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The in-plane resistivity has been measured in_L&r,Cu0, (LSCO) superconducting thin films of under-
doped &=0.10,0.12), optimally dopedxE&0.15), and overdopedkE 0.20,0.25) compositions. These films
were grown on (100) SrTiQsubstrates, and have about 150 nm thickness. The in-plane conductivity induced
by superconducting fluctuations above the superconducting tranéitierso-called in-plane paraconductivity
Ao,,) was extracted from these data in the reduced-temperature ranges 28 In(T/T)<1. ThisAo(¢)
was then analyzed in terms of the mean-field-like Gaussian-Ginzburg-L&8@&l) approach extended to the
high-¢ region by means of the introduction of a total-energy cutoff, which takes into account both the kinetic
energy and the quantum localization energy of each fluctuating mode. The obtained GGL coherence length
amplitude in thec direction,&.(0), isconstant for 0.1&x<0.15[ £,(0)=0.9 A], and decreases with increas-
ing x in the overdoped rande,(0)=0.5 A for x=0.20 andé,(0)~0 A for x=0.25]. These results strongly
suggest, therefore, that the superconducting fluctuations in underdoped and overdoped LSCO thin films may
still be described, as in the optimally doped cuprates, in terms of the extended GGL approach; the main effect
of doping is simply to change the fluctuations’ dimensionality by varying the transversal superconducting
coherence length amplitude. In contrast, the total-energy cutoff amplitidemains unchanged well within
the experimental uncertainties. Our results strongly suggest that at all temperatured gbaveuding the
high reduced-temperature region, doping mainly affects the normal-state properties in LSCO thin films and that
its influence on the superconducting fluctuations is relatively moderate; even in the tegien, the in-plane
paraconductivity is found to be independent of the opening of a pseudogap in the normal state of the under-
doped films. We expect this last conclusion to be independent of the structural details of our films, i.e.,
applicable also to bulk samples.
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[. INTRODUCTION question is equivalent to asking havwr,,(T,x) is affected
by doping. This last question was first addressed by Suzuki
It is well established that some of the most core propertiesand Hikite and by Coopeet al.® and since then by different
of high-temperature cuprate superconductofSTSC)  authorsS~'* However, as of today some of the main conclu-
strongly depend on hole dopirigThese properties include, sions(including, e.g., the dimensionality of the fluctuations
e.g., the normal-superconducting transition temperalye or the influence of the normal-state pseuddgae still not
and the opening of a pseudogap in the normal region iRyel settled or are even contradictory. For instance, in the
underdoped cuprates. Another property much affected bygge of YBaCu;0, (YBCO), some authoPe proposed
doping is the in-plane electrical conductivity parallel to ,thethat Ao, becomes more three dimension@D) when x
CuG, planes, o,p, above the normal-superconducting j,creases, whereas other autfdfsdid not find any appre-

e l . . .
trfafmsmgn. Itis 3Tlso tl)mo:}vn thatryy, in an]}/ HTSC s stroggly ciable dimensionality variation. Also, other authors have pro-
affected aroundr by the presence of evanescent OOperposed, by analyzing either the fluctuation magnetizafion
pairs created by thermal fluctuatiofthe so-called in-plane

paraconductivityA o). %2 In fact, these fluctuation effects the thgrmal dexgans&olriggto ﬂ:je supe]rcc?;nducrt:ng Gfluctug—
may be appreciable even as far abdyeas T=1.5T.. So, tions N underdopec o not follow the aussian
o, may be decomposed as mean-ﬂeld-llke theories useo! in Refs. 5:6,8,11,13 but instead
ab different forms of non-Gaussian fluctuatiots-*Another ex-
Tan(ToX) = A0ap(T,X) + 0aps(T,X), (1) ample of these discrgpancies is provided by the studies of
La, ,Sr,CuQ, (LSCO): by analyzing their measurements of
whereT is the temperaturex is the hole doping level, and the in-plane conductivity and magnetoconductivity, Suzuki
aape(T,X) is the so-called background or bare electrical in-and Hikitd proposed a change in dimensionalifsom 2D to
plane conductivityi.e., the electrical in-plane conductivity if 3D) as doping increases from underdop&e:(0.15) to over-
the fluctuations are absentt is then natural to ask how doped &>0.15). In contrast, other authdrdo not observe
much of the variation of,,,(T,x) observed when the doping such a doping dependence in their magnetoresistance mea-
is changed is due toAo,,(T,x), and how much to surements in the same compounds. Let us stress here again
oae(T,X). In fact, onceo,,(T,X) is measured, the above that in addition to their interest for understanding the super-
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conducting fluctuations in HTSC, the dependence of themains unclear. The high-paraconductivity as a function of
paraconductivity on the doping may also concern other as yatoping in B,Sr,CaCyOg., has been studied by Asaka
unresolved problems, such as the origin of the pseudogagt al® (using Ge-doped crystalsand Silvaet all® (using
which opens in the normal state in the underdoped H¥SC.oxygen-doped crystals but only in the overdoped range
For instance, various theoretical models for this pseudogaphese authors analyzed their data in terms of the GGL ap-
(see, e.g., Refs. 15—1Ppredict that the fluctuation effects proach with the conventional kinetic energlso called mo-
would strongly vary with the doping levéand even change mentun cutoff. Unfortunately, this conventional cut®féx-
their order of magnitude while in other modelgsee, e.g., tends the applicability of the GGL paraconductivity only up
Refs. 18—-21 the pseudogap does not result in a change irto approximatelye=0.2. Both groups find that the cutoff
the superconducting fluctuations. parameter is doping dependent, which Asekal. have at-
Among the various possible reasons for the abovetributed to variations in the in-plane coherence length ampli-
commented discrepancies between different studies dlide &,,(0) and Silvaet al. to possible deviations from the
Ao 4(T,X), four of them seem to be predominant: first, the BCS theory.
different structural characteristics of the samples studied by To further clarify the effects of doping nedr, on the
each authofbulk or film samples, and in the latter case their superconducting fluctuations in HTSC, in this work we mea-
thickness and substrate lattice parameteénsparticular, as it sure and analyze the in-plane paraconductivity of different
is now well establishe@?°the substrate effecténcluding  high-quality LSCO thin films with a thickness ef150 nm,
the associated strain effegctshange some of the properties grown on (100)SrTi@ substrates, with a Sr content corre-
of these thin films, such as the absolute values of figand  sponding tax=0.10, 0.12, 0.15, 0.20, and 0.25. These kinds
in-plane normal resistivity. The “fine” details of the paracon- of samples allow us to compare even the “fine” details of the
ductivity, such as its dimensionalityhich is directly related paraconductivity measured in our work with the measure-
to the superconducting coherence length amplitude incthe ments of Suzuki and Hikitdtaken in LSCO films grown on
direction, may also depend on the structural nature of thehe same substrate as ours and with a thickness3%0 nm.
samples. However, it is currently accepted that the most gena/e also take advantage of three important aspects with re-
eral aspects of HTSC are similar for both bulk and thin filmspect to most of the previous works: first, the high control-
samples. This is the case, in particular, of the evolutiomof lability of the doping level in the LSCO family has allowed
with doping or the appearance in the underdoped composiis to growc-axis oriented films with resistivities and transi-
tions of a pseudogap in the normal stafe:"?32*2°There-  tion widths among the best reported until now in this
fore, the conclusions concerning the relationships betweesgystemt+232426Second, since the early results of Veira and
superconducting fluctuations and pseudogap effects, or thédal’® and Ramallcet al.?® it has been well-established ex-
existence or not of indirect paraconductivity effetdse be- perimentally that the MT contributions tho,, are negli-
low), may be expected to be general, i.e., independent of thgible in optimally doped HTSC. This also coincides with the
superconductor’s structural characteristics. A second souragalculations in Refs. 30,31 that indicate that for supercon-
of ambiguity is the probable presence in some of the samplegucting pairings with ad-wave component, the strong pair-
of structural and stoichiometric inhomogeneities which, everbreaking effects of impurities make the MT terms negligible.
when they are relatively small, may appreciably affect theExperiments have also demonstrated the absence in the in-
measured o,,(T,x), mainly near T..?” Third, some plane paraconductivity of optimally doped HTSC of the so-
authoré!! analyze theirA o,,(T,X) data in terms of the di- called density-of-stateOS) contributions?® In our analy-
rect Aslamazov-Larkin(AL) contributions plus a pair- sis of the underdoped and overdoped LSCO films, we will
breaking Maki-Thompsor{MT) term, while other$®-1013  therefore assume the absence of appreciable indirect effects
take into account only the AL contributions, and others(MT and DOS. We will see how such an assumption is
still>" opt for neither one possibility nor the other. Finally, a confirmed by the results of our experiments. A crucial advan-
fourth source of ambiguity is that the region of reduced tem-+tage of our present work is to use recent extensions of the
peraturese=In(T/T,), where the data were analyzed, wasconventional mean-field-like calculations dfo,, to the
relatively small, typically 10°<e=0.1, due to the fact that short-wavelength regimes=0.1323® These extensions
the conventional GGL approach is not applicable either venare based on the introduction of a total-energy cutoff in
close to or very far fromT,.?* To analyze the regior the spectrum of the Gaussian-Ginzburg-LandgsGL)
=0.1, the usual mean-field-like theories have to be extendesuperconducting fluctuations, which accounts for the Heisen-
to deal with short-wavelength fluctuations, which abdye berg localization energy associated with the shrinkage, when
become particularly important when the superconducting cothe reduced-temperature increases, of the superconducting
herence length(T) falls in the range of its amplitude ex- wave functior®® These “extended” GGL expressions
trapolated to zero temperatur&(0).? Various attempts to have already allowed us to analyze the higm-plane para-
study the paraconductivity in the highregion as a function conductivity of the optimally doped YBC®&, and more
of doping in HTSC have been recently made by differentrecently the optimally-doped B$r,CaCyOg,, and
authors'®1® In particular, Leridonet al’® analyzed the Tl,Ba,CaCu;0;,.%3 The highe paraconductivity in a single
high-e paraconductivity in YBCO thin films with different underdoped LSCO film, witk=0.10, was also briefly ana-
dopings. However, these authors based their analyses onlyzed in Ref. 33. Note, however, that in that work, the super-
purely heuristic expression for the highparaconductivity, conducting fluctuations were assumed to be essentially 2D.
so that the physical meaning of the involved parameters reAs we will see in the present work, this is not the most likely
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TABLE |. Summary of the main parameters of the LSCO thin films studied in this work.TEheTy,,
andT/, temperatures are represented in Fig. 3. T{®) ande® main values are the ones resulting from the
Aoap(e) fits presented in Fig. 5. Their uncertainties result from considering different normal-state back-
grounds(see Fig. 10 and main text

X Thickness pab(250 K) To (To=T2) £:(0) g
(nm) (n€2 cm) (K) A)

0.10 130 1200 21.120.3-22.3 0.9(0.7-1.2 0.8(0.4-1.2

0.12 150 830 23.822.6-25.5 0.8(0.7-1.2 0.7(0.4-1.0

0.15 150 580 27.226.2-28.3 0.9(0.7-1.2 0.8(0.4-1.2

0.20 150 310 26.325.1-27.7 0.5 (~0-0.9) 0.8(0.4-1.2

0.25 120 230 14.814.0-15.9 ~0 (~0-0.5) 0.7(0.4-0.9

scenario for our underdoped LSCO films in the0.1 re- with no applied magnetic fie)d The resolutions in the
gion. In analyzing our data, we will clearly emphasize whichp,,(T) measurement are aboutud() cm for resistivity, and
results are expected to be independent of the structural natugdout 10 mK for temperature.
of the samples and which concern the “fine” behavior of the ~ Figures 1-3 show the temperature dependenge,gtfT)
paraconductivity and are therefore applicable only to thinfor our LSCO thin films, with Sr contents of=0.10, 0.12,
films. 0.15, 0.20, and 0.25. Thesevalues are those given by the
In Sec. I, we describe the samples’ preparation and th@0minal deposition rates. As the figures show, by increasing
resistivity measurements. The extraction from these data ¢he Sr content, the in-plane resistivity gradually decreases
the in-plane paraconductivity, and their analysis in terms oft"d itsT dependence well abovE; changes systematically

the GGL model for superconducting fluctuations with a total-T0mM & concave shapéor x<0.15) to a more linear ongor
energy cutoff, is presented in Sec. Ill. We summarize our®=0:15). Such a doping dependence of the resistivity is in

nclusions and di heir main implications in IV good agreement with previous results i_n similar.LSCO
conclusions and discuss their main implications in Sec. IV. & 1432426 337 values ofpap at 250 K in all the films

studied herésee Table)lare among the lowest reported until
Il. SAMPLES’ PREPARATION AND ELECTRICAL now in the literature regarding LSCO films having the same
RESISTIVITY MEASUREMENTS doping and substrate and a similar thicknk$&>242633n-
other indication of the quality of our samples is the width of
the superconducting transition in theg,(T) curves, which
are also among the smallest reported in the literature. Figure
3 shows the detail op,,(T) around the superconducting

The samples studied in this work areaxis-oriented
LSCO thin films grown on (100)SrTiQsubstrates from ce-
ramic single targets with different Sr contents. All the films
have similar thickness, of around 150 rigee Table). Dur- transition and the correspondintp,,/dT, as well asT
ing deposition, by high-pressure DC sputtering with an MNhe temperature whergp,,/dT reaac?hes ,its maximumdénd
axis cathode-substrate configuration, the substrate was maif- andT* . which correggond to the half maximum (’)f that
tained at temperatures between 840 and 860 °C in a flow oggrivativeCIF;eak above and beldty, , respectively. The val-
pure oxygen at 1.3 Torr. After deposition, the films were keptues of T T andT" for all thel ,samples studied in this
for 30 min at the same temperature but at an oxygen pressure . arél,givgn, in Tabclle I. Also, in Fig. 4, we show tfig,
of 7-10 Torr. They were subseq.uently cooled to room temy alues of our films as a function of the Sr content. As the
perature to ensure full oxygenation. The crystal structure o igure clearly showsT,, rises when the Sr content is in-
the LSCO films was studied by x-ray diffraction in a Bragg- -reased up fo an opt’inc]al doping level of abmet0.15, and
Brentano geometry. The diffraction spectra exhibit onlyhen falls. Theser,, values, and their doping dependence,
(00) peaks, indicating an oriented growth with theaxis  are jn good agreement with those currently well established
perpendicular to the substrate. The full width at half maxi-fo; T_in LSCO films with similar substrate and thickness
mum of the rocking curve corresponding to 96 reflec-  yote that theT,, values of good-quality bulk LSCO are
tion is around 0.3° for all the studied samples. Films weréyjgher than in thin films with a similar Sr content, although
then patterned as narrow strips, with typical widths from 5 top o1, types of samples share the salmg dependence on
10 um and typical lengths of 10@.m, by photolithography doping.142324263%n the remaining work we will use, un-
and wet chemical etching. Au contact pads were then depogsgg specified otherwisd,,, asT.. The appropriateness of

ited onto the current and vSItage terminals, and annealed ig,ch 4 choice in the analysis of the in-plane paraconductivity
oxygen at 1 atm and 600°C for 15 min to facilitate gold i pe discussed in further detail in Sec. Il D.

diffusion into the LSCO. The final resistance achieved was

less than 0.X) per contact. The in-plane resistivity of the ||| THE IN-PLANE PARACONDUCTIVITY: COMPARISON
films, p,p(T), was then measured by using a standard four- WITH THE EXTENDED GGL APPROACH
contact DC current arrangement in a temperature range of
4.2-300 K. The applied current was5 pA, which implies

that the current density through the sample is around The paraconductivity may be obtained from the measured
100 Acm 2 (much lower than the critical current density p,,(T) curves by the application of Eql). For that, as is

A. Extraction of the in-plane paraconductivity
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FIG. 2. Amplification of the view in Fig. 1 to appreciate better
FIG. 1. The in-plane resistivity measured in this wadicles the range of temperatures where the fluctuation effects above the
in varic;us. LSCO tlfr:in films with d)i/fferent doping levels We also transition are observed. The dashed line corresponds to the normal-
indicate (solid line) the normal-state background of each film, ob- state background anq thg solid Iing corresponds to the theorgtical
tained by using the procedure indicated in the main text Th(’e temeab(T) obtained by using in Eq) this background and the best fit
L S o B} by the GGL theory extended to high reduced temperatures through
peratureT g corresponds to the lower limit of the fitting region used . o - . Y .
to extract such background. The temperaflités the one at which Its regularlzatlon with the so-called . tot_al-energy cutoff which
the background and the experimental data first time deviate frorrt1akes into account the quantum localization energy.

each othefi.e., the temperature above which fluctuation effects are 3 e
no longer observedNote thatT® is located well belowT; (see also customary;® the normal-state backgroungyg (= Tapp) IS

main text for details T, is the temperature wherep,,/dT is  estimated by extrapolation of thg,(T) data measured well
maximum, which is expected to be close Tp, the mean-field above thes-region whereA o ,,(¢) is to be analyzed. As we
normal-superconductor transition temperature. wish to analyze\ o,;,(¢) also in the highe (¢>0.1) region,
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FIG. 4. The temperatur&; where the inflexion point of the
pap(T) transition(see Figs. 2 and)3s located versus the Sr content
x in the LSCO films measured in this work. The dashed line is a
parabolic fit which serves as a guide for the eyes. Note that both the
absolute values and the doping dependence of $Sycére in fairly
good agreement with the ones well establisted?4263%or the
critical temperature of LSCO films grown on (100)Sr%iGub-
strates and with a similar thickness.

p,(10°Qm)

to the p,,(T) data in theT region 1.8 ,.<T=<2.7T, (corre-
sponding to 0.5¢=<1). This is the simplest functionality
which for all dopings gives a good coincidence with the
pap(T) data in thatT range. Naturally, the background thus
obtained is appropriate to analyaer,,(e) only for e values
well below e=0.5. And, in fact, similar types of extrapola-
tions have been successfully used to obtain,,(e) up to
£=0.1 in various optimally doped HTSGsee, e.g., Refs.
3,28,29,35. However, by construction, this background
makesA o, zero ate =0.5, and thus cannot lead to a reli-
— T — able study ofA o,,(&) in the highe (¢>0.1) region. There-
0.5} R fore, the second step to be taken in determining a back-
ground valid for our purposes is to perform a fit to the
pap(T) data at considerably higher reduced temperatures, in
the T range 4.9 .<T=<7T_ (which corresponds to 15¢
=2). However, because the extrapolation uncertainties
strongly increase with increasing distance, we constrain
ol ) —— this last fit to reproduce in the moderaterange 10%se¢
10 20 =<0.1 theA o,,(&) results obtained with our first background
T (K) estimate, up to a20% maximum uncertainty. We also re-
quire thatp,,g(T) does not produce a negative paraconduc-
FIG. 3. Scoop of Figs. 1 and 2 to appreciate better the regionjvity at any temperature. We used for this fit the functional-
closer toT, , the temperature whedp,,/dT is maximum. Such a jty a1/T+a2+a3T+a4T2, with a;, a,, az, and a, as
dpay/dT peakis also plotted, in arbitrary unitas a solid ling The  fitting parameters. This is the simplest functionality which
temperature§;; and T, correspond to the half maximum bound- ¢ g| dopings is able to fit the,,(T) data in the enlarged

aries of such a peak. The circles are the experimgnidll) data, fitting T region while at the same time fulfilling the above-
the dashed line is the normal-state background, and the solid “”ﬁwentioned constrains

following the data is the,,(T) resulting from this background and
the “extended” GGL theory with a total-energy cutoff.

In Figs. 1-3, we plot the normal-state backgrounds ob-
tained by using the above procedure in all the films studied
in this work. Note that the upwards concavity pf,g(T)
for such an extrapolation we will use a procedure similar todiminishes forx=0.15. For thex=0.25 sample, our extrapo-
the one already used in Refs. 32,33. This is a two-step prdation method produces @,,g(T) curve with an appreciable
cess to be done for each sample. First, we fit the functionalityegative curvature below.. However, in theT range of
a,;/T+a,+asT, with a;, a,, andag as fitting parameters, interest for our purpose@.e., from T, up to the upper limit
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of the background fitting region, a range that in this film [ — T
corresponds to 14.8 € T=104 K), thisp,,(T) may be ap- 100 (a)
proximated by the linear formula p,e(T)=(3.4 ;
X107 Qm)+(7.2x10°° OmK YT, the differences be- [
ing less than 5%. Also shown in Figs. 1 and 2Ti§ the 1
temperature at which o,(¢) is observed to become negli- F
gible. Let us emphasize here thtis well belowTg, indi- L AG (e).. with
cating therefore that the existence of sucii@is not an 1011 abtE
artifact of our background subtraction procedure. This is fur- gc(0)=0-9Av e=0.8
ther confirmed by the fact that the obtained backgrounds and [ NP |
correspondingr® values do not appreciably depend on the
lower limit of the background fitting regionTg, provided
that it is kept above~3.5T, (i.e., abovee=1.2). An in-
depth analysis of the uncertainties associated with our back-
ground estimation, including those associated with the
choice of the background fitting region and its possible in-
fluence onT¢, will be presented later in Sec. Ill D.

In Fig. 5, we show th&\ o, ,-versuse curves obtained for
each of the films measured in this work. This figure already
illustrates a result which is central in our present paper: the
experimentalAo,,(e) curves agree with each other well
within the experimental errors for the doping levels 0.10
<x=0.15 (corresponding to the underdoped and optimally log ;. x=0.25 5
doped ranges of compositiondNote that this conclusion i 3
does not rely on any comparison with any theory. This strik-
ing result already suggests the nonvalidity, at least for LSCO 1
films, of the proposals made by various auth@se, e.g., i
Refs. 1,12,14-1)7that the superconducting fluctuations are = AC,.(€); With
substantially different in underdoped and optimally doped 10'1§' &(0)~OA =07
HTSC. As also shown in Fig. 5, in the overdoped range of F -
compositiond(i.e., forx=0.20 and 0.2§ the in-plane para- > n
conductivity of the LSCO films increases with the increasing 10 10 1
value ofx, mainly in thee regione<0.1. At higher reduced e=In (T/T,)
temperatures, all thé o,,(e) curves (for all x) collapse

towards negligible paraconductivity at a reduced temperature FIG. 5. Comparison between the “extended” GGL expressions
& of around 0.8. for Ao ,p(€) using a total-energy cutofsolid lines, Eq(8)] and the

experimental curves of the in-plane paraconductivity versus re-
duced temperature in the LSCO films measured in this work
(circles. In these comparisons, we u$g, as critical temperature
B. Theoretical background: extension of the GGL (see main teyt As can be seen ifg), the experimental o-,,(¢)
paraconductivity to the high-¢ region curves for the underdoped and optimally doped LSCO films are

To analyze the experimental data summarized in the pré essentlally coincident. The correspondingr,,(e) for the over-
ceding section, we will use the paraconductivity expressmnl‘g[oloed films{(b) and(c)] show a moderate increase xaincreases.
obtained on the grounds of the mean-field GGL approac he GQL fits are able to acgount for such data in all the studled.
regularized through the so-called “total-energy” cutoff, range, including also the disappearance of observable fluctuation

effects at high reduced temperatures. See main text for details.
which takes into account the limits imposed by the uncer-
tainty principle on the shrinkage of the superconducting
wave function when the temperature increases well abovgnalyses to the mean-field-like= 10~ region. Although the
T..3* Our results in optimally doped HTSC suggest that sucHGGL in-plane paraconductivity under the total-energy cutoff
a regularization extends the applicability of the mean-fieldwas calculated for the first time by Carballegtal. in Ref.
like GGL approach from the, ;<&=0.1 region to the high- 32, it will be useful to summarize in this section some of the
e region®*~3*Hereg g is the so-called Levanyuk-Ginzburg results of such calculations for the case of single-layered
reduced temperature, below which the fluctuations enter isuperconductors, and also to remember the physical meaning
the full-critical, non-Gaussian region where non-mean-fieldof the total-energy cutoff, which was analyzed in terms of the
approachegsuch as the 3DXY modglmust be applied®  uncertainty principle applied to the superconducting wave
Such ane g was estimated to be of the order of 70in  function by Vidalet al.in Ref. 34. For layered superconduct-
HTSC2% Note also that so close b, the effects of sample ors with a single interlayer separatian(the case of the
inhomogeneities may considerably affect the paraconductiveSCO family, wheres=6.6 A), the total-energy cutoff may
ity data®’ Therefore, in the present paper, we will restrict ourbe written as

SO O]
—_— -]
o O ]

0x
O X
Ox
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Bip[1—cogk,s)] _2 the total-energy cutoff. However, in spite of this simple re-
2¢2(0) +&ap (&) <&apo- (2)  lationship between both cutoff approaches, first proposed by
ab Mosqueireaet al.in Ref. 37, their deep conceptual differences
In this expressiork,, andk, are the in-plane and-direction also lead to striking differences in the highbehavior of any
wave vectors of the fluctuating modesg,,(¢)  Observable associated with the superconducting fluctuations
=£,,(0)e Y2 is the in-plane GL coherence lengtB,,  aboveT., including the paraconductivity. These differences
=[2£,(0)/s]? is the so-called Lawrence-Donia¢hD) di-  have been analyzed in Refs. 32-34, but it might be useful to
mensional crossover parameté,(0) and é.(0) are, re- Stress some of them here. First, note that the maximum in-
spectively, the in-plane and out-of-plane GL superconductinglane kinetic energy of the fluctuating mod&sy yinetic. IS
coherence length amplitudes, a#igl, is the in-plane Pip- temperature independent in the case of the conventional
pard coherence length. Note thatis limited by the layered kinetic-energy or momentum cutoff. For instance, for 2D

k§y+

structure as- w/s<k,</s. layered superconductors,

The left-hand side of Eq2) is the total energy of a fluc- (a2 42
tuating mode(in un|ts*ofﬁ /Zmab, where# is the reduced ET@_ (momentum cutoff= R c.
Planck constant anah?, is the in-plane effective mass of the ’ 2mg,  2mg,éa,(0)
superconducting pairsAs explained by Vidakt al. in Ref. ()

34, this “total energy” of each fluctuating mode may be seen, contrast, under a total-energy cutoff, the maximum in-

as the sum of the Heisenberg localization energy associatefane kinetic energy of the fluctuating modes is temperature

with the shrinkage of the superconducting wave f””CtiO”dependent. In this examplD layered superconductors

- -2
when the temperature increases abdygthe £, () terml o correspondindEly wineic May be directly obtained from

and the conventional kinetic energy. In the case of singIeEq_(S) by usingc— ¢ instead ofc [or from Eq.(3) and using
layered superconductors, the kinetic energy appears as ﬂé@aing o=C" Y2 (0) andé.n(s)=£.5(0)s Y7 as

sum of the in-planek, and the c-direction B p[1 é é a a

- coskzs)]lzgib(O) contributions. The right-hand side of Eq. max h?

(2) may be seen as the localization energy associated with Ezab,kinetid total-energy CUtOﬁzm(C—S),

the maximum shrinkage, &=0 K, of the superconducting ab>ab

wave function. This term is, therefore, proportional to the with e<c (6)
inverse square of the in-plane Pippard coherence length am- '
plitude &, (see Ref. 34 which is temperature dependent and becomes zerce for

To briefly analyze the differences between the total-=c. In other words, in contrast with the conventional mo-
energy cutoff and the conventional momentum or kinetic-mentum or kinetic-energy cutoff which only eliminates, in-
energy cutoff, the simplest case is the 2D layered limit,dependent of the temperature, the fluctuating modes with in-

whereB, p—0. In that case, Eq2) simplifies to plane kinetic energy abO\LﬁiZ/Zm;bgﬁb(O), thetotal-energy
) 5 ., cutoff eliminatesall the fluctuating modes at reduced tem-
Kyt &ap (8)<&apo - (3)  peratures equal te or above. By imposing a zero kinetic

L . energy on Eqs(2) or (3), this reduced temperature, denoted
NearT., whené,y(e)> &apo, the localization energy contri- ¢ g given by

bution to each fluctuating mode may be neglected and Eq.
(3) reduces to the conventional momentum or kinetic-energy Ean(8%) = Eapo, 7)

cutoff in 2D layered superconductdfs:
i.e., 5= (&.,(0)/€ap0)2. As first argued by Vidakt al. in

k)z(ygc 5;,2(0). (4) Ref. 34, Eq.(6) (which leads directly to the existence of a
well-defined reduced temperature above which all coherent

In this equation, we have usex /%,,(0) instead of Pip- Cooper pairs vanishmay be seen as just a consequence of
pard’sé,po, Wherec is a cutoff amplitude, temperature inde- the limitations imposed by the uncertainty principle on the
pendent, close to 1. These expressions still simplify in theshrinkage of the superconducting wave function, which also
case of isotropic 3D superconductors; the total-energy cutofibove T, imposes the conditiontay(e)=&xpo. In Other
reduces tok?+ gfz(s)sggz, whereas one re-findk®  words, the collective behavior of the Cooper pairs is domi-
<c ¢ %(0) for the momentum or kinetic-energy cutoff, nated at high reduced temperatures by the Heisenberg local-
which is the familiar condition earlier proposed for IoWy- ization energy? If, in addition, we assume the applicability
superconductorsBy using &,=c~Y2£(0) again and assum- of the BCS relationship in the clean limit£,,(0)
ing the applicability at all reduced temperatures of the mean=0.74¢,,,, then s§csqear Cacsaear=0-6224*8 Indeed,
field e dependence of the superconducting coherence lengtkhis value ofc will also apply to the conventional momentum
&(e)=¢&(0)e Y2 one may see that the conventional kinetic- cutoff approach that appears as the limit whes1 of the
energy and the total-energy cutoffs are related, in the 2D antbtal-energy cutoff.
3D limits, through the substitution of by c—¢. So, as As we are particularly interested in analyzing the dimen-
stressed before, both cutoffs coincide n&éar whene<<c. sionality of the superconducting fluctuations in LSCO as a
The conventional momentum or kinetic-energy cutoff ap-function of the doping, we will first summarize here the gen-
pears, then, as a particular case, the limit whés) > &,, of  eral expressions of the paraconductivity as a function of the

094501-7



SEVERIANO R. CURR/S et al. PHYSICAL REVIEW B 68, 094501 (2003

LD dimensional crossover parameRr, . Then we will also 0 e? arctariyc/e)  eyc
present the limiting caseB,p<e (2D limit) and B p>¢ AUab(S)M=487Th§(O) 3 T e ¥0)?
with &€,,(0)=&.(0) (isotropic 3D limif). The paraconductiv- Ve
ity for single-layered superconductors, resulting from the c32
GGL approach extended to high reduced temperatures by the - 5@2 : (13
total-energy cutoff, has been calculated by Carballetral.
in Ref. 32 to be: Equations(12) and (13) correspond to the expressions first
obtained for these 2D and 3D limits by Gauzzi and Pavuna in
e’ [1 Bip| ¥ 1 e+Bp/2 Ref. 35.
Aoan(e)e=Tgrsl 5 T) Tl 2T T e ) : It is also useful to note here the differences between the

(8) asymptotic behavior oA o,,(¢) under the two different cut-

, o off conditions. For instance, as it is well knowh®in the
wheree s the electron charge. The paraconductivity under &p jimit, the conventional momentum cutoff predicts that
total-gner_gy cutoff in th_e' 2D limit mg::izy then be obtained boniE(e)M smoothly decays as~ 2 whene>c. In contrast,
applying in Eq.(8) conditionBp<e: as stressed before, the paraconductivity under a total-energy
11 . cutoff presents a singularity when=e°=c. Such a behav-

e & ( 2 SC) '

(9) ior is not describable through a critical exponentinHow-
Concerning the paraconductivity under a total-energy cuto

ever, whene approacheg from below, such a singular be-
shavior may be described in terms of a power law/ ),

in the 3D limit, it cannot be directly obtained from E@)  Wwheres=e—c. In the 2D limit, this asymptotic behavior is

because this equation assumes thirection layered-

structure cutoff,— #/s<k,< /s, which in the limit B p

>¢ is no longer a stronger limitation fdg, than the total-

energy cutoff[Eq. (2)].32 The calculations using the total-

energy cutoff for the three directions of space have also beeh'® in-Plane paraconductivity without any cutoff may be di-

made in Ref. 32, the resulting expression for an isotropid€Ctly obtained fr%m the abowuko,,(e) expressions by sim-

superconductor being ply imposinge <& on Egs.(8)—(10) [or e<c on Egs.(11)—
(13)]. This leads to the well-known LD expression for a

arctarg /(Sc_ e)le) single-layered superconductor:
e? 1 Bipo -1/2
N Ve Aoap(&)no curo™ 7@z g ;( 1+T) , (15
c__ c_ .\32
B gVe 8] _5(8 €) ] |

e2

AUiE(S)f@

AU;E(E)E:WEF! for e—0". (14

2
Ac3D(e)e= © 3
abt=E T 487 £(0)

(100  Which recovers, in the limitsB p<e and B p>e with
&.0(0)=¢&.(0), thealso well-known results by Aslamazov
and Larkin for the paraconductivity without any cutoff in 2D

Let us also summarize the results for the in-plane paraand isotropic 3D superconductors:
conductivity under the conventional momentum cutoff. As

first explicitly derived by Asakat al® (see also Ref. 32 for a €

(92 (°)?

2

2D _
more detailed calculationthe corresponding expression for Aab(#)no cutof™= 16fise’ (16
a single-layered superconductor is
and
eZ 1 BLD —-1/2 )
Aoap(e)=——-1—| 1+— A 3D _ —12
e . 1
16hs | ¢ £ Uab(s)nocutoﬂ_32ﬁgc(o)8 (17)
c(ct+e+Bpl2
_ (cte+Bipl2) Finally, let us stress here that all the above expressions for
[(c+e+Bip)(c+e)]¥? the in-plane paraconductivityEgs. (8)—(17)] implicitly as-
1 B 12 sume a relaxation time for the superconducting fluctuations
_ 1+ Lo (11) equal to the one given by the standard BCS mean-field ap-
e+c e+c proach, 7= (7% /8kgT.)e ~1.%° They also consider that all

_ _ _ _ ~indirect contributions (as the Maki-Thompson and the
The corresp_ondlng results in the 2D and isotropic 3D limitsdensity-of-states ongso Ao,,,(¢) are negligible, as is today
are, respectively, well established for the HTS€:2°

2 C. Comparison between the experimental data

, (12 and the GGL paraconductivity

1 c 1
e (c+e)®> e+c

e
AoZR(eIn=1grs

In Fig. 5, we present a comparison between the theoretical
and predictions under a total-energy cutoff and the experimental
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v x=008 datafrom | ours, and with a thickness of 350 nm. For that, we have

v A x=0.15 Ref[4] 73 scanned the corresponding publishgg(T) plots* and have
] applied to these data the same analysis as described above.

Some examples of thAo,,(g) curves thus obtained, and
(a) 3 their comparison with Eq(8), are shown in Fig. 6. As it is

] evident in this figure, the GGL approach with a total-energy
cutoff also explains these measurements, again in thé 10
3 =<e=1 range. These data also confirm the existence of a
G F ] well-defined reduced temperature’, above which the in-
by 2 gl .. . . .
S — E— plane paraconductivity vanishes. We emphasize that in per-
~ v x=0.24 datafrom | forming these analyses, we have again u$gdas T, and
Ax=0.30 Refl[4] 7 have not included any Maki-Thomps@WIT) indirect contri-

] bution to the in-plane paraconductivitfwhich, as com-
mented in the Introduction, are now well established to be
(b) 3 absent in the HTS®?9. As noted before, Suzuki and Hikita

] assumed in their analyses the existence of such MT contri-
bution. In fact, to be able to introduce the MT contribution,
Suzuki and Hikita had to consider the critical temperature as
o T an additional adjustable parameter. This ledl'toapprecia-
10-2 10-1 1 bly different fromT,. Our present analysis of Suzuki and

Hikita’s data also indicates that the in-plane paraconductivity
& =In(T/T,) in LSCO films grown in(100SrTiO5 substrates is, as could

be expected, almost independent of the thickness in the range

FIG. 6. Some examples of the in-plane paraconductivity versu - .
reduced temperature curves that result from applying the sam150_350 nm. However, let us stress again that using bulk

analyses as we have applied to our present measurements to R _mples, or films grown on different substrates or with s_ig-
pap(T) data measured by Suzuki and Hikita LSCO films. The nificantly different thickness, may change some of the fine

solid lines correspond to the fits using the “extended” GGL ap- details of the paraconductivity, such as the corresponding
proach with a total-energy cutoff. Such fits fully confirm the results £c(0) values(see also beloy
found with our own measurementsompare, e.g., with Fig.)5 In Fig. 7, we show the comparison between the experi-
mentalA o,p(e) measured in the present work and the para-
paraconductivity obtained by using the procedure describedonductivity expressions without any cutoff and under the
in Sec. Il A in our LSCO films. The solid lines in these conventional momentum or kinetic-energy cutoff, using the
figures are the best fits of E(B) to the experimental para- same values foé.(0) ande® as in Fig. 5. This figure shows
conductivity in thee-region ranging from 102 up to the that, as could be expected, the momentum or kinetic-energy
reduced-temperatures where the paraconductivity becomesitoff expressions are able to fit the experimental paracon-
experimentally unappreciabl@.e., roughly whenAo,,=2  ductivity in a lowere range than the total-energy cutdtfp
x10° O *m™Y). In these fits, we leavé,(0) ands® as free  to £=0.3 at the most for the momentum cutoff, and up to
parameters, and use fiy, the inflexion point temperature at aboute=0.1 for no cutofj. In particular, they fail to repro-
the p,,(T) transition, T.;. The values thus obtained for duce the rapid fall off of the fluctuations in the higher-
£.(0) ande® are summarized in Table I. The errorbars andregion,=0.3.
the x dependence of these values will be discussed later in Let us now discuss the doping dependence of the param-
detail. As is easily observable in this Fig. 5, for all the eters¢.(0) ande® which results from the above fits using the
samples, the agreement between @j.and the experimen- GGL approach under a total-energy cutoff. In Fig. 8 we show
tal data is excellent in the entire studiedegion. This com- these& (0) ande° values as a function of the doping. Let us
parison confirms, in particular, the existence of a well-first remark on the trend for the variation 6§(0) with the
defined reduced temperatureS, of aboute“~0.8, above doping levelx; for x<0.15, i.e., in the underdoped and op-
which the in-plane paraconductivity vanishes. A differenttimally doped ranges¢.(0) is found to be approximately
view of these fits is provided by Figs. 2 and 3. In theseequal to 0.9 A. This value corresponds to a LD dimensional
figures, the continuous lines are the theoreticg(T) curves  crossover parameteB p=7.5x10 2. For x=0.20, it is
which result from the above analysgise., from adding, &.(0)=0.5 A (and henceB p=2x10 2?), and forx=0.25
through Eq.(1), the normal-state background and the theo-and above, it is.(0)~0 A (soB,p~0 and the fluctuations
retical Ao,(e) resulting from the above fitsAs visible in  are 2D in all the studied range. This £.(0)-versusx trend
these figures, the agreement with thg(T) measurements is consistent with our observation that the fluctuation con-
above the transition is again excellent. ductivity is the same for the underdoped and optimally doped
It may be useful to check if the GGL theory with a total- LSCO films, and increases with increasirgn the over-
energy cutoff may also explain the in-plane resistivity mea-doped ones. Let us also note that in Refs. 23-25, it has been
surements done by Suzuki and HiKita their own LSCO argued that the substrate may induce in LSCO films
films, with variousx values, grown on the same substrate asc-direction stress, which in turn may change the interlayer

y

10

[ —— Ag,, (&), With
£.(0)=0.8A,e°=0.7

'lm'l)
[

<

-

— Ag,,(e)g With
101 £(0)~0A, £°=0.7
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FIG. 8. The values of the-direction coherence length GL am-
plitude £:(0) and of the total-energy cutoff amplitudé, providing
the best fit to theAo,,(e) data(see Figs. 5 and)6 represented
A | T T T versus the Sr conteliie., hole doping x. The squares correspond
10k 3 x =025 to the LSCO films measured in the present work, while the triangles
3 ’ E correspond to the films measured by Suzuki and Hikirmalyzed in
Fig. 6. As can be easily seen (), £:(0) is constant, well within
the experimental uncertainties, for the underdoped @.15) and
optimally doped x=0.15) films. When entering in the overdoped
range &>0.15), £.(0) decreases to the point of being negligible
[£:(0)=0 A] at aboutx=0.25 and above. The dashed linga@ is
guide for the eyes(b) illustrates that the cutoff amplitude® is

with £_(0)=0.5A, ¢=0.8

. == Acah(s)no cutoff
with _(0)~0A
101 F —— Ac,,(e)y

with §6(0)~0A, c=0.7 8 found to be, within the experimental uncertainties, constant for all
S —— — —— doping levels. The continuous line ifb) is the rough estimate

102 10! 1 £hcsceas=0-6 Which can be obtained by using the BCS theory in the
e=1In (T/T,) clean limit (see main tejt Note that thes® values shown in this

figure are somewhat above this estimate. However, such differences
FIG. 7. Comparison between the same experimental curves as #annot be taken as significative, in view of the errorbars®of our

Fig. 5 and the paraconductivity expressions without any cutoffAo,p(e) analysegsee main text and Tablg. |
[dashed lines, Eq15)] and with the momentum or kinetic-energy
cutoff [continuous lines, Eq(11)]. In performing these compari-
sons, we have used the same values&f@0) and the cutoff con-
stant as in Fig. 5. Ina), we also indicate the low- asymptotic
Acap(e)ce Y2 which would correspond to the 3D limit without

41,42 that the superconducting bidimensionality is smeared
or suppressed in the overdoped bulk samples of the LSCO
family. The comparison of these observations with our
any cutoff. The dashed line ifc) also corresponds tao(z) present_results suggests, then, that the substrgte effects in
&1, i.e., the 2D limit without any cutoff. The~10~2 paracon- LSCO_ films do affectf?(O) and, therefore, the interlayer
ductivity of thex=0.20 film does not follow any of these dimen- tunneling of Cooper pairs.
sionality limit cases, but lies instead in the dimensional crossover Concerning the other free parameter in dur,p(¢) fits,
regime. Note that the momentum or kinetic-energy cutoff expres<®, we find that its value remains the same within the experi-
sions are able to explain the experimental paraconductivity in anental uncertainties for all the studied LSCO filsee Fig.
lower & range than the total-energy cutdffp to at most=0.3). 8 and Table ). Such a value which, taking into account its
The expressions without any cutoff explain the data in a even morexperimental uncertaintymainly associated with the back-
limited £ range,e<0.1. ground subtraction, see belpwis bound by 0.£:°<1.1
matches fairly well the value-0.6, which may be roughly
tunneling. Therefore, LSCO films grown on different sub-estimated on the grounds of the mean-fieldependence of
strates or with significantly different film thickness, and also&,,(e) and the BCS value of,,(0)/&,p, in the clean limit
LSCO bulk samples, may havg(0) values different to the (see Sec. Il B and Ref. 34We note that the validity of such
ones found in the present work. In this sense, we have found, simple estimate has also been confirmed, usually with a
through measurements of the fluctuation-induced magnetizdewer error bar, by the analysis of the superconducting
tion, that the superconducting fluctuations are bidimensiondluctuations in various optimally doped HTSC and various
in underdopedbulk LSCO samples, in contrast with our clean and moderately dirty LTSGee Ref. 34, and refer-
present results for thin filnf¥.It has also been found in Refs. ences therein We note also that our previous analyses of the
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1r T 10F x=0.10 different -
3 backgrounds 3
O o) o) O @) dispersion ]
W05} © 1 i@ '
) O
0 La, ;551 ,5Cu0, &5 A Ac, (), with

i 1 g 10 £ (0)=0.9A, £°=0.8 3

3 4 5 6 c sl
"[*113_,/'1'c s T — ]
Z 10k x=0.25 different
FIG. 9. An example, corresponding to tRe-0.25 film, of the < bagfsgr(;lslinczs
variation of ¢ with the temperature region where the background 2 (b) persion 3

fit is made.T§ is the lower-temperature limit of this region. The 1k
upper limit was always taken to bﬁg+ 40 K. Here again, we use :
T, asT.. Note that the values obtained fef are essentially in- [ )
dependent of the region where the background fit is made u‘ﬁ?ss 1000 — Acab(s)gi with
is relatively close to the transition. A similar conclusion is obtained 8008, £2=0.7

for all the samples studied in this work. i el e
10-2 10! 1

fluctuation magnetization in a bulk underdoped LSCO led to e =In(T/T.)
£°=0.6+=0.2. This is consistent with the fact that, as already

mentioned in Sec. Il B and further elaborated in Ref. 34, the FIG. 10. Influence of the use of different normal-state back-

grounds in the experimentalo,,(&) curves of(a) thex=0.10 film
appearance of the reduced-temperature cufofs expected .and (b) the x=0.25 film measured in this work. The different

to occur in all superconduct_ors ingepe.ndent of, e.g., the'Eources of such a background uncertainty are discussed in detail in
structural character or the dimensionality of the supercong,a main text. The corresponding uncertainties Srand £.(0) are

ducting fluctuations.

summarized in Table | for all the films measured in this work.

D. On the influence of the background andT choices which deviate by+20% at 10°<e=<0.1 from theAoy,

Itis rel t 1o di in detail th . f results obtained with the background fitted closer to the tran-
IS relévant to discuss in detail thé main Sources of Unwgyiqn (fitted in the T region 1.6T.=T=<2.7T,, i.e., 0.55¢

certainties in the above analyses of the experimental para- 2005 fi e o
conductivity in terms of the extended GGL approach. Let us~1)' The = 20% figure was chosen after verifying that it is

first consider the uncertainties associated with the extractioa good measure of the variation of such "labackground

When its fitting region i mewhat varied. While this uncer-
of the normal-state background contributiqgn,,g(T). We en its fitting region is somewhat varied € this unce

X - tainty has a relatively low impact on theo,,(e) curves for
have checked that varying the lower limit of the backgroundlofzsgso_l, its influence becomes stronger in the high

f|tt|ng. region from its value in ourqnalyse‘EB=4.5rC, does reduced-temperature regiom*$0.1), affecting mainly the
not S|gn|f|ca|}n_tly change the obtainédr,y(e) curves, pro-  ,ocise value o&° (or, equivalently, ofT®). In particular,
wdeol thatTg is kept well above~3.5T¢. In Fig. 9, we plot  jqer hackgrounds indeed lead to lowet and T¢. How-
the ¢® values obtained by applying the analysis described inyyer, et us emphasize that this uncertainty does not affect the
the previous sectlo[]s to the=0.25 LSCO sample by using qajitative shape of the sharp fall off @fo-,;, at high re-
different values offg. When obtaining this figure we have qyced temperatures, but only the precise location of such a
always taken the upper limit of the background fitting regionfa|| off. In Fig. 10, we illustrate the uncertainty of the
asTg+40 K. As it may be seen in this Fig. ° is quitt A, (s) curves associated with the choice of the back-
insensitive toTg unless the latter is approximately Z5or ground. The limits of the shaded areas correspond to the
lower. This indicates that the criterio‘|’rJg~:4.5I'C is adequate lower and higher backgrounds obtained for each sample.
for obtaining values o° not affected by the proximity of This figure clearly illustrates that the background uncertainty
the background fitting region. We have also checked thatloes not affect the low- region in a dramatic way, and
adding a third degree polynomial term to the backgroundherefore its impact on the value §§(0) is also moderate.
functionality does not appreciably change the obtained parafable | summarizes the correspondia@and £.(0) uncer-
conductivity curves. Similarly, we have also checked thattainties for all the LSCO films measured in this work.

using a variable-range-hopping contributigrexp(To/T)Y4, It may also be useful to study the influence of thg
instead of thea;/T term (as proposed, e.g., by Leridon choice in our analyses. First of all, we note that dpg,/dT
etal’® when analyzing the high- paraconductivity of peaks around, present abaul K of half widths at half
YBCO films), does not change the obtained backgroundsmaximum of the peaksee Fig. 3 and Table.l Taking into
within a maximum of 2% variation. However, a much more account the relatively low critical temperature of the LSCO
appreciable source of uncertainty comes from the fact that ifiamily, such widths correspond to rather high reduced tem-
our two-step procedure for obtaining the normal-state backperatures, of the order @f~5x 10 2. This means that vary-
ground(see Sec. Ill A, we allow it to produce\ oy, results  ing T, inside the upper half of th€., peak may considerably
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Fig. 11, the resulting fits are always of somewhat inferior
quality than when usind,. To sum up, usingl., as T,
seems to be the best choice because of the consistency when
taking into account the data of films with different doping

Ta levels, and because it provides better-quality fits thals
taken abovel ., . However, we think that it is useful to bear
in mind the conclusion that relatively small deviations from
T, will have an appreciable impact on the valueségf0).
In particular, the¢,(0) values obtained for each LSCO film
using T, instead ofT,, are 1.8 A forx=0.10, 2.0 A forx
=0.12, 1.9 A forx=0.15, 1.6 A forx=0.20, and 1.5 A for
x=0.25. Also, for all the doping levels studied here, it is
T possible to find aT. in betweenT_, and T, leading to
Ta ] £:(0)=0 A. In fact, such uncertainties add to the reasons
T commented on in the Introduction that explain the discrep-
ancies between different authors when proposing values for
(b): £:(0) from the analysis of the superconducting fluctuations
- in LSCO. For instance, in a previous wotkwe briefly ana-
E lyzed a single LSCO film, withx=0.10, assuming.(0)
=0 A, what led us to conclude thdt, was nearer tdT,
than toT, . Finally, let us emphasize here that in our present
analyses, when using any choiceTafwith similar displace-
ments with respect t@,, for all thex values, our main quali-
tative conclusions remain true: the paraconductivity is con-
stant withx in the underdoped and optimally doped LSCO
thin films, but increases witk in the overdoped range up to
x=0.25. Also, the choice of . does not affect the fact that
the fluctuations sharply decrease at a well-defined reduced
temperature well above,.

It may also be interesting to briefly discuss whether long-
length-scale crystal imperfectioisuch bigger in size than
the coherence lengthmay significantly affect our main ex-
perimental results. First of all, let us note that correcting for
affect the paraconductivity versus reduced-temperatur€4ch extrmsmsamperfectlone‘or instance, by introducing a
curves in a sizable region of ourAa,,(s) fits. Such un-  auality faCtO_fl_' ) would always lead to higher intrinsic
certainty is illustrated in Fig. 11 for the cases-0.10 and paracon_ducnwty, as _the imperfect samples would be less
0.25: in this figure, the samAo, data as in Fig. 5 are qonducnve than the ideal ones. Nott_a a_lso that such correc-
plotted against =In(T/T.) for T, values in betweeil and tions may be expected to pe .e_ssenuallmdepende.nf[, and

+ ) therefore they would not significantly affect the critical ex-
T, (the lower and upper temperature boundaries ofTthe : .

eak at half maximum Also plotted is Eq(8) in those cases ponents of thed ogy(2) curves, but only their amplitudes.
P o . /A0 p c d . Comparison with the existing literature reveals that the resis-
whgre it is possible _to find:(0) ande" values producing a tivity at 250 K of our samples is never more than 1.2 times
valid agreement with chmoab(‘?) (,:iata curves. As s the one reported until now by different groups in LSCO films
clearly |Ilgstrated by the ’flgure, using,'s below T, makes with the same doping and substrate and similar thickfiess
Aoap(e) increase, and ;s aboveTy, makeSA.U.ab(e) (_je' fact, in several cases, our films are the less resistive
crease. In the case=0.10, when lowerind ., it is possible oneg.142324263viding the p,,(T) data by a quality fac-
to fit Eq. (8) up to T valuesT. =T, — 0.6 K(=T¢;+0.2K). 14 of approximately 1.2 would not alter significantly our
This is accomplished by loweringi(0), while the parameter  ¢qncjysions, as it would correspond to~e20% change in
e® remains almost unchanged froai=0.8. In fact, using  the amplitude of the or,(s) curves, which is, in fact, lower

Tc=T¢—0.6 K already leads to a fit witlj;(0)~0 A; be-  than the uncertainty caused by other sources of ambiguity
cause of this, with loweT ;'s Eqg. (8) can no longer account iscussed above in this section.

for the data. In the case of the=0.25 film, £,(0)~0 A
already corresponds td.=T; and hence theAo,y(e)
curves cannot be successfully fitted by E8). if using any
T, below T, . Let us now discuss what happens when using In this paper, we have presented measurements of the in-
T.'s aboveT,, instead of below. In this case, theo () plane paraconductivityAo,, above the superconducting
curves decrease. Such a decrease can be reproduced to sara@sition of various high-quality LSCO thin films with a
extent by Eq.(8), for all the doping levels, by increasing thickness of~150 nm grown on (100)SrTiQsubstrates,
£:(0) and slightly changing alse®. However, as shown in with doping levelsx varying from 0.10 to 0.25, in the re-

+
<l

AgG, (&) with:
[ =meeee E.(0~0A, €=08
F —— £ _(0)=0.94,€°=0.8
f — —£.(0)=1.84, e°=1.0

10!

Ac (10°Q 'm™h
=

Ao, (€)g with:
10-1k E0)~04, £=07
E — —£.(0)=1.5A,e°=0.7

102 10°! 1
g=In(T/T,)

FIG. 11. Influence of the choice of. in the experimental
Ao ,p(e) curves and GGL fits, fota) the x=0.10 film and(b) the
x=0.25 film measured in this work. ThHE; choice varies mainly
the Ao ,p(e) slope in thee<0.1 region. As is easily seen in these
figures, usingT, below T, does not allow to fit the data with Eq.
(8) for all the doping levels, andl, aboveT,, produces poorer fits
thanT,,. The other underdoped and optimally doped films studied
in this work produce curves similar to the=0.10 ones, and the
=0.20 film produces results in between thosgafand (b).

IV. CONCLUDING REMARKS
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duced temperature range Te=<1. Our results confirm, also dongand almost simultaneously to Suzuki and Hikita
and extend to high reduced temperatures, the earlier propofer the YBCO compound by Coopeet al® (and later by
als by Suzuki and Hikithand by Coopeet al®thatin HTSC ~ Juanget al®). We note, however, that our present results can-
the variation ofA o, with doping may explain only a small not be directly extrapolated to YBCO because in this com-
part of the variation of the total in-plane conductivitta,  pound, doping occurs in the interlayer CuO chains, absent in
nearT.. In fact, for the underdoped and optimally doped | .SCO. Such CuO chains are expected to determine most of
compositions, our results directly show that the correspondne interlayer tunneling in YBCO due to their metalliclike
ing pap(T) varies appreciably whereas ther,,(¢) curves  character.
agree with each other well within the experimental uncer- Another central result of our analyses is that the cutoff
tainties. Our results also show that in the overdoped regimEparametersC arising in the “extended” GGL approach is
Aogp(e) increases only moderately with increasikgThe  found to be independent of the doping, well within the ex-
absence of important anomalous doping effects on the pargrerimental uncertainties. As the conventional momentum
conductivity is confirmed by the fact that olro,,(e) data  cutoff is just a particular case, valid fer<0.2, of the total-
may be appropriately accounted for by the GGL approachenergy cutoff approach, our conclusion will then apply to
extended to the high-region =0.1) by means of a total- any analysis in terms of such a momentum cutoff. This sug-
energy cutoff. The fits using such an approach lead tqests, therefore, that the doping dependence of the momen-
c-direction superconducting coherence length amplitudesum cutoff observed in other HTSC compoungdee, e.g.,
£:(0) of about 0.9 A for the underdoped and optimally Refs. 9 and 1Dcould be an extrinsic effect due to the pres-
doped films, about 0.5 A for th&=0.20 overdoped film, ence of sample inhomogeneities or due to ambiguities in the
and £.(0) negligibly small <0 A) for the x=0.25 one. background estimate.
Moreover, independent of the doping, we observe in all these OQur results may also have implications on other open
LSCO films, a rapid decrease of the superconducting fluctugsroblems of the HTSC. First of all, they allow us to con-
tion effects in the highe region. Such a decrease is also well clude, as mentioned in the title of this paper, that the super-
explained by the GGL approach with a total-energy cutoff,conducting fluctuations in underdoped LSCO films are not
which, as shown by Vidagt al.in Ref. 34, takes into account linked to the opening of their normal-state-pseudogap; first,
the quantum localization energy associated with the limithecause the changes of doping in such underdoped com-
imposed by the uncertainty principle on the shrinkage of theyounds, which are known to vary the pseudogap opening
superconducting wave function asincreases. temperaturer™*,* do not result in any observable change of
Concerning the fine behavior of the in-plane paraconducthe superconducting fluctuations, even in the higtegion
tivity with doping, our results also confirm the proposal by and second, because in such underdoped compositions, the
Suzuki and Hikit4 that in LSCO films the main effect of superconducting fluctuations have also been found to disap-
doping on the superconducting fluctuations is to change thgear at reduced temperatures which are, even when taking
c-direction superconducting coherence lengt0). How-  into account the experimental uncertainties, always below
ever, because of the use of MT terms in their analyses, thesg1, i.e., much belowl* (that is located above room tem-
authors concluded th&t(0) would increase asincreases in  perature for the underdoped compositions studied in this
the underdoped, optimally doped, and overdoped regimes. lyork'). In other words, our experimental results seem to be
contrast, we have shown here that when such terms are cogontradictory with the theoretical proposals that in HTSC the
sidered to be negligible, one obtains a different doping desuperconducting fluctuations are strongly enhanced by
pendence of(0), assummarized above. As the absence ofunderdoping-2'*~1"Such proposals include, e.g., the ones
MT and DOS contributions to the in-plane paraconductivitywhere the pseudogap effects observed in the underdoped
is at present well establishéd?’ we believe that the true HTSC are due to strong fluctuations of the superconducting
behavior ofé;(0) with doping in LSCO thin films grown in  order parametefand in particular of its phagewhich in turn
(100)SrTiG; substrates is probably the one we propose herewould be due to either a Bose-Einstein-like preformation of
Let us also note that the dependenceégf0) with doping ~ Cooper pairs® stripelike inhomogeneitie¥:'” or bidimen-
found here in LSCO films may be not applicable to LSCOsionality effects:® For instance, in Ref. 15, it is claimed that
bulk samples, as the substrate may also chaj@@) and, the superconducting fluctuations in underdoped HTSC will
therefore, the dimensionality of the superconducting fluctuabe given essentially by the 2D-Kosterlitz-Thouless model of
tions. In particular, through measurements of the fluctuationfluctuationé® with relaxation times of such fluctuations vari-
induced magnetization, it has been fotfhtthat the supercon- ous orders of magnitude bigger than the BCS mean-field one
ducting fluctuations are bidimensional in underdofedk  implied by Eq.(8). However, our present analyses strongly
LSCO samples, in contrast with our present results for thirsuggest that there is no change in the order of magnitude of
films. In Refs. 41,42 it has also been found that the superthe superconducting fluctuations when the doping level en-
conducting bidimensionality is smeared or suppressed in thiers the underdoped range. There is also no evidence in our
overdoped bulk samples of the LSCO family. These differ-experimental data of any dependence owof the critical
ences between thin films and bulk samples of LSCO seem texponents ofA o-,;,(¢) for 0.10<x=<0.15. Our results favor,
be due in part to strain effects associated with the growth otthen, the theoretical proposals associating the pseudogap
a substrate witlab-plane lattice constants different to those opening with purely normal-state effectas, e.g., those of
of bulk LSCO??~2°Proposals that the main effect of doping Refs. 18—2 or the theories where the Bose-Einstein pre-
on the superconducting fluctuations is to chagg@®) were  formed pairs are dressed by normal quasipartitiés.those
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approaches, consistent with our present results, the supercdayer tunneling of the normal and superconducting carriers
ducting order parameter is expected to undergo Gaussiaare not directly related. This could be coherent, e.g., with the
mean-field-like fluctuations, except in the very close vicinity interlayer tunneling model for the superconducting conden-
of T, (for £e<107?). It would be useful to determine sation in HTSC proposed by Andersenal?° Further work

whether other proposals for the doping effects in HTSC, sucho compare the normal and superconducting interlayer tun-
as the existence of B=0 K quantum transition near optimal nelings in LSCO films is clearly needed, both theoretical and
doping®® would lead to Gaussian or non-Gaussian superconexperimentalfor instance, through measurements of the in-

ducting fluctuations above, . trinsic interlayer Josephson effects and of the normal and
The results presented here may also have implications asuperconducting magnetoconductiyity
the theoretical proposals by Horbaehal*’ for the paracon- Further work is also needed to study the possible influ-

ductivity in the marginal-Fermi-liquid scenario, which would ence on the “fine” details of the superconducting fluctua-
apply to optimally doped and overdoped HTSC. Accordingtions of the film thickness and of the type of substrate. As
to the calculations in Ref. 47, the inelastic scattering of normentioned previously, both factors are known to vary several
mal quasiparticles in optimally doped and overdoped HTSCrucial properties of the LSCO films, such as th&jrand
would decrease the relaxation time of the superconducting,,(250 K) values, possibly due in part to strain effects as-
fluctuations below the BCS mean-field value, and corresociated with the growth on a substrate wath-plane lattice
spondingly also decreasAo,,. Horbachet al. estimate constants different to those of bulk LSC&/?>~?°In the
such changes iAo, to be of the order of a prefactor 0.2— present paper we have found a transversal superconducting
0.75 (depending mainly on a cut parameter affecting theircoherence length for LSCO films which is different, both in
numerical evaluationd’ However, our present results indi- value and doping dependence, to that which seems to arise
cate that the relaxation time of the superconducting fluctuafrom Ref. 40(where the fluctuation magnetization in a bulk
tions takes the BCS mean-field value for all the doping lev-underdoped LSCO was measurexhd Refs. 41,42where
els. They also indicate thaho,, is not smaller in the the superconducting anisotropy of LSCO bulk samples with
optimally doped and overdoped films than it is in the under-different dopings was measupedt would be interesting,
doped filmg[in fact, it is even higher in the overdoped films therefore, to study further the relationships between sample
because of their lowef;(0)]. thickness, type of substrate, and superconducting interlayer
It may also be useful to compare our results for §g0)  tunnelingsfor, equivalently,£.(0)].
dependence on doping with detailed measurements of the
normal-state anisotropy in LSCO films. For instance, in Ref.
48, the resistivity in LSCO thin films grown with theaxis
oriented obliquely with respect to the substrate is measured. This work was supported by the CICYT, Spain, under
From such measurements, it was proposed that the normabrant Nos. MAT2001-3272 and MAT2001-3053, by the
state anisotropy decreases as doping increases. If confirmedinta de Galicia under Grant No. PGIDTO1PXI20609PR,
by different measurements, this would indicate that the interand by Unim Fenosa under Grant No. 220/0085-2002.
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