounced anisotropy, even extreme in,®CaCuyOg. temperatur.e.rangéup to 1.5T.). In fact: it is well known
(BSCCO. This compound is of particular interest as a rep-that the original AL theory can be applied only close to the
resentative of a nearly two-dimensional superconductor, iffansition, while with increasing (e.g., abovee~0.05) it
the sense that the superconducting layers can be considergyerestimates the weight of the fluctuatidschnically, the
as almost decoupled. Only the divergence of the out-of-plank?W-d expansion of the fluctuation propagator and ¢hie-
coherence length induces a crossover to a three-dimensiorfé¢Pendence of }De fermionic propagator employed in the
behavior but extremely close td,: the crossover region is °riginal AL work™" are not valid approximations far from
estimated to be not wider thanl K. In fact, such crossover Tc. Where the uniform mode is no longer the only relevant
has been found beloW, (Ref. 29 from transport measure- Mode, giving rise to aAo larger than it is actually mea-
ments in a magnetic field. AbovE, the crossover manifests sured. This statement is confirmed by several reports on both

itself in the excess conductivity by a change of sIgp&i~28 thin films andegrl)gstalline samples. In all the data on thin
in the 3D region, very close 8., a 3D (Aslamazov-Larkin, BSCCO films®®4a 2D AL behavior is observed in some

AL)Y expressions holds, and temperature region. However, the simple 2D AL description
fails above e values that are sample dependent, scattered
from 0.05 (Ref. 5 up to 0.18(Ref. 6. Interestingly, films

o2 1 from the same source presatifferentextensions of the AL
Ag¥=_ -~ (1)  region>®*Itis worth to stress that in some cases the range
321£:(0) €12 of validity for the AL expression resulted overestimated by
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the incorrect definition of e=T/T,—1, instead of e  out-of-plang: while measurements in thin films performed in
= In(T/T,). As will be discussed in the following, the data on the common fogr-probe configuration give the correct valqes
single crystals are often affected by the incorrect determinafor Pabés_tsg's is no longer true for measurements in
tion of the in-plane resistivity. There are then a very few, if Crystals™ =" the voltage drop in the four contacts, in-line
any, reliable excess conductivity data in crystals. Maredal Cconfiguration does not yield a quantity that is close to the
al.® employed a Montgomery analysis to extract the exces¥)-Plane resistivity, even apprOX|ma'§e°’I§r.3 This fact ob-
conductivity in one BSCCO crystal, and found a 2D AL Scures some of the works performed in BSCCO crystals, and
range extending up teé=0.075. Others” %300k data calls for appropriate treatment of the data. For similar rea-
with the simple four-probe configuration in BSCCO crystals,SOns, analysis of the data for the excess conductance taken
obtaining conflicting results. In general, data in BSCCOON noncrystalline materials, such as sintered pellets or thick
crystals were never compared to theories extended beyori@P€s, can hardly give reliable, quantitative information.
the smalle region. Summarizing the indications given by the literature, it is
The extension of the AL result to higher temperatures foP0Ssible to assert that the regidp<T<T.+1 K is of very
the case of a 2D, clean superconductor has been studied gifficult experimental investigation, due to the reasons above
Ref. 21: it has been shown that, taking into account the fulMentioned. However, nontrivial dependences are clearly de-
g-vector dependence of the fermionic propagator, the excitaectable in the exce§s_conduct|V|ty above this temperature
tion of high-q fluctuations is severely depressed with respect@nge. Moreover, this is the temperature range where 2D
to the AL calculation. This has little consequences on thdr€atment should better apply to the excess conductivity in
excess conductivity very close ,, where lowg modes BSCCO. In addition, in a very few measurements in BSCCO

are dominant, but strongly reducdsr as far asT exceeds crystals has been the resistivity correctly derived. Thus, the

T.. The excess conductivity results to be study of the high-temperature region in highly anisotropic
BSCCO crystals is still far from being complete, and it is the
e? main subject of this work.
Ao= mfv(e), (3 In this paper, we present systematic measurements of the

(a,b) plane excess conductivity in several, slightly over-
where fy(¢€) has the limitsfy=e~* approachingT,, and doped, BSCCO single crystals. We show that an accurate
fy~e % for T>T,. The functionf, does not contain pa- determination of the in-plane resistivigy,y is an unavoid-
rameters, so that E¢R) predicts a universal behavior for the able starting point for the study of the excess conductivity.
two-dimensional excess conductivitapart from the pos- Using a recently developed methdtbased upon multiter-
sible scaling factod). First experimental investigatiohin ~ Minal measurements, we obtaig, measurements in crys-
BSCCO thin films agreed with Eq3) for e<0.1. At high  tals with the necessary accuracy. The data for the excess
temperatures even K@) predicted a largerAs than  conductivity vse as measured in different samples do not
observed:1® scale together with a mere factor, especially far ffom We

A second, very often used path that has been followed igliscuss the data in terms of existing theories for the fluctua-
the use of time-dependent Ginzburg-Landau the@GL)  tional conductivity beyond the AL approach, comparing the
to calculate the excess conductivifyaraconductivity. The  findings of the microscopf¢ and Ginzburg-LandauGL)
usual TDGL theory in the Gaussian approximation is entirelytheories, where the role of high-momentum fluctuations is
equivalent® to the AL formulation at smalk, and Egs(1)  intrinsically depressed or phenomenologically cut off, re-
and (2) are recovered. The paraconductivity as calculated irsPectively. We show that both approaches give identical re-
the TDGL-Gaussian approximation shares with the microSults with an appropriate choice of the cutoff parameter in
Scopic theory the same drawbacks in ﬁqdependence of the the GL theory. Our data, however, show a decrease of the
fluctuational spectrum. In order to overcome such limita-€xcess conductivity which is faster than predicted by the mi-
tions, it has been proposed long time ago to phenomenologfroscopic theory, and depends on the doping of the sample in
cally cutoff the fluctuational spectrum at a maximum wavethe highe region. Allowing the short-wavelength cutoff in
vector, of order of the inverse correlation lengftSuch ap- the phenomenological theory to be a fitting parameter, we
proach found its roots in similar problems arising from theshow that all our data can be fitted by the extended GL
calculation of the excess diamagneti¥m®® where a cutoff  theory in the range 0.61e<0.25 (that is from~T.+1 K
was imposed on the energy spectrum of the excitations, indp to~T.+25 K). We find a correlation between the values
stead. The cutoff approach was then used to extend thef the cutoff and the doping level.

Gaussian approximation results for the paraconductivity to
larger € in three-dimensional amorphous superconductors,
in YBCO pellet$* and films*!! and in textured BSCCO
tapest* We are not aware of similar studies in HTCS single In anisotropic, bulk materials a single voltage measure-
crystals. ment is not in general sufficient to obtain the resistivity.

It is clear that detailed, systematic analysis on BSCCOThe resistivity in BSCCO samples thicker than, e.g.,
single crystals are desirable, in order to ascertain the nature1 um, is related to the measured voltages by nontrivial
of fluctuations far fromil .. However, the intrinsic, huge an- relations. In particular, by means of multiterminal voltage
isotropy of this compound poses severe constraints on theeasurements we have experimentally shitimat in typi-
measurements of the true resistivify,f, in-plane, and, cal BSCCO single crystals, usually a few tensuah thick,

II. EXPERIMENTAL SECTION AND RESULTS
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= TABLE |I. Sample characteristics: critical temperaturesatio
I 03¢ for the out-of plane resistivitysee tex, cutoff parameters and ef-
= 1200 o fective fluctuating layer thicknesRef. 48.
>° b .
02 ¢ 1 B Sample T.(K) r K d(A)
Q
d 1100 2 9M 86.2 0.66 0.63 4.0
01° 11M 86.0 0.75 0.44 4.0
: ] 15M 86.6 0.74 0.50 3.8
3 J
0l 56 76077 (k) 16M 89.5 1.07 0.36 2.8
080 160 1éo 1;10 1éo 1éo 208 oM 86.6 0.85 041 30
T(K) 7L 88.7 0.75 0.52 3.8

FIG. 1. In-plane voltage measurements in sample 11M, left
scale, full circles, and extractddee text in-plane resistivity, right  The crystals were grown using the directional solidification
scale, continuous line. It is apparent that simple voltage measurenethod>® Crystals of typical dimensions 1 mi 0.2 mm
ments cannot be used as an evaluation of the behavior of the resisc0.01 mm were cleaved from the crystallites. Very smooth
tivity. To avoid crowding, only 30% of data is plotted. In the inset: and shiny surfaces were observed under optical microscope.
the out of plane resistivity of the same sample. The samples were successively annealed in air for several
hours to get a uniform oxygen concentration. According to
none of the voltage measurements is proportional to the inge annealing proceduf8 the crystals were slightly over-
plane component of the resistivity, even in an approximatqjoped_ To confirm this statement, we compaggdof our

way. This statement becomes evident with the observation Qfamples to the values reported in Ref. 40. We used as param-
Fig. 1, where it is shown how different the temperature deyier the ratior = (p™ min)/pmin max min

: LT , c = Pc ., Wherep " andp; " are
pendence of the in-plane resistivipg, is and the in-plane 1o maximum and the minimum value of in the normal

voltage dropV,, (we employ here the accurate analysis de-giate Using the data of Fig. 3 of Ref. 40, it turns out thist
veloped in Ref. 38 It is evident that the assumptioop, 3 monotonically decreasing function of doping, with 1 for
~p is incorrect, and can easily lead to wrong conclusions iNbptimally doped samples.<1 for overdoped samples, and
the interpretation of the data. We remember that the extrag-~ 1 tor underdoped samples. In our samples;1, thus

tion procedure depends on several geometrical parameters,nfirming that they are slightly overdoped. Experimental

which can hardly be controlled with high accuracy. This re-and fitting parameterésee below are presented in Table I.

sults in small uncertainties on the precise value of the resis- |, Fig. 2 we present a typical in-plane resistive transition.
tivity, which, however, do not affect the following discus- an anomalous enhancement of the resistivity is observed in
sion. Itis worth to stress that, using different sets of voltagéyome of the crystals close to the zero-resistance temperature.
measurements, the multiterminal technique allows for &y, have observed the same anomaly also in BSCCO crystals

guantitative determination of these uncertainties, whilefrom other sources. This feature is likely to be due to the

simple four P“’be measurements do not yield any estimatgeaydown of local conductivit§t a fundamental assumption
on the possible error related to the measurement metho

. . : g OFor the correct extraction of the resistivi§The study of this
Finally, the multiterminal measuring method allows for a si-

multaneous determination of the out of plane resistiypity

e
which can be used for a more complete characterization of § | 660‘0{){’ ]
the samples. a I -

In this paper the resistivity is always obtained from mul- %, [ r_pg@e

titerminal voltage measurements. On each sample, eight lov < | oﬁaf”" ]

resistance contacts were obtained by attaching with silvel, . 4t o1 1
; 310° - o0 .

paste 25um gold wires onto freshly cleaved surfaces. Cur- ! R ]

rent was fed by a stepped current souftgical current I J&‘

intensity wasl =0.1 mA) through one pair of the contacts, I ;90“

and voltage measured on the other three pairs by means ¢ i §§&

sensitive nanovoltmeters. Current was reversed for each de [ 110°

tum point to cancel out thermaimf. Voltage measurements 110 -

were taken in zero magnetic field from low temperature up to 2

270 K. Measurements upon cooling and warming gave no S

measurable differences. Screening the Earth’'s magnetic fieli
with u-metal sheets did not change the measured voltage in
the temperature range of interest. We checked that all the FIG. 2. Resistivity measurements in sample 9M. Open circles:
measurements of relevance for this study were taken in thexperimental data, dashed straight line: normal state resistivity. In-
Ohmic regime. set: enlarged view of the same data. Continuous line is the full
We have performed a systematic study of the dc electricalesistivity: p=(p,, *+ Ac) ~* with Ao calculated by the cutoff GL
transport properties on several high-quality BSCCO crystalstheory(see text To avoid crowding, only 30% of data is plotted.

50 100 150
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effect is under current investigation, and is out of the scope
of this paper. The presence of this feature does not affect th
present analysis of the data, since it lies in the temperature
region below or very close td.. The transition tempera-
tures(see below for the determinatipare reported in Table
[, and vary from 86.0 up to 89.5 K.

Once the data for the resistivity are obtained, a crucial
step for the study of the excess conductivity is the determi-
nation of the normal state resistivipy, . In fact, the in-plane

1/Ac (Q m)

.6:

—_
o

excess conductivity is determined through the relation 5107
1 1 @
O— ——V—~— ——FV=—,
Pab(T)  pn(T) r
0 L L L L L
wherep,,(T) is the measured resistivity. In all our samples, 86 87 88 89
the resistivity is linear above-160 K and always concave T(K)

downward with decreasing. We stress that this is not al-
ways true in the raw voltage data: in some of the crystals an
upturn close tar; appears. This is not due to sample quality,
but only to the unavoidable mixing gb,, and p. in all
voltage measurement§3The extracted resistivity ialways

linear in T, with very low (or zerg residual resistivity ex- Eq.(2), reveals that the pure 2D behavi@s indicated by a
trapolated at zero temperature. We have chosen the normé\'ope -1 in the I vs Ine plot) is indeed observed, but in

state resistivity as the linear extrapolation at low temperag| samples it does not extend for more iha K aboveT,

tures, obtained from the fitting of the data above 160 K, 83geq 4150 Fig. 3 since the tendency is to have an increasing

depicted in Fig. 2. This determination obviously preventsq,,q \ith increasing temperature, that is a less pronounced
from an accurate extraction of the excess conductivity abovg, cess conductivity. Interestingly, the latter feature shows up
~140 K, where even small differences gy may determine , o qitferent extent in different samples. From the analysis

large variations im\o. However, we have checked that be- ot he gata, it is then possible to assert that nonuniversal
low ~140 K the obtainedAc is robust against small gy ceqs conductivity is observed at highln the following

changes in the choice of,, so that a wide range of tem- e giscuss our results in terms of microscopic and phenom-
peratures can be analyzed with very small uncertainties. W@nological theories for 2D excess conductivity.

remind that our crystals are overdoped, so that we do not
expect a pseudo-gap opening that might affectTrdepen-
dence ofp, .

The final step is the determination of the critical tempera- The extension of the calculation of the effects of super-
ture T.. We here recall that in this paper our interest isconducting fluctuations to the high-temperature region is
focused in the temperature range abové .+ 1 K, so that
the determination of the critical temperature is not as crucial 107 . . —
as in other studie3where the behavior in the close vicinity :
of T. was the subject of interest.

The determination of ; was accomplished as follows. We
have calculated\o and plottedAo ! vs T. Assuming the
validity of Eq. (2) in a (even small temperature range, by <
simple linear extrapolation we obtainéd,.'! This proce-
dure, graphically sketched in Fig. 3, was found to be self- 10° ¢
consistent with the analysis performed in Sec. IV. The uncer- i
tainty of this procedure is well within the necessary accuracy I
for the purposes of this paper. Since we will mainly discuss ot L
data far fromT,, it is important to use the correct reduced i
temperaturee= In(T/T,).*?

In Fig. 4 we report the in-plane paraconductiviyg, vs.
the reduced temperatuke in our samples and in the high 10° ' E— '
temperature region. As can be seen, the data strongly benas 0.01 0.1 €
downward with increasing: these results do not compare  FiG. 4. Ao vs the reduced temperatueefor the same samples
favorably to a simple AL framework. A different representa- as in Fig. 3. The data are divided by a factor 2, 4, and 8 for samples
tion of the same data sheds light on a second aspect of ounm, 15M, and 16M, respectively, to avoid crowding. The continu-
data: in Fig. 5 we report the data as normalized paracondu®us lines through the data are the fits with the 2D cutoffed GL
tivity Ao/(e?/16hd) vs e. Comparison with the 2D, AL law, expression, Eq(9).

FIG. 3. Determination ofT, from the linear dependence of
ol vs T in samples 9M (circles, 11M (diamond$, 15M
(squares and 16M(triangles. To avoid crowding, the data for the
peak atT. have been omitted and only 25% of data is shown.

IIl. THEORETICAL BACKGROUND

3
e}
©
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100 Reggianiet al. in the limit of a clean superconducttrThe
. result of their calculation is that the function gfto be inte-
:‘”; grated in Eq.(5) can be written as, apart from a constant
prefactor
10 | o1 ImB(x,y,€)
)= 36_46] T m{B(x.y, €
MVZGTET] nttzmy) Boxy,of oY
X[2*(x,y)]?}Hdy, (6)

1 where B(x,y,e)=¢(:+x+iy)— (i) +e, ¢ is the di-
Q% gamma function, and

1
2

+1.17%

0.1 302 (7)

0.01 0.1 €

2*(x,y)=;

(n+§—|y

FIG. 5. High-temperature behavior of the normalized paracon-
ductivity, f=Ao/(e?/16hd) vs the reduced temperature  Wherex=«[qé(0)]%e™%¢, « is a constant which depends on
= In(T/Ty). Same samples as in Figs. 3 and 4. The differences atd-V)/|q||v|, and () indicates the average over the Fermi
high € are evident. The dashed straight line is the 2D AL law, Eq.surface =0.203 for a circular Fermi surfagelntegrating
(2), while the continuous line is the behavior of the extended mi-Eq. (6) overg, one getsA o as a function ok, as reported as
croscopic calculatioriRef. 21 Eg. (3). As can be seen, already at a thick line in Fig. 5. In the same figure, we report the ex-
low e there is a significant departure from the AL prediction, andperimental data for our samples. Two main differences be-
the full microscopic theory approximates the data only for srall  tween data and theory are evident: first of all, the experimen-
tal curves do not show an universal behavior, as it would be
usually performed within two main general frames, namelypredicted from the theory. The second difference between
the phenomenological Ginzburg-Landau thédf*® or  data and theory is that the predictéd is always larger than
through microscopic calculatiodS It is useful to briefly re-  the measured one. This is particularly evidentdor0.1 and
view the microscopic approach to the problem of the highin most samples it is noticeable also for 0.05. This means
temperature limit of superconducting fluctuation$**As  that even the improved microscopic theory overestimates the
discussed in the Introduction, apal’t from a small regiorbxtra Conductivity at h|g|"E' though the qua"tative down-
aroundT. the BSCCO system can be considered as almosjard bending of the data is reproduced.
2D, so that we will restrict ourselves to the case of a 2D The discrepancies between the theory and the data should
superconductor. be found in the failure of some of the assumptions made in
Within the microscopic approach, one uses the Kubo forRef, 21. In particular, the calculation was performed in the
mula to relate the conductivity to the mean value of theclean case: disorder and impurities are not considered. In
correlator[J,J]. One then expands the latter in terms of addition, only the AL diagram was calculated, and a circular
Feynmann diagrams and considers the leading terms. It turiection of the Fermi surface was used. It has to be noted that
out”” that for —0 the leading diagram is the Aslamazov- a|| these conditions were somehow released in subsequent
Larkin one(see Fig. 1 in Ref. 17 In the original work by  papers® but the calculations were restricted, to our knowl-
Aslamazov and Larkin the diagram was calculated in theedge, to the smak region.
small e and smallq limit, and the result can be written as The calculation of the extra conductivity at highfrom
. the microscopic theory goes beyond the scope of this paper.
. q In the following, we will show the results that can be ob-
J:EWJ c? 7300~ EWJ’ ga(@da, 5 ained by maki%g use of a phenomenological GL approach to
{e+[£(0)q]%} . ; - PR
the problem. In particular, we will show that within this ap-
wherej is the current densityE is the applied fieldWis a  proach it is possible to describe all the experimental data
constant,£(0) is the zero temperature correlaffdiength,  with a single, sample-dependent parameter, whose physical
Cq is the integral corresponding to the fermionic loops withmeaning will be the subject of the last part of the paper. To
C=const in the limit of smallg,}” and the latter equality better understand the main differences between the theory at
definesg, (q). The smallg approximation is valid close to low and highe, we calculatedy,(q) for several values oé
T., since in that case the integrand decays very fast as @nd compared it to the AL expressign, as defined in Eq.
function of g. In the abovementioned limits, this result cor- (5). In Fig. 6 we report the two expressions as a function of
responds exactly to the conventional GL expresSigeee  q£&(0), for e=0.1. Similar or identical results are obtained
also the Appendix for different values of. The two functions differ sensibly at
This approximation loses its validity for large To ex-  high values oigé(0), wheregy, drops much faster thagy, .
tend the calculation to higher temperatures, one has to tak@ecalling that the AL approach finds an exact matching with
into account the fullq dependence of both the fluctuational the GL calculation, and guided by the shape of the micro-
propagator and the fermionic loops. This has been done bgcopicgy(q), we inserted in the GL calculation a phenom-

144508-5
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9y gALE T R T the correct limiting value for smak_k, where it recovers the
N standard AL resulAcxe ?, and it drops much faster at

higher temperatures. Further, the result of the cutoffed GL

theory numerically reproduces the result of the improved mi-

10°
g croscopic theory ik =0.74 is choselt (inset of Fig. 6.

102L
# IV. DISCUSSION

We obtain the excess conductivityo from the experi-

10 F 11

o ) . v ] mental data as described in Sec. Il. The data for our samples
g L e * are reported in Fig. 4. As explained, the reliable data range
0.1 5,1 extends from 0.5-1 K abové&. up to ~T.+40 K. The
oy 0.01 ‘ 0.1 € h elaborations are then restricted to that temperature range. We
0.01 0.1 i ge(0) 10 also do not discuss the data fex 10~ 2, where the choice of

T. is the major issue. In the latter range, a 2D-3D crossover
FIG. 6. Comparison of the Aslamazov-Larlgn, (full symbolg IS predicted® and sometimes observéd®'® Some of our
with the full microscopic calculatiorg, (open symbolsfor ¢  data are compatible with this behavior, but for the reasons
=0.1. gy drops faster tham,, at high q&(0). In theinset, the mentioned in Sec. Il we do not discuss in detail this tempera-
comparison off (¢) as obtained from the full microscopic theory ture region.
(full dots) and from the GL cutoffed theory, E¢Q), with K=0.74 The first conclusion that can be drawn from the observa-
(dashed ling tion of the data is that even the extended microscopic
theory! does not describe correctly the strong decrease of
enological cutoff in the fluctuational spectrum. Similar cal- A ¢ with increasinge. This can be seen either in the normal-
culations have been made by other autfidrs,>**which  ized excess conductivity, Fig. 5, or in the absolute data, Fig.
introduced the cutoff in order to eliminate from the total 4, In addition, the curves\o(e) differ from sample to
conductivity the unphysical contributions arising from fluc- sample.
tuations whose size is less than the superconducting correla- As discussed in the Introduction, this finding confirms
tion length. Here we briefly summarize the main steps of theyrevious results indicating thato does not have a single,
calculation, reported for completeness in the Appendix.  universal behavior in BSCCO. The only feature that clearly
In the Ginzburg-Landau frame, one calculates the excessmerges from the data is that a two-dimensional AL behavior
(fluctuation conductivity by assuming that the total conduc- js present, although in temperature ranges of various exten-
tivity o is the sum of the electrons anfluctuating pairs  sjon.
contributions. Interactions among normal electrons and fluc- Coming back to the interpretation of the data, since the
tuations are taken into account only through the finite life-extended microscopic theory is not sufficient for a proper
time of the latter. To obtain the fluctuational contribution to description of our data we resort to the phenomenological
o one has to calculate the average of the current operator aBL.  approach, extended in order to include a short-
the superconducting wave function, in which the momentunwavelength cutoff as described in Sec. IIl. The shape of the
is shifted to take into account the presence of the appliedutoffed GL expression, Eq9), depends only on the cutoff
electric field. For a two dimensional systgsee the Appen- parameteK. In fact, the other parametéthe effective layer
dix): thicknessd) is a mere scale factor, which absorbs all the
uncertainties on the determination of the exact crystal thick-
B Y d%q B e ) ness. However, values of the order of magnitude of the su-
(I(0)=— ﬁf (2m)2 WClk=a=2-A();t], (8  perconducting double CuO layéfs~3.3 A or of the inter-
layer separaticii?®~15 A are expected. The choice of the
whereC(q,t) is the Fourier transform of the equal-time cor- critical temperatureT,, which affects the shape dfo in
relation functionC(r,r’;t,t)=(y(r,t)¢*(r',t)). Performing ~1 K range only, is not crucial for our purposéhe value
the integration over the wholg space, one gets the standard of T, has been fixed according to the procedure described in
Gaussian correction to the normal state conductivity, Sec. l).
which is equivalent to the AL result and, as discussed previ- In Fig. 4 we report some of the fits with E€p) in differ-
ously, is not accurate at high temperatures. The cutoff ignt samples. As a general indication, we can safely state what
introduced by limiting the integral oveg space to a follows.

+*

squaré!! or a circle (see the Appendix In the latter case, (i) In all samples, Eq9) is a very good description of the
one obtains data in the range 0.64e=<0.2. This is a remarkable result,
since this range roughly covers the temperature rafige (
e? 1 +1 K, 1.25T,).
Ao(€)= Terde (1+elK2)2’ ©) (i) The differences between the obtained valuesfare

much larger than the maximum estimated err0i0(03), and
whereK=Q¢(0) andQ is the radius of the circle in thg  they are relevant in the determination of the different shapes
space over which the integration is performed. B).has  of Ao vs € curves between different samples. This behavior
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K | A regime. In addition, we note that if such effects were present,
[ ] we should get a\ o larger than the theoretical expectation,
while we have the opposite result.
At the lowest level, we can identifit as a measure of the
| ] departure ofAo from the microscopic theory. From obser-
06 - ] vation of Fig. 7 we then argue that our data tend to the
I ] microscopic prediction with increasing doping. Since the
theory is developed for a conventional, clean superconductor

0.7 | i

05 [ @ . with circular sections of the Fermi surface, we speculate that
[ ] this departure might be a signature of a non circular section
I + ] of the Fermi surface, which should evolve into a conven-
04| ~ 1 tional metal for extreme overdoping. Interestingly, our data
+ ] are compatible with an extrapolation Ko=0.74 (i.e., appli-
0.3 i‘ e ‘i cability of the microscopic theojyfor highly doped samples.
0.6 0.7 0.8 0.9 ] 11 , While more work is needed in order to confirm this result,

the indication is rather intriguing.

FIG. 7. The value of the cuto against the doping parameter
r=(pM@- pMM/pMin (r decreases with increasing doping, see)text
in all the crystals investigated. The dashed line represents the
equivalence with the microscopic theory. Error bars are different |n conclusion, we have employed a multiterminal tech-
from sample to sample and reflect the uncertainty on the determinique to measure the in-plane excess conductivity in several
nation of bothpab andpc thrOUgh the multiterminal analysis. Open BSCCO Crysta|s_ We have shown that not too ClOS@CtOO
symbols denote samples 5M and 7L, where it was not possible tgimple universal behavior appears. Our data are not de-
estimate the error bat&ef. 49. scribed by the microscopic theory extended at high reduced

temperature. However, all our data can be described by a
is again a manifestation of the nonuniversal fluctuation CoNphenomenological Ginzburg-Landau model for the dc fluc-
ductivity. tuational conductivity in a 2D superconductor, extended be-

(iii ) The thickness of the effective superconducting layersyond the close vicinity off, by means of the introduction of
obtained through the fitting procedure is in the range 2.8 Ag cutoff in the spectrum of the fluctuations. The agreement
<d=4 A indicating that the double CuO planes act as in-petween our data and the GL model is excellent up o
dependently fluctuating layers. This is in agreement with mi-y 25 k. The cutoff is found to be sample dependent. We
crowave resulf§ and with temperature-dependent angularfound a correlation between the cutoff value and the doping
scaling properties of the magnetodissipation befow/*® level, suggesting that only extremely overdoped samples

(iv) The values attained by the cutdfvary in the range  mjght be described by the conventional microscopic theory.
0.36<K<0.63. All these values arbelow the value 0.74,

that would correspond to the extended microscopic theory
(see Sec. I\ ACKNOWLEDGMENTS

Keeping the original significance of the cutdffthat is . . . . : :
; We acknowledge fruitful discussions with R. Raimondi
that fluctuations shorter thart ¢(0) should be suppressed, and D. Neri. We thank E. L. Wolf for supplying crystals and

we would get a cutoff of fluctuations of wavelengths shorter ; > .
9 g M. W. Coffey for careful reading of the manuscript. This

than (1.5-3%(0), which would be a reasonable number. .
However, within this frame, we cannot find some compellingy‘ﬁékpt]as been partially supported by INFM under PRA

argument neither for the sample variationskgfnor for the
clear departure from the “expected” value 0.74.

In order to add information on this point, we have tried to
correlate theK value with other features that can be obtained
from the resistivity data. We did not observe a correlation
betweerK and the normal state, in-plane resistivity, so thatit We present here the explicit calculation of the 2D excess
appears that disorder does not play a fundamental role. Weonductivity within the GL approach, with a phenomenologi-
have then taken as a parameter indicating the doping level cal cutoff in the fluctuational spectrum. We model our system
(we recall thatr is not a direct measure of the doping: in- as a stack of uncorrelated layers, whose effective thickness is
stead, it is a monotonically decreasing function @flit Fig.  d (in the Lawrence-Doniach model this thickness corre-
7 we report the cutoff paramet& vs r. It is immediately sponds to the interlayer separation; for a superconducting
clear that, even if according to the heat treatrffeatr dop-  film, thin with respect to the correlation lengtthjs the film
ing level does not change much, a correlation clearly existsthicknes$. We assume the material to be isotropic in the
with increasing dopingK increases. We now comment on (a,b) plane, neglecting the small in-plane anisotropy. We
this behavior and propose some speculation. work in the Gaussian approximation, where the GL func-

We first remind that pseudogap related phenomena are ntibnal contains the order parametgronly up to the second
expected, since our data are taken in@lghtly) overdoped order:

V. CONCLUSION

APPENDIX: CALCULATION OF Ao WITH A SHORT-
WAVELENGTH CUTOFF
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w21 o ie* 2 5 now possible in polar coordinates, and after some manipula-
= J o], 3w o e vemor] don e e
(A1)
keThe Lo [*+= .
where m; are the effective masses, amd=m,=m, e* <Jx>=_—dfo dse <o
=2e, a=ae, e= In(T/T,) is the reduced temperatutethe ™m
zero temperature in-plane correlation length is defined Q ) e*Elgh
through&(0)=#/(2ma)*2 and we have chosen tzexis to Xf dqepe Tormse| 1( E—— qsz)’
be perpendicular to thea(b) planes. We are interested in the 0
linear response in presence of an applied electric field along (A4)

the (a,b) planes, e.g., along theaxis: A= (A,0,0). We then
start from the standard time-dependent GL theory for a suwhere on the integration apwe have explicitly put a cutoff
perconductor in presence of an external vector potentiabn the modulus of the fluctuation wave vectave used a
A(t)=—Et, wheret is time (we use Sistme International similar approacff for the calculation of the microwave ex-
units). The response function is given by the current operatogess conductivity The cutoff simulates in the GL frame the
averaged with respect to the noise, and it can be expressed eféect of the reduced importance of high-wave vector fluc-
a function of the(Fourier transform of theorder parameter tuations which, in the microscopic theory, comes from ghe
correlation function,C(r,t;r’,t")={y(r,t)¢*(r',t')). The dependence of the normal electrons propagator. We inciden-
equal time response reads tally point out that lettingQ—o one recovers exactly the
Gaussian result for a thin fil{:*°

In the frame of the linear response, one can expand the

he* [ d*q e’ Bessel functionl;(x) for small arguments. Performing the
(1) = md (zw)quc[k_q p AL, integral overs in Eq. (A4), one then gets
(A2)
e*2e (o[ q&0) |
where the momentum dependence has been shiftedkram ()= 1647 JO +[qé(0)]? dlas0)] (A5
the new vectorq=k+(e*/%)A(t), and in a nearly two- €rid
dimensional superconductor  d3q/(2)3— (1/d)

which, in the limitQ—co is equivalent to the AL result, Eq.
b@' Integration oveqé(0) is trivial, and one finally gets the
excess conductivity, defined through,) = A ¢E, with

X[d?qg/(2)?] in the integration. In the frame of the linear
response, the quadratic terms in the vector potential can
neglected, and for the equal time correldisee, e.g., Eq4)
of Ref. 47 for an explicit expression o€(q;t,t)] we

. 2
finally get e 1
Ao(e)= , A6
(€)= Tonde (1+€lK?)? (A6)
+ o0
C(q;t,r)=2kBTFof dsexp( —2Igas whereK=Q¢(0) is an adimensional cutoff which has to be
0

determined by the experimentthe cutoff value is here nu-
(2+q2) The merically different by a factor/2 from the one defined in
—Th%s x I _ 20 qu52>, (A3) Ref. 4, due to the different integration dompgimhis cutoff is
m m the single parameter introduced in the modified expression
for Ao (we mention that previous calculations using the
where the relaxation timd o= (8kgT/#ma) is evaluated Kubo formul&® introduced two different cutoffs alongand
from the microscopic theory. Calculation of Eq.(A2) is v, respectively.
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