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In-plane paraconductivity in La 2ÀxSrxCuO4 thin film superconductors at high reduced
temperatures: Independence of the normal-state pseudogap
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The in-plane resistivity has been measured in La22xSrxCuO4 ~LSCO! superconducting thin films of under-
doped (x50.10,0.12), optimally doped (x50.15), and overdoped (x50.20,0.25) compositions. These films
were grown on (100)SrTiO3 substrates, and have about 150 nm thickness. The in-plane conductivity induced
by superconducting fluctuations above the superconducting transition~the so-called in-plane paraconductivity
Dsab) was extracted from these data in the reduced-temperature range 1022&«[ ln(T/Tc)&1. This Dsab(«)
was then analyzed in terms of the mean-field-like Gaussian-Ginzburg-Landau~GGL! 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,jc(0), is constant for 0.10<x<0.15@jc(0).0.9 Å#, and decreases with increas-
ing x in the overdoped range@jc(0).0.5 Å for x50.20 andjc(0);0 Å for x50.25]. 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 amplitude«c remains unchanged well within
the experimental uncertainties. Our results strongly suggest that at all temperatures aboveTc , including 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 high-« region, 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.

DOI: 10.1103/PhysRevB.68.094501 PACS number~s!: 74.25.Fy, 74.72.Dn, 74.40.1k
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I. INTRODUCTION

It is well established that some of the most core proper
of high-temperature cuprate superconductors~HTSC!
strongly depend on hole doping.1 These properties include
e.g., the normal-superconducting transition temperatureTc
and the opening of a pseudogap in the normal region
underdoped cuprates. Another property much affected
doping is the in-plane electrical conductivity parallel to t
CuO2 planes, sab , above the normal-superconductin
transition.1 It is also known thatsab in any HTSC is strongly
affected aroundTc by the presence of evanescent Coop
pairs created by thermal fluctuations~the so-called in-plane
paraconductivityDsab).

2,3 In fact, these fluctuation effect
may be appreciable even as far aboveTc as T.1.5Tc . So,
sab may be decomposed as

sab~T,x!5Dsab~T,x!1sabB~T,x!, ~1!

whereT is the temperature,x is the hole doping level, and
sabB(T,x) is the so-called background or bare electrical
plane conductivity~i.e., the electrical in-plane conductivity i
the fluctuations are absent!. It is then natural to ask how
much of the variation ofsab(T,x) observed when the dopin
is changed is due toDsab(T,x), and how much to
sabB(T,x). In fact, oncesab(T,x) is measured, the abov
0163-1829/2003/68~9!/094501~16!/$20.00 68 0945
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question is equivalent to asking howDsab(T,x) is affected
by doping. This last question was first addressed by Suz
and Hikita4 and by Cooperet al.,5 and since then by differen
authors.6–14 However, as of today some of the main concl
sions~including, e.g., the dimensionality of the fluctuation
or the influence of the normal-state pseudogap! are still not
well settled or are even contradictory. For instance, in
case of YBa2Cu3Ox ~YBCO!, some authors5,8,13 proposed
that Dsab becomes more three dimensional~3D! when x
increases, whereas other authors6,11 did not find any appre-
ciable dimensionality variation. Also, other authors have p
posed, by analyzing either the fluctuation magnetization14 or
the thermal expansion,12 that the superconducting fluctua
tions in underdoped YBCO do not follow the Gaussi
mean-field-like theories used in Refs. 5,6,8,11,13 but inst
different forms of non-Gaussian fluctuations.12,14Another ex-
ample of these discrepancies is provided by the studie
La22xSrxCuO4 ~LSCO!: by analyzing their measurements
the in-plane conductivity and magnetoconductivity, Suzu
and Hikita4 proposed a change in dimensionality~from 2D to
3D! as doping increases from underdoped (x,0.15) to over-
doped (x.0.15). In contrast, other authors7 do not observe
such a doping dependence in their magnetoresistance
surements in the same compounds. Let us stress here a
that in addition to their interest for understanding the sup
©2003 The American Physical Society01-1
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conducting fluctuations in HTSC, the dependence of
paraconductivity on the doping may also concern other as
unresolved problems, such as the origin of the pseudo
which opens in the normal state in the underdoped HTS1

For instance, various theoretical models for this pseudo
~see, e.g., Refs. 15–17! predict that the fluctuation effect
would strongly vary with the doping level~and even change
their order of magnitude!, while in other models~see, e.g.,
Refs. 18–21! the pseudogap does not result in a change
the superconducting fluctuations.

Among the various possible reasons for the abo
commented discrepancies between different studies
Dsab(T,x), four of them seem to be predominant: first, t
different structural characteristics of the samples studied
each author~bulk or film samples, and in the latter case th
thickness and substrate lattice parameters!. In particular, as it
is now well established,22–26 the substrate effects~including
the associated strain effects! change some of the propertie
of these thin films, such as the absolute values of theirTc and
in-plane normal resistivity. The ‘‘fine’’ details of the paraco
ductivity, such as its dimensionality~which is directly related
to the superconducting coherence length amplitude in thc
direction!, may also depend on the structural nature of
samples. However, it is currently accepted that the most g
eral aspects of HTSC are similar for both bulk and thin fi
samples. This is the case, in particular, of the evolution ofTc
with doping or the appearance in the underdoped comp
tions of a pseudogap in the normal state.1,4,5,7,23,24,26There-
fore, the conclusions concerning the relationships betw
superconducting fluctuations and pseudogap effects, or
existence or not of indirect paraconductivity effects~see be-
low!, may be expected to be general, i.e., independent of
superconductor’s structural characteristics. A second so
of ambiguity is the probable presence in some of the sam
of structural and stoichiometric inhomogeneities which, ev
when they are relatively small, may appreciably affect
measured sab(T,x), mainly near Tc .27 Third, some
authors4,11 analyze theirDsab(T,x) data in terms of the di-
rect Aslamazov-Larkin ~AL ! contributions plus a pair-
breaking Maki-Thompson~MT! term, while others6,8–10,13

take into account only the AL contributions, and othe
still5,7 opt for neither one possibility nor the other. Finally,
fourth source of ambiguity is that the region of reduced te
peratures,«[ ln(T/Tc), where the data were analyzed, w
relatively small, typically 1022&«&0.1, due to the fact tha
the conventional GGL approach is not applicable either v
close to or very far fromTc .2,3 To analyze the region«
*0.1, the usual mean-field-like theories have to be exten
to deal with short-wavelength fluctuations, which aboveTc
become particularly important when the superconducting
herence lengthj(T) falls in the range of its amplitude ex
trapolated to zero temperature,j(0).2 Various attempts to
study the paraconductivity in the high-« region as a function
of doping in HTSC have been recently made by differe
authors.9,10,13 In particular, Leridon et al.13 analyzed the
high-« paraconductivity in YBCO thin films with differen
dopings. However, these authors based their analyses
purely heuristic expression for the high-« paraconductivity,
so that the physical meaning of the involved parameters
09450
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mains unclear. The high-« paraconductivity as a function o
doping in Bi2Sr2CaCu2O81x has been studied by Asak
et al.9 ~using Ge-doped crystals! and Silva et al.10 ~using
oxygen-doped crystals but only in the overdoped rang!.
These authors analyzed their data in terms of the GGL
proach with the conventional kinetic energy~also called mo-
mentum! cutoff. Unfortunately, this conventional cutoff2 ex-
tends the applicability of the GGL paraconductivity only u
to approximately«.0.2. Both groups find that the cutof
parameter is doping dependent, which Asakaet al. have at-
tributed to variations in the in-plane coherence length am
tude jab(0) and Silvaet al. to possible deviations from the
BCS theory.

To further clarify the effects of doping nearTc on the
superconducting fluctuations in HTSC, in this work we me
sure and analyze the in-plane paraconductivity of differ
high-quality LSCO thin films with a thickness of;150 nm,
grown on (100)SrTiO3 substrates, with a Sr content corr
sponding tox50.10, 0.12, 0.15, 0.20, and 0.25. These kin
of samples allow us to compare even the ‘‘fine’’ details of t
paraconductivity measured in our work with the measu
ments of Suzuki and Hikita,4 taken in LSCO films grown on
the same substrate as ours and with a thickness of;350 nm.
We also take advantage of three important aspects with
spect to most of the previous works: first, the high contr
lability of the doping level in the LSCO family has allowe
us to growc-axis oriented films with resistivities and trans
tion widths among the best reported until now in th
system.1,4,23,24,26Second, since the early results of Veira a
Vidal28 and Ramalloet al.,29 it has been well-established ex
perimentally that the MT contributions toDsab are negli-
gible in optimally doped HTSC. This also coincides with th
calculations in Refs. 30,31 that indicate that for superc
ducting pairings with ad-wave component, the strong pai
breaking effects of impurities make the MT terms negligib
Experiments have also demonstrated the absence in th
plane paraconductivity of optimally doped HTSC of the s
called density-of-states~DOS! contributions.29 In our analy-
sis of the underdoped and overdoped LSCO films, we w
therefore assume the absence of appreciable indirect ef
~MT and DOS!. We will see how such an assumption
confirmed by the results of our experiments. A crucial adv
tage of our present work is to use recent extensions of
conventional mean-field-like calculations ofDsab to the
short-wavelength regime«*0.1.32,33 These extensions
are based on the introduction of a total-energy cutoff
the spectrum of the Gaussian-Ginzburg-Landau~GGL!
superconducting fluctuations, which accounts for the Heis
berg localization energy associated with the shrinkage, w
the reduced-temperature increases, of the supercondu
wave function.34 These ‘‘extended’’ GGL expression
have already allowed us to analyze the high-« in-plane para-
conductivity of the optimally doped YBCO,32 and more
recently the optimally-doped Bi2Sr2CaCu2O81x and
Tl2Ba2Ca2Cu3O10.33 The high-« paraconductivity in a single
underdoped LSCO film, withx.0.10, was also briefly ana
lyzed in Ref. 33. Note, however, that in that work, the sup
conducting fluctuations were assumed to be essentially
As we will see in the present work, this is not the most like
1-2
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TABLE I. Summary of the main parameters of the LSCO thin films studied in this work. TheTcI , TcI
2 ,

andTcI
1 temperatures are represented in Fig. 3. Thejc(0) and«c main values are the ones resulting from t

Dsab(«) fits presented in Fig. 5. Their uncertainties result from considering different normal-state
grounds~see Fig. 10 and main text!.

x Thickness rab(250 K) TcI (TcI
2 –TcI

1) jc(0) «c

~nm! (mV cm) ~K! ~Å!

0.10 130 1200 21.1~20.3–22.3! 0.9 ~0.7–1.2! 0.8 ~0.4–1.1!
0.12 150 830 23.8~22.6–25.5! 0.8 ~0.7–1.2! 0.7 ~0.4–1.0!
0.15 150 580 27.2~26.2–28.3! 0.9 ~0.7–1.2! 0.8 ~0.4–1.1!
0.20 150 310 26.3~25.1–27.7! 0.5 (;0 –0.9) 0.8~0.4–1.1!
0.25 120 230 14.8~14.0–15.9! ;0 (;0 –0.5) 0.7~0.4–0.9!
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scenario for our underdoped LSCO films in the«&0.1 re-
gion. In analyzing our data, we will clearly emphasize whi
results are expected to be independent of the structural na
of the samples and which concern the ‘‘fine’’ behavior of t
paraconductivity and are therefore applicable only to t
films.

In Sec. II, we describe the samples’ preparation and
resistivity measurements. The extraction from these dat
the in-plane paraconductivity, and their analysis in terms
the GGL model for superconducting fluctuations with a tot
energy cutoff, is presented in Sec. III. We summarize
conclusions and discuss their main implications in Sec. I

II. SAMPLES’ PREPARATION AND ELECTRICAL
RESISTIVITY MEASUREMENTS

The samples studied in this work arec-axis-oriented
LSCO thin films grown on (100)SrTiO3 substrates from ce
ramic single targets with different Sr contents. All the film
have similar thickness, of around 150 nm~see Table I!. Dur-
ing deposition, by high-pressure DC sputtering with an o
axis cathode-substrate configuration, the substrate was m
tained at temperatures between 840 and 860 °C in a flow
pure oxygen at 1.3 Torr. After deposition, the films were ke
for 30 min at the same temperature but at an oxygen pres
of 7–10 Torr. They were subsequently cooled to room te
perature to ensure full oxygenation. The crystal structure
the LSCO films was studied by x-ray diffraction in a Brag
Brentano geometry. The diffraction spectra exhibit on
(00l ) peaks, indicating an oriented growth with thec axis
perpendicular to the substrate. The full width at half ma
mum of the rocking curve corresponding to the~006! reflec-
tion is around 0.3° for all the studied samples. Films w
then patterned as narrow strips, with typical widths from 5
10 mm and typical lengths of 100mm, by photolithography
and wet chemical etching. Au contact pads were then de
ited onto the current and voltage terminals, and anneale
oxygen at 1 atm and 600 °C for 15 min to facilitate go
diffusion into the LSCO. The final resistance achieved w
less than 0.1V per contact. The in-plane resistivity of th
films, rab(T), was then measured by using a standard fo
contact DC current arrangement in a temperature rang
4.2–300 K. The applied current was;5 mA, which implies
that the current density through the sample is arou
100 A cm22 ~much lower than the critical current densi
09450
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with no applied magnetic field!. The resolutions in the
rab(T) measurement are about 1mV cm for resistivity, and
about 10 mK for temperature.

Figures 1–3 show the temperature dependence ofrab(T)
for our LSCO thin films, with Sr contents ofx50.10, 0.12,
0.15, 0.20, and 0.25. Thesex values are those given by th
nominal deposition rates. As the figures show, by increas
the Sr content, the in-plane resistivity gradually decrea
and itsT dependence well aboveTc changes systematicall
from a concave shape~for x<0.15) to a more linear one~for
x.0.15). Such a doping dependence of the resistivity is
good agreement with previous results in similar LSC
films.1,4,23,24,26,33The values ofrab at 250 K in all the films
studied here~see Table I! are among the lowest reported un
now in the literature regarding LSCO films having the sa
doping and substrate and a similar thickness.1,4,23,24,26,33An-
other indication of the quality of our samples is the width
the superconducting transition in therab(T) curves, which
are also among the smallest reported in the literature. Fig
3 shows the detail ofrab(T) around the superconductin
transition and the correspondingdrab /dT, as well asTcI ,
the temperature wheredrab /dT reaches its maximum, an
TcI

2 andTcI
1 , which correspond to the half maximum of th

derivative peak above and belowTcI , respectively. The val-
ues ofTcI , TcI

2 , andTcI
1 for all the samples studied in thi

work are given in Table I. Also, in Fig. 4, we show theTcI
values of our films as a function of the Sr content. As t
figure clearly shows,TcI rises when the Sr content is in
creased up to an optimal doping level of aboutx50.15, and
then falls. TheseTcI values, and their doping dependenc
are in good agreement with those currently well establis
for Tc in LSCO films with similar substrate and thickne
~note that theTcI values of good-quality bulk LSCO ar
higher than in thin films with a similar Sr content, althoug
both types of samples share the sameTcI dependence on
doping!.1,4,23,24,26,33In the remaining work we will use, un
less specified otherwise,TcI as Tc . The appropriateness o
such a choice in the analysis of the in-plane paraconducti
will be discussed in further detail in Sec. III D.

III. THE IN-PLANE PARACONDUCTIVITY: COMPARISON
WITH THE EXTENDED GGL APPROACH

A. Extraction of the in-plane paraconductivity

The paraconductivity may be obtained from the measu
rab(T) curves by the application of Eq.~1!. For that, as is
1-3
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FIG. 1. The in-plane resistivity measured in this work~circles!
in various LSCO thin films with different doping levelsx. We also
indicate~solid line! the normal-state background of each film, o
tained by using the procedure indicated in the main text. The t
peratureTB

L corresponds to the lower limit of the fitting region use
to extract such background. The temperatureTc is the one at which
the background and the experimental data first time deviate f
each other~i.e., the temperature above which fluctuation effects
no longer observed!. Note thatTc is located well belowTB

L ~see also
main text for details!. TcI is the temperature wheredrab /dT is
maximum, which is expected to be close toTc , the mean-field
normal-superconductor transition temperature.
09450
customary,2,3 the normal-state backgroundrabB (5sabB
21 ) is

estimated by extrapolation of therab(T) data measured wel
above the«-region whereDsab(«) is to be analyzed. As we
wish to analyzeDsab(«) also in the high-« («.0.1) region,

-

m
e

FIG. 2. Amplification of the view in Fig. 1 to appreciate bett
the range of temperatures where the fluctuation effects above
transition are observed. The dashed line corresponds to the nor
state background and the solid line corresponds to the theore
rab(T) obtained by using in Eq.~1! this background and the best fi
by the GGL theory extended to high reduced temperatures thro
its regularization with the so-called ‘‘total-energy’’ cutoff whic
takes into account the quantum localization energy.
1-4
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IN-PLANE PARACONDUCTIVITY IN La22xSrxCuO4 . . . PHYSICAL REVIEW B68, 094501 ~2003!
for such an extrapolation we will use a procedure similar
the one already used in Refs. 32,33. This is a two-step
cess to be done for each sample. First, we fit the functiona
a1 /T1a21a3T, with a1 , a2, anda3 as fitting parameters

FIG. 3. Scoop of Figs. 1 and 2 to appreciate better the reg
closer toTcI , the temperature wheredrab /dT is maximum. Such a
drab /dT peak is also plotted, in arbitrary units~as a solid line!. The
temperaturesTcI

2 andTcI
1 correspond to the half maximum bound

aries of such a peak. The circles are the experimentalrab(T) data,
the dashed line is the normal-state background, and the solid
following the data is therab(T) resulting from this background an
the ‘‘extended’’ GGL theory with a total-energy cutoff.
09450
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to the rab(T) data in theT region 1.6Tc&T&2.7Tc ~corre-
sponding to 0.5&«&1). This is the simplest functionality
which for all dopings gives a good coincidence with t
rab(T) data in thatT range. Naturally, the background thu
obtained is appropriate to analyzeDsab(«) only for « values
well below «.0.5. And, in fact, similar types of extrapola
tions have been successfully used to obtainDsab(«) up to
«.0.1 in various optimally doped HTSC~see, e.g., Refs
3,28,29,35!. However, by construction, this backgroun
makesDsab zero at«50.5, and thus cannot lead to a re
able study ofDsab(«) in the high-« («.0.1) region. There-
fore, the second step to be taken in determining a ba
ground valid for our purposes is to perform a fit to th
rab(T) data at considerably higher reduced temperatures
the T range 4.5Tc&T&7Tc ~which corresponds to 1.5&«
&2). However, because the extrapolation uncertain
strongly increase with increasingT distance, we constrain
this last fit to reproduce in the moderate-« range 1022&«
&0.1 theDsab(«) results obtained with our first backgroun
estimate, up to a620% maximum uncertainty. We also re
quire thatrabB(T) does not produce a negative paracond
tivity at any temperature. We used for this fit the function
ity a1 /T1a21a3T1a4T2, with a1 , a2 , a3, and a4 as
fitting parameters. This is the simplest functionality whi
for all dopings is able to fit therab(T) data in the enlarged
fitting T region while at the same time fulfilling the above
mentioned constrains.

In Figs. 1–3, we plot the normal-state backgrounds
tained by using the above procedure in all the films stud
in this work. Note that the upwards concavity ofrabB(T)
diminishes forx>0.15. For thex50.25 sample, our extrapo
lation method produces arabB(T) curve with an appreciable
negative curvature belowTc . However, in theT range of
interest for our purposes~i.e., from Tc up to the upper limit

n

ne

FIG. 4. The temperatureTcI where the inflexion point of the
rab(T) transition~see Figs. 2 and 3! is located versus the Sr conten
x in the LSCO films measured in this work. The dashed line i
parabolic fit which serves as a guide for the eyes. Note that both
absolute values and the doping dependence of suchTcI are in fairly
good agreement with the ones well established1,4,23,24,26,33for the
critical temperature of LSCO films grown on (100)SrTiO3 sub-
strates and with a similar thickness.
1-5
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SEVERIANO R. CURRÁS et al. PHYSICAL REVIEW B 68, 094501 ~2003!
of the background fitting region, a range that in this fi
corresponds to 14.8 K&T&104 K), thisrab(T) may be ap-
proximated by the linear formula rabB(T)5(3.4
31027 Vm)1(7.231029 Vm K21)T, the differences be-
ing less than 5%. Also shown in Figs. 1 and 2 isTc, the
temperature at whichDsab(«) is observed to become negl
gible. Let us emphasize here thatTc is well belowTB

L , indi-
cating therefore that the existence of such aTc is not an
artifact of our background subtraction procedure. This is f
ther confirmed by the fact that the obtained backgrounds
correspondingTc values do not appreciably depend on t
lower limit of the background fitting region,TB

L , provided
that it is kept above;3.5Tc ~i.e., above«.1.2). An in-
depth analysis of the uncertainties associated with our b
ground estimation, including those associated with
choice of the background fitting region and its possible
fluence onTc, will be presented later in Sec. III D.

In Fig. 5, we show theDsab-versus-« curves obtained for
each of the films measured in this work. This figure alrea
illustrates a result which is central in our present paper:
experimentalDsab(«) curves agree with each other we
within the experimental errors for the doping levels 0.
<x<0.15 ~corresponding to the underdoped and optima
doped ranges of compositions!. Note that this conclusion
does not rely on any comparison with any theory. This str
ing result already suggests the nonvalidity, at least for LS
films, of the proposals made by various authors~see, e.g.,
Refs. 1,12,14–17! that the superconducting fluctuations a
substantially different in underdoped and optimally dop
HTSC. As also shown in Fig. 5, in the overdoped range
compositions~i.e., for x50.20 and 0.25!, the in-plane para-
conductivity of the LSCO films increases with the increas
value ofx, mainly in the« region«&0.1. At higher reduced
temperatures, all theDsab(«) curves ~for all x) collapse
towards negligible paraconductivity at a reduced tempera
« of around 0.8.

B. Theoretical background: extension of the GGL
paraconductivity to the high-« region

To analyze the experimental data summarized in the
ceding section, we will use the paraconductivity expressi
obtained on the grounds of the mean-field GGL appro
regularized through the so-called ‘‘total-energy’’ cuto
which takes into account the limits imposed by the unc
tainty principle on the shrinkage of the superconduct
wave function when the temperature increases well ab
Tc .34 Our results in optimally doped HTSC suggest that su
a regularization extends the applicability of the mean-fie
like GGL approach from the«LG&«&0.1 region to the high-
« region.32–34 Here«LG is the so-called Levanyuk-Ginzbur
reduced temperature, below which the fluctuations ente
the full-critical, non-Gaussian region where non-mean-fi
approaches~such as the 3DXY model! must be applied.36

Such an«LG was estimated to be of the order of 1022 in
HTSC.3,36 Note also that so close toTc the effects of sample
inhomogeneities may considerably affect the paraconduc
ity data.27 Therefore, in the present paper, we will restrict o
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analyses to the mean-field-like«*1022 region. Although the
GGL in-plane paraconductivity under the total-energy cut
was calculated for the first time by Carballeiraet al. in Ref.
32, it will be useful to summarize in this section some of t
results of such calculations for the case of single-laye
superconductors, and also to remember the physical mea
of the total-energy cutoff, which was analyzed in terms of t
uncertainty principle applied to the superconducting wa
function by Vidalet al. in Ref. 34. For layered superconduc
ors with a single interlayer separations ~the case of the
LSCO family, wheres56.6 Å!, the total-energy cutoff may
be written as

FIG. 5. Comparison between the ‘‘extended’’ GGL expressio
for Dsab(«) using a total-energy cutoff@solid lines, Eq.~8!# and the
experimental curves of the in-plane paraconductivity versus
duced temperature in the LSCO films measured in this w
~circles!. In these comparisons, we useTcI as critical temperature
~see main text!. As can be seen in~a!, the experimentalDsab(«)
curves for the underdoped and optimally doped LSCO films
essentially coincident. The correspondingDsab(«) for the over-
doped films@~b! and ~c!# show a moderate increase asx increases.
The GGL fits are able to account for such data in all the studie«
range, including also the disappearance of observable fluctua
effects at high reduced temperatures. See main text for details
1-6
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kxy
2 1

BLD@12cos~kzs!#

2jab
2 ~0!

1jab
22~«!<jab0

22 . ~2!

In this expression,kxy andkz are the in-plane andc-direction
wave vectors of the fluctuating modes,jab(«)
5jab(0)«21/2 is the in-plane GL coherence length,BLD
[@2jc(0)/s#2 is the so-called Lawrence-Doniach~LD! di-
mensional crossover parameter,jab(0) and jc(0) are, re-
spectively, the in-plane and out-of-plane GL superconduc
coherence length amplitudes, andjab0 is the in-plane Pip-
pard coherence length. Note thatkz is limited by the layered
structure as2p/s<kz<p/s.

The left-hand side of Eq.~2! is the total energy of a fluc
tuating mode~in units of \2/2mab* , where\ is the reduced
Planck constant andmab* is the in-plane effective mass of th
superconducting pairs!. As explained by Vidalet al. in Ref.
34, this ‘‘total energy’’ of each fluctuating mode may be se
as the sum of the Heisenberg localization energy associ
with the shrinkage of the superconducting wave funct
when the temperature increases aboveTc @the jab

22(«) term#
and the conventional kinetic energy. In the case of sing
layered superconductors, the kinetic energy appears as
sum of the in-plane kxy

2 and the c-direction BLD@1
2cos(kzs)#/2jab

2 (0) contributions. The right-hand side of E
~2! may be seen as the localization energy associated
the maximum shrinkage, atT50 K, of the superconducting
wave function. This term is, therefore, proportional to t
inverse square of the in-plane Pippard coherence length
plitude jab0 ~see Ref. 34!.

To briefly analyze the differences between the tot
energy cutoff and the conventional momentum or kine
energy cutoff, the simplest case is the 2D layered lim
whereBLD→0. In that case, Eq.~2! simplifies to

kxy
2 1jab

22~«!<jab0
22 . ~3!

NearTc , whenjab(«)@jab0, the localization energy contri
bution to each fluctuating mode may be neglected and
~3! reduces to the conventional momentum or kinetic-ene
cutoff in 2D layered superconductors:2

kxy
2 <c jab

22~0!. ~4!

In this equation, we have usedc21/2jab(0) instead of Pip-
pard’sjab0, wherec is a cutoff amplitude, temperature inde
pendent, close to 1. These expressions still simplify in
case of isotropic 3D superconductors; the total-energy cu
reduces to k21j22(«)<j0

22, whereas one re-findsk2

<c j22(0) for the momentum or kinetic-energy cutof
which is the familiar condition earlier proposed for low-Tc
superconductors.2 By usingj05c21/2j(0) again and assum
ing the applicability at all reduced temperatures of the me
field « dependence of the superconducting coherence len
j(«)5j(0)«21/2, one may see that the conventional kinet
energy and the total-energy cutoffs are related, in the 2D
3D limits, through the substitution ofc by c2«. So, as
stressed before, both cutoffs coincide nearTc , when«!c.
The conventional momentum or kinetic-energy cutoff a
pears, then, as a particular case, the limit whenj(«)@j0, of
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the total-energy cutoff. However, in spite of this simple r
lationship between both cutoff approaches, first proposed
Mosqueiraet al. in Ref. 37, their deep conceptual differenc
also lead to striking differences in the high-« behavior of any
observable associated with the superconducting fluctuat
aboveTc , including the paraconductivity. These differenc
have been analyzed in Refs. 32–34, but it might be usefu
stress some of them here. First, note that the maximum
plane kinetic energy of the fluctuating modes,Eab,kinetic

max , is
temperature independent in the case of the conventio
kinetic-energy or momentum cutoff. For instance, for 2
layered superconductors,

Eab,kinetic
max ~momentum cutoff!5

~\kxy
max!2

2mab*
5

\2

2mab* jab
2 ~0!

c.

~5!

In contrast, under a total-energy cutoff, the maximum
plane kinetic energy of the fluctuating modes is temperat
dependent. In this example~2D layered superconductors!,
the correspondingEab,kinetic

max may be directly obtained from
Eq. ~5! by usingc2« instead ofc @or from Eq.~3! and using
againjab05c21/2jab(0) andjab(«)5jab(0)«21/2] as

Eab,kinetic
max ~ total-energy cutoff!5

\2

2mab* jab
2 ~0!

~c2«!,

with «<c, ~6!

which is temperature dependent and becomes zero fo«
>c. In other words, in contrast with the conventional m
mentum or kinetic-energy cutoff which only eliminates, i
dependent of the temperature, the fluctuating modes with
plane kinetic energy abovec\2/2mab* jab

2 (0), thetotal-energy
cutoff eliminatesall the fluctuating modes at reduced tem
peratures equal toc or above. By imposing a zero kineti
energy on Eqs.~2! or ~3!, this reduced temperature, denot
«c, is given by

jab~«c!5jab0 , ~7!

i.e., «c5(jab(0)/jabo)
2. As first argued by Vidalet al. in

Ref. 34, Eq.~6! ~which leads directly to the existence of
well-defined reduced temperature above which all cohe
Cooper pairs vanish! may be seen as just a consequence
the limitations imposed by the uncertainty principle on t
shrinkage of the superconducting wave function, which a
above Tc imposes the conditionjab(«)>jab0. In other
words, the collective behavior of the Cooper pairs is dom
nated at high reduced temperatures by the Heisenberg lo
ization energy.34 If, in addition, we assume the applicabilit
of the BCS relationship in the clean limit,jab(0)
50.74jabo , then «BCSclean

c 5cBCSclean.0.6.33,34,38 Indeed,
this value ofc will also apply to the conventional momentum
cutoff approach that appears as the limit when«!1 of the
total-energy cutoff.

As we are particularly interested in analyzing the dime
sionality of the superconducting fluctuations in LSCO as
function of the doping, we will first summarize here the ge
eral expressions of the paraconductivity as a function of
1-7
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SEVERIANO R. CURRÁS et al. PHYSICAL REVIEW B 68, 094501 ~2003!
LD dimensional crossover parameterBLD . Then we will also
present the limiting casesBLD!« ~2D limit! and BLD@«
with jab(0)5jc(0) ~isotropic 3D limit!. The paraconductiv-
ity for single-layered superconductors, resulting from t
GGL approach extended to high reduced temperatures by
total-energy cutoff, has been calculated by Carballeiraet al.
in Ref. 32 to be:

Dsab~«!E5
e2

16\sF1

«S 11
BLD

« D 21/2

2
1

«c S 22
«1BLD/2

«c D G ,
~8!

wheree is the electron charge. The paraconductivity unde
total-energy cutoff in the 2D limit may then be obtained
applying in Eq.~8! conditionBLD!«:32

Dsab
2D~«!E5

e2

16\s F1

«
2

1

«c S 22
«

«cD G . ~9!

Concerning the paraconductivity under a total-energy cu
in the 3D limit, it cannot be directly obtained from Eq.~8!
because this equation assumes thec-direction layered-
structure cutoff,2p/s<kz<p/s, which in the limit BLD
@« is no longer a stronger limitation forkz than the total-
energy cutoff@Eq. ~2!#.32 The calculations using the tota
energy cutoff for the three directions of space have also b
made in Ref. 32, the resulting expression for an isotro
superconductor being

Dsab
3D~«!E5

e2

48p\j~0! H 3Farctan~A~«c2«!/«!

A«

2
«A«c2«

~«c!2 G25
~«c2«!3/2

~«c!2 J . ~10!

Let us also summarize the results for the in-plane pa
conductivity under the conventional momentum cutoff.
first explicitly derived by Asakaet al.9 ~see also Ref. 32 for a
more detailed calculation!, the corresponding expression fo
a single-layered superconductor is

Dsab~«!M5
e2

16\s
H 1

«
S 11

BLD

«
D 21/2

2
c(c1«1BLD/2)

@~c1«1BLD!~c1«)] 3/2

2
1

«1c
S 11

BLD

«1c
D 21/2J . ~11!

The corresponding results in the 2D and isotropic 3D lim
are, respectively,

Dsab
2D~«!M5

e2

16\s F1

«
2

c

~c1«!2 2
1

«1cG , ~12!

and
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Dsab
3D~«!M5

e2

48p\j~0! H 3Farctan~Ac/«!

A«
2

«Ac

~«1c!2G
25

c3/2

~«1c!2J . ~13!

Equations~12! and ~13! correspond to the expressions fir
obtained for these 2D and 3D limits by Gauzzi and Pavuna
Ref. 35.

It is also useful to note here the differences between
asymptotic behavior ofDsab(«) under the two different cut-
off conditions. For instance, as it is well known,32,35 in the
2D limit, the conventional momentum cutoff predicts th
Dsab

2D(«)M smoothly decays as«23 when«@c. In contrast,
as stressed before, the paraconductivity under a total-en
cutoff presents a singularity when«5«c5c. Such a behav-
ior is not describable through a critical exponent in«. How-
ever, when« approachesc from below, such a singular be
havior may be described in terms of a power law inu«̃u,
where«̃[«2c. In the 2D limit, this asymptotic behavior i

Dsab
2D~ «̃ !E5

e2

16\sc3 u«̃u2, for «̃→02. ~14!

The in-plane paraconductivity without any cutoff may be d
rectly obtained from the aboveDsab(«) expressions by sim-
ply imposing«!«c on Eqs.~8!–~10! @or «!c on Eqs.~11!–
~13!#. This leads to the well-known LD expression for
single-layered superconductor:

Dsab~«!no cutoff5
e2

16\s

1

«S 11
BLD

« D 21/2

, ~15!

which recovers, in the limitsBLD!« and BLD@« with
jab(0)5jc(0), the also well-known results by Aslamazo
and Larkin for the paraconductivity without any cutoff in 2
and isotropic 3D superconductors:

Dsab
2D~«!no cutoff5

e2

16\s«
, ~16!

and

Dsab
3D~«!no cutoff5

e2

32\jc~0!
«21/2. ~17!

Finally, let us stress here that all the above expressions
the in-plane paraconductivity@Eqs. ~8!–~17!# implicitly as-
sume a relaxation time for the superconducting fluctuati
equal to the one given by the standard BCS mean-field
proach,t05(p\/8kBTc)«

21.39 They also consider that al
indirect contributions ~as the Maki-Thompson and th
density-of-states ones! to Dsab(«) are negligible, as is today
well established for the HTSC.28,29

C. Comparison between the experimental data
and the GGL paraconductivity

In Fig. 5, we present a comparison between the theore
predictions under a total-energy cutoff and the experime
1-8
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paraconductivity obtained by using the procedure descri
in Sec. III A in our LSCO films. The solid lines in thes
figures are the best fits of Eq.~8! to the experimental para
conductivity in the«-region ranging from 1022 up to the
reduced-temperatures where the paraconductivity beco
experimentally unappreciable~i.e., roughly whenDsab.2
3103 V21 m21). In these fits, we leavejc(0) and«c as free
parameters, and use forTc the inflexion point temperature a
the rab(T) transition, TcI . The values thus obtained fo
jc(0) and«c are summarized in Table I. The errorbars a
the x dependence of these values will be discussed late
detail. As is easily observable in this Fig. 5, for all th
samples, the agreement between Eq.~8! and the experimen
tal data is excellent in the entire studied« region. This com-
parison confirms, in particular, the existence of a we
defined reduced temperature,«c, of about «c;0.8, above
which the in-plane paraconductivity vanishes. A differe
view of these fits is provided by Figs. 2 and 3. In the
figures, the continuous lines are the theoreticalrab(T) curves
which result from the above analyses@i.e., from adding,
through Eq.~1!, the normal-state background and the the
retical Dsab(«) resulting from the above fits#. As visible in
these figures, the agreement with therab(T) measurements
above the transition is again excellent.

It may be useful to check if the GGL theory with a tota
energy cutoff may also explain the in-plane resistivity me
surements done by Suzuki and Hikita4 in their own LSCO
films, with variousx values, grown on the same substrate

FIG. 6. Some examples of the in-plane paraconductivity ver
reduced temperature curves that result from applying the s
analyses as we have applied to our present measurements t
rab(T) data measured by Suzuki and Hikita4 in LSCO films. The
solid lines correspond to the fits using the ‘‘extended’’ GGL a
proach with a total-energy cutoff. Such fits fully confirm the resu
found with our own measurements~compare, e.g., with Fig. 5!.
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ours, and with a thickness of;350 nm. For that, we have
scanned the corresponding publishedrab(T) plots4 and have
applied to these data the same analysis as described a
Some examples of theDsab(«) curves thus obtained, an
their comparison with Eq.~8!, are shown in Fig. 6. As it is
evident in this figure, the GGL approach with a total-ener
cutoff also explains these measurements, again in the 122

&«&1 range. These data also confirm the existence o
well-defined reduced temperature,«c, above which the in-
plane paraconductivity vanishes. We emphasize that in
forming these analyses, we have again usedTcI as Tc and
have not included any Maki-Thompson~MT! indirect contri-
bution to the in-plane paraconductivity~which, as com-
mented in the Introduction, are now well established to
absent in the HTSC28,29!. As noted before, Suzuki and Hikit
assumed in their analyses the existence of such MT co
bution. In fact, to be able to introduce the MT contributio
Suzuki and Hikita had to consider the critical temperature
an additional adjustable parameter. This led toTc apprecia-
bly different from TcI . Our present analysis of Suzuki an
Hikita’s data also indicates that the in-plane paraconductiv
in LSCO films grown in~100!SrTiO3 substrates is, as coul
be expected, almost independent of the thickness in the ra
150–350 nm. However, let us stress again that using b
samples, or films grown on different substrates or with s
nificantly different thickness, may change some of the fi
details of the paraconductivity, such as the correspond
jc(0) values~see also below!.

In Fig. 7, we show the comparison between the exp
mentalDsab(«) measured in the present work and the pa
conductivity expressions without any cutoff and under t
conventional momentum or kinetic-energy cutoff, using t
same values forjc(0) and«c as in Fig. 5. This figure shows
that, as could be expected, the momentum or kinetic-ene
cutoff expressions are able to fit the experimental parac
ductivity in a lower« range than the total-energy cutoff~up
to «.0.3 at the most for the momentum cutoff, and up
about«.0.1 for no cutoff!. In particular, they fail to repro-
duce the rapid fall off of the fluctuations in the higher-«
region,«*0.3.

Let us now discuss the doping dependence of the par
etersjc(0) and«c which results from the above fits using th
GGL approach under a total-energy cutoff. In Fig. 8 we sh
thesejc(0) and«c values as a function of the doping. Let u
first remark on the trend for the variation ofjc(0) with the
doping levelx; for x<0.15, i.e., in the underdoped and o
timally doped ranges,jc(0) is found to be approximately
equal to 0.9 Å. This value corresponds to a LD dimensio
crossover parameterBLD.7.531022. For x50.20, it is
jc(0).0.5 Å ~and henceBLD.231022), and forx.0.25
and above, it isjc(0);0 Å ~soBLD;0 and the fluctuations
are 2D in all the studied« range!. This jc(0)-versus-x trend
is consistent with our observation that the fluctuation co
ductivity is the same for the underdoped and optimally dop
LSCO films, and increases with increasingx in the over-
doped ones. Let us also note that in Refs. 23–25, it has b
argued that the substrate may induce in LSCO fil
c-direction stress, which in turn may change the interla
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SEVERIANO R. CURRÁS et al. PHYSICAL REVIEW B 68, 094501 ~2003!
tunneling. Therefore, LSCO films grown on different su
strates or with significantly different film thickness, and al
LSCO bulk samples, may havejc(0) values different to the
ones found in the present work. In this sense, we have fou
through measurements of the fluctuation-induced magne
tion, that the superconducting fluctuations are bidimensio
in underdopedbulk LSCO samples, in contrast with ou
present results for thin films.40 It has also been found in Refs

FIG. 7. Comparison between the same experimental curves
Fig. 5 and the paraconductivity expressions without any cu
@dashed lines, Eq.~15!# and with the momentum or kinetic-energ
cutoff @continuous lines, Eq.~11!#. In performing these compari
sons, we have used the same values forjc(0) and the cutoff con-
stant as in Fig. 5. In~a!, we also indicate the low-« asymptotic
Dsab(«)}«21/2, which would correspond to the 3D limit withou
any cutoff. The dashed line in~c! also corresponds toDsab(«)
}«21, i.e., the 2D limit without any cutoff. The«;1022 paracon-
ductivity of the x50.20 film does not follow any of these dimen
sionality limit cases, but lies instead in the dimensional crosso
regime. Note that the momentum or kinetic-energy cutoff expr
sions are able to explain the experimental paraconductivity i
lower « range than the total-energy cutoff~up to at most«.0.3).
The expressions without any cutoff explain the data in a even m
limited « range,«&0.1.
09450
d,
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41,42 that the superconducting bidimensionality is smea
or suppressed in the overdoped bulk samples of the LS
family. The comparison of these observations with o
present results suggests, then, that the substrate effec
LSCO films do affectjc(0) and, therefore, the interlaye
tunneling of Cooper pairs.

Concerning the other free parameter in ourDsab(«) fits,
«c, we find that its value remains the same within the expe
mental uncertainties for all the studied LSCO films~see Fig.
8 and Table I!. Such a value which, taking into account i
experimental uncertainty~mainly associated with the back
ground subtraction, see below!, is bound by 0.4&«c&1.1
matches fairly well the value;0.6, which may be roughly
estimated on the grounds of the mean-field« dependence of
jab(«) and the BCS value ofjab(0)/jabo in the clean limit
~see Sec. III B and Ref. 34!. We note that the validity of such
a simple estimate has also been confirmed, usually wit
lower error bar, by the analysis of the superconduct
fluctuations in various optimally doped HTSC and vario
clean and moderately dirty LTSC~see Ref. 34, and refer
ences therein!. We note also that our previous analyses of t
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FIG. 8. The values of thec-direction coherence length GL am
plitudejc(0) and of the total-energy cutoff amplitude«c, providing
the best fit to theDsab(«) data ~see Figs. 5 and 6!, represented
versus the Sr content~i.e., hole doping! x. The squares correspon
to the LSCO films measured in the present work, while the triang
correspond to the films measured by Suzuki and Hikita4 analyzed in
Fig. 6. As can be easily seen in~a!, jc(0) is constant, well within
the experimental uncertainties, for the underdoped (x,0.15) and
optimally doped (x50.15) films. When entering in the overdope
range (x.0.15), jc(0) decreases to the point of being negligib
@jc(0).0 Å# at aboutx.0.25 and above. The dashed line in~a! is
guide for the eyes.~b! illustrates that the cutoff amplitude«c is
found to be, within the experimental uncertainties, constant for
doping levels. The continuous line in~b! is the rough estimate
«BCSclean

c .0.6 which can be obtained by using the BCS theory in
clean limit ~see main text!. Note that the«c values shown in this
figure are somewhat above this estimate. However, such differe
cannot be taken as significative, in view of the errorbars of«c in our
Dsab(«) analyses~see main text and Table I!.
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IN-PLANE PARACONDUCTIVITY IN La22xSrxCuO4 . . . PHYSICAL REVIEW B68, 094501 ~2003!
fluctuation magnetization in a bulk underdoped LSCO led
«c.0.660.2. This is consistent with the fact that, as alrea
mentioned in Sec. III B and further elaborated in Ref. 34,
appearance of the reduced-temperature cutoff«c is expected
to occur in all superconductors independent of, e.g., th
structural character or the dimensionality of the superc
ducting fluctuations.

D. On the influence of the background andTc choices

It is relevant to discuss in detail the main sources of
certainties in the above analyses of the experimental p
conductivity in terms of the extended GGL approach. Let
first consider the uncertainties associated with the extrac
of the normal-state background contribution,rabB(T). We
have checked that varying the lower limit of the backgrou
fitting region from its value in our analyses,TB

L54.5Tc , does
not significantly change the obtainedDsab(«) curves, pro-
vided thatTB

L is kept well above;3.5Tc . In Fig. 9, we plot
the «c values obtained by applying the analysis described
the previous sections to thex50.25 LSCO sample by using
different values ofTB

L . When obtaining this figure we hav
always taken the upper limit of the background fitting regi
as TB

L140 K. As it may be seen in this Fig. 9,«c is quite
insensitive toTB

L unless the latter is approximately 3.5Tc or
lower. This indicates that the criterionTB

L.4.5Tc is adequate
for obtaining values of«c not affected by the proximity of
the background fitting region. We have also checked t
adding a third degree polynomial term to the backgrou
functionality does not appreciably change the obtained p
conductivity curves. Similarly, we have also checked t
using a variable-range-hopping contribution,r1exp(T0 /T)1/4,
instead of thea1/T term ~as proposed, e.g., by Lerido
et al.13 when analyzing the high-« paraconductivity of
YBCO films!, does not change the obtained backgroun
within a maximum of 2% variation. However, a much mo
appreciable source of uncertainty comes from the fact tha
our two-step procedure for obtaining the normal-state ba
ground~see Sec. III A!, we allow it to produceDsab results

FIG. 9. An example, corresponding to thex50.25 film, of the
variation of«c with the temperature region where the backgrou
fit is made.TB

L is the lower-temperature limit of this region. Th
upper limit was always taken to beTB

L140 K. Here again, we use
TcI as Tc . Note that the values obtained for«c are essentially in-
dependent of the region where the background fit is made unlesTB

L

is relatively close to the transition. A similar conclusion is obtain
for all the samples studied in this work.
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which deviate by620% at 1022&«&0.1 from theDsab
results obtained with the background fitted closer to the tr
sition ~fitted in theT region 1.6Tc&T&2.7Tc , i.e., 0.5&«
&1). The620% figure was chosen after verifying that it
a good measure of the variation of such ‘‘low-« background’’
when its fitting region is somewhat varied. While this unc
tainty has a relatively low impact on theDsab(«) curves for
1022&«&0.1, its influence becomes stronger in the hi
reduced-temperature region («.0.1), affecting mainly the
precise value of«c ~or, equivalently, ofTc). In particular,
lower backgrounds indeed lead to lower«c and Tc. How-
ever, let us emphasize that this uncertainty does not affec
qualitative shape of the sharp fall off ofDsab at high re-
duced temperatures, but only the precise location of suc
fall off. In Fig. 10, we illustrate the uncertainty of th
Dsab(«) curves associated with the choice of the bac
ground. The limits of the shaded areas correspond to
lower and higher backgrounds obtained for each sam
This figure clearly illustrates that the background uncertai
does not affect the low-« region in a dramatic way, and
therefore its impact on the value ofjc(0) is also moderate
Table I summarizes the corresponding«c and jc(0) uncer-
tainties for all the LSCO films measured in this work.

It may also be useful to study the influence of theTc
choice in our analyses. First of all, we note that thedrab /dT
peaks aroundTcI present about 1 K of half widths at half
maximum of the peak~see Fig. 3 and Table I!. Taking into
account the relatively low critical temperature of the LSC
family, such widths correspond to rather high reduced te
peratures, of the order of«;531022. This means that vary-
ing Tc inside the upper half of theTcI peak may considerably

FIG. 10. Influence of the use of different normal-state ba
grounds in the experimentalDsab(«) curves of~a! thex50.10 film
and ~b! the x50.25 film measured in this work. The differen
sources of such a background uncertainty are discussed in det
the main text. The corresponding uncertainties in«c andjc(0) are
summarized in Table I for all the films measured in this work.
1-11
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affect the paraconductivity versus reduced-tempera
curves in a sizable« region of ourDsab(«) fits. Such un-
certainty is illustrated in Fig. 11 for the casesx50.10 and
0.25; in this figure, the sameDsab data as in Fig. 5 are
plotted against«[ ln(T/Tc) for Tc values in betweenTcI

2 and
TcI

1 ~the lower and upper temperature boundaries of theTcI

peak at half maximum!. Also plotted is Eq.~8! in those cases
where it is possible to findjc(0) and«c values producing a
valid agreement with suchDsab(«) data curves. As is
clearly illustrated by the figure, usingTc’s below TcI makes
Dsab(«) increase, andTc’s aboveTcI makesDsab(«) de-
crease. In the casex50.10, when loweringTc , it is possible
to fit Eq. ~8! up toTc valuesTc5TcI20.6 K ~5TcI

210.2 K!.
This is accomplished by loweringjc(0), while the parameter
«c remains almost unchanged from«c50.8. In fact, using
Tc5TcI20.6 K already leads to a fit withjc(0);0 Å; be-
cause of this, with lowerTc’s Eq. ~8! can no longer accoun
for the data. In the case of thex50.25 film, jc(0);0 Å
already corresponds toTc5TcI and hence theDsab(«)
curves cannot be successfully fitted by Eq.~8! if using any
Tc belowTcI . Let us now discuss what happens when us
Tc’s aboveTcI instead of below. In this case, theDsab(«)
curves decrease. Such a decrease can be reproduced to
extent by Eq.~8!, for all the doping levels, by increasin
jc(0) and slightly changing also«c. However, as shown in

FIG. 11. Influence of the choice ofTc in the experimental
Dsab(«) curves and GGL fits, for~a! the x50.10 film and~b! the
x50.25 film measured in this work. TheTc choice varies mainly
the Dsab(«) slope in the«&0.1 region. As is easily seen in thes
figures, usingTc below TcI does not allow to fit the data with Eq
~8! for all the doping levels, andTc aboveTcI produces poorer fits
thanTcI . The other underdoped and optimally doped films stud
in this work produce curves similar to thex50.10 ones, and thex
50.20 film produces results in between those of~a! and ~b!.
09450
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Fig. 11, the resulting fits are always of somewhat infer
quality than when usingTcI . To sum up, usingTcI as Tc
seems to be the best choice because of the consistency
taking into account the data of films with different dopin
levels, and because it provides better-quality fits thanTc’s
taken aboveTcI . However, we think that it is useful to bea
in mind the conclusion that relatively small deviations fro
TcI will have an appreciable impact on the values ofjc(0).
In particular, thejc(0) values obtained for each LSCO film
usingTcI

1 instead ofTcI are 1.8 Å forx50.10, 2.0 Å forx
50.12, 1.9 Å forx50.15, 1.6 Å forx50.20, and 1.5 Å for
x50.25. Also, for all the doping levels studied here, it
possible to find aTc in betweenTcI

2 and TcI leading to
jc(0).0 Å. In fact, such uncertainties add to the reaso
commented on in the Introduction that explain the discr
ancies between different authors when proposing values
jc(0) from the analysis of the superconducting fluctuatio
in LSCO. For instance, in a previous work,33 we briefly ana-
lyzed a single LSCO film, withx50.10, assumingjc(0)
.0 Å, what led us to conclude thatTc was nearer toTcI

2

than toTcI . Finally, let us emphasize here that in our pres
analyses, when using any choice ofTc with similar displace-
ments with respect toTcI for all thex values, our main quali-
tative conclusions remain true: the paraconductivity is c
stant withx in the underdoped and optimally doped LSC
thin films, but increases withx in the overdoped range up t
x.0.25. Also, the choice ofTc does not affect the fact tha
the fluctuations sharply decrease at a well-defined redu
temperature well aboveTc .

It may also be interesting to briefly discuss whether lon
length-scale crystal imperfections~much bigger in size than
the coherence length! may significantly affect our main ex
perimental results. First of all, let us note that correcting
such extrinsic imperfections~for instance, by introducing a
quality factor43,44! would always lead to higher intrinsic
paraconductivity, as the imperfect samples would be l
conductive than the ideal ones. Note also that such cor
tions may be expected to be essentiallyT independent, and
therefore they would not significantly affect the critical e
ponents of theDsab(«) curves, but only their amplitudes
Comparison with the existing literature reveals that the re
tivity at 250 K of our samples is never more than 1.2 tim
the one reported until now by different groups in LSCO film
with the same doping and substrate and similar thickness~in
fact, in several cases, our films are the less resis
ones!.1,4,23,24,26,33Dividing the rab(T) data by a quality fac-
tor of approximately 1.2 would not alter significantly ou
conclusions, as it would correspond to a;20% change in
the amplitude of theDsab(«) curves, which is, in fact, lower
than the uncertainty caused by other sources of ambig
discussed above in this section.

IV. CONCLUDING REMARKS

In this paper, we have presented measurements of the
plane paraconductivityDsab above the superconductin
transition of various high-quality LSCO thin films with
thickness of;150 nm grown on (100)SrTiO3 substrates,
with doping levelsx varying from 0.10 to 0.25, in the re

d

1-12



po

ll

ed
n

er
m

ar

c
-

t
de
lly

es
tu
el
ff
t
it

th

uc
by
f
th

e

s.
co
de
o
ity

er

O

ua
on
-

hi
e
th

er

o
se
g

an-
m-
t in
t of
e

off
s
x-
um

to
ug-

en-

s-
the

en
n-
er-

not
rst,
om-
ing
of

, the
ap-
king
low
-
this
be

the
by

es
ped

ting

of

t
ill
of

i-
one
ly
e of
en-
our

gap
f
re-

IN-PLANE PARACONDUCTIVITY IN La22xSrxCuO4 . . . PHYSICAL REVIEW B68, 094501 ~2003!
duced temperature range 1022&«&1. Our results confirm,
and extend to high reduced temperatures, the earlier pro
als by Suzuki and Hikita4 and by Cooperet al.5 that in HTSC
the variation ofDsab with doping may explain only a sma
part of the variation of the total in-plane conductivitysab
near Tc . In fact, for the underdoped and optimally dop
compositions, our results directly show that the correspo
ing rab(T) varies appreciably whereas theDsab(«) curves
agree with each other well within the experimental unc
tainties. Our results also show that in the overdoped regi
Dsab(«) increases only moderately with increasingx. The
absence of important anomalous doping effects on the p
conductivity is confirmed by the fact that ourDsab(«) data
may be appropriately accounted for by the GGL approa
extended to the high-« region («*0.1) by means of a total
energy cutoff. The fits using such an approach lead
c-direction superconducting coherence length amplitu
jc(0) of about 0.9 Å for the underdoped and optima
doped films, about 0.5 Å for thex50.20 overdoped film,
and jc(0) negligibly small (;0 Å) for the x50.25 one.
Moreover, independent of the doping, we observe in all th
LSCO films, a rapid decrease of the superconducting fluc
tion effects in the high-« region. Such a decrease is also w
explained by the GGL approach with a total-energy cuto
which, as shown by Vidalet al. in Ref. 34, takes into accoun
the quantum localization energy associated with the lim
imposed by the uncertainty principle on the shrinkage of
superconducting wave function as« increases.

Concerning the fine behavior of the in-plane paracond
tivity with doping, our results also confirm the proposal
Suzuki and Hikita4 that in LSCO films the main effect o
doping on the superconducting fluctuations is to change
c-direction superconducting coherence lengthjc(0). How-
ever, because of the use of MT terms in their analyses, th
authors concluded thatjc(0) would increase asx increases in
the underdoped, optimally doped, and overdoped regime
contrast, we have shown here that when such terms are
sidered to be negligible, one obtains a different doping
pendence ofjc(0), assummarized above. As the absence
MT and DOS contributions to the in-plane paraconductiv
is at present well established,28,29 we believe that the true
behavior ofjc(0) with doping in LSCO thin films grown in
(100)SrTiO3 substrates is probably the one we propose h
Let us also note that the dependence ofjc(0) with doping
found here in LSCO films may be not applicable to LSC
bulk samples, as the substrate may also changejc(0) and,
therefore, the dimensionality of the superconducting fluct
tions. In particular, through measurements of the fluctuati
induced magnetization, it has been found40 that the supercon
ducting fluctuations are bidimensional in underdopedbulk
LSCO samples, in contrast with our present results for t
films. In Refs. 41,42 it has also been found that the sup
conducting bidimensionality is smeared or suppressed in
overdoped bulk samples of the LSCO family. These diff
ences between thin films and bulk samples of LSCO seem
be due in part to strain effects associated with the growth
a substrate withab-plane lattice constants different to tho
of bulk LSCO.22–25 Proposals that the main effect of dopin
on the superconducting fluctuations is to changejc(0) were
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also done~and almost simultaneously to Suzuki and Hikita4!
for the YBCO compound by Cooperet al.5 ~and later by
Juanget al.8!. We note, however, that our present results c
not be directly extrapolated to YBCO because in this co
pound, doping occurs in the interlayer CuO chains, absen
LSCO. Such CuO chains are expected to determine mos
the interlayer tunneling in YBCO due to their metalliclik
character.

Another central result of our analyses is that the cut
parameter«c arising in the ‘‘extended’’ GGL approach i
found to be independent of the doping, well within the e
perimental uncertainties. As the conventional moment
cutoff is just a particular case, valid for«&0.2, of the total-
energy cutoff approach, our conclusion will then apply
any analysis in terms of such a momentum cutoff. This s
gests, therefore, that the doping dependence of the mom
tum cutoff observed in other HTSC compounds~see, e.g.,
Refs. 9 and 10! could be an extrinsic effect due to the pre
ence of sample inhomogeneities or due to ambiguities in
background estimate.

Our results may also have implications on other op
problems of the HTSC. First of all, they allow us to co
clude, as mentioned in the title of this paper, that the sup
conducting fluctuations in underdoped LSCO films are
linked to the opening of their normal-state-pseudogap; fi
because the changes of doping in such underdoped c
pounds, which are known to vary the pseudogap open
temperatureT* ,1 do not result in any observable change
the superconducting fluctuations, even in the high-« region
and second, because in such underdoped compositions
superconducting fluctuations have also been found to dis
pear at reduced temperatures which are, even when ta
into account the experimental uncertainties, always be
1.1, i.e., much belowT* ~that is located above room tem
perature for the underdoped compositions studied in
work1!. In other words, our experimental results seem to
contradictory with the theoretical proposals that in HTSC
superconducting fluctuations are strongly enhanced
underdoping.1,12,14–17Such proposals include, e.g., the on
where the pseudogap effects observed in the underdo
HTSC are due to strong fluctuations of the superconduc
order parameter~and in particular of its phase!, which in turn
would be due to either a Bose-Einstein-like preformation
Cooper pairs,15 stripelike inhomogeneities,14,17 or bidimen-
sionality effects.16 For instance, in Ref. 15, it is claimed tha
the superconducting fluctuations in underdoped HTSC w
be given essentially by the 2D-Kosterlitz-Thouless model
fluctuations45 with relaxation times of such fluctuations var
ous orders of magnitude bigger than the BCS mean-field
implied by Eq.~8!. However, our present analyses strong
suggest that there is no change in the order of magnitud
the superconducting fluctuations when the doping level
ters the underdoped range. There is also no evidence in
experimental data of any dependence onx of the critical
exponents ofDsab(«) for 0.10<x<0.15. Our results favor,
then, the theoretical proposals associating the pseudo
opening with purely normal-state effects~as, e.g., those o
Refs. 18–20!, or the theories where the Bose-Einstein p
formed pairs are dressed by normal quasiparticles.21 In those
1-13
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approaches, consistent with our present results, the supe
ducting order parameter is expected to undergo Gauss
mean-field-like fluctuations, except in the very close vicin
of Tc ~for «&1022). It would be useful to determine
whether other proposals for the doping effects in HTSC, s
as the existence of aT50 K quantum transition near optima
doping,46 would lead to Gaussian or non-Gaussian superc
ducting fluctuations aboveTc .

The results presented here may also have implication
the theoretical proposals by Horbachet al.47 for the paracon-
ductivity in the marginal-Fermi-liquid scenario, which wou
apply to optimally doped and overdoped HTSC. Accordi
to the calculations in Ref. 47, the inelastic scattering of n
mal quasiparticles in optimally doped and overdoped HT
would decrease the relaxation time of the superconduc
fluctuations below the BCS mean-field value, and cor
spondingly also decreaseDsab . Horbach et al. estimate
such changes inDsab to be of the order of a prefactor 0.2
0.75 ~depending mainly on a cut parameter affecting th
numerical evaluations!.47 However, our present results ind
cate that the relaxation time of the superconducting fluct
tions takes the BCS mean-field value for all the doping l
els. They also indicate thatDsab is not smaller in the
optimally doped and overdoped films than it is in the und
doped films@in fact, it is even higher in the overdoped film
because of their lowerjc(0)].

It may also be useful to compare our results for thejc(0)
dependence on doping with detailed measurements of
normal-state anisotropy in LSCO films. For instance, in R
48, the resistivity in LSCO thin films grown with thec axis
oriented obliquely with respect to the substrate is measu
From such measurements, it was proposed that the nor
state anisotropy decreases as doping increases. If confi
by different measurements, this would indicate that the in
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layer tunneling of the normal and superconducting carri
are not directly related. This could be coherent, e.g., with
interlayer tunneling model for the superconducting cond
sation in HTSC proposed by Andersonet al.20 Further work
to compare the normal and superconducting interlayer t
nelings in LSCO films is clearly needed, both theoretical a
experimental~for instance, through measurements of the
trinsic interlayer Josephson effects and of the normal
superconducting magnetoconductivity!.

Further work is also needed to study the possible in
ence on the ‘‘fine’’ details of the superconducting fluctu
tions of the film thickness and of the type of substrate.
mentioned previously, both factors are known to vary seve
crucial properties of the LSCO films, such as theirTc and
rab(250 K) values, possibly due in part to strain effects a
sociated with the growth on a substrate withab-plane lattice
constants different to those of bulk LSCO.1,4,7,22–26In the
present paper we have found a transversal supercondu
coherence length for LSCO films which is different, both
value and doping dependence, to that which seems to a
from Ref. 40~where the fluctuation magnetization in a bu
underdoped LSCO was measured! and Refs. 41,42~where
the superconducting anisotropy of LSCO bulk samples w
different dopings was measured!. It would be interesting,
therefore, to study further the relationships between sam
thickness, type of substrate, and superconducting interla
tunnelings@or, equivalently,jc(0)].

ACKNOWLEDGMENTS

This work was supported by the CICYT, Spain, und
Grant Nos. MAT2001-3272 and MAT2001-3053, by th
Xunta de Galicia under Grant No. PGIDT01PXI20609P
and by Unión Fenosa under Grant No. 220/0085-2002.
C
, in

:
. A.

ys.

a,

S.
i,

S.

a

*Present address: Low Temperature Division, Department of
plied Physics and MESA1 Research Institute, University o
Twente, P.O. Box 217, 7500 AE Enschede, The Netherlands.

†Present address: Institute for Materials Research, Limburgs
versitair Centrum, Wetenschapspark 1, B-3590 Diepenbeek,
gium.

‡Corresponding author. Email address: fmvidal@usc.es
§Unidad Asociada al Instituto de Ciencias de Materiales de Mad
Consejo Superior de Investigaciones Cientı´ficas, Spain.
1For a detailed review of the doping effects in cuprates see, e.g

Timusk and B. Statt, Rep. Prog. Phys.62, 61 ~1999!; see also,
V.M. Loktev, R.M. Quick, and S.G. Sharapov, Phys. Rep.349, 1
~2001!; for a summary centered on LSCO, see, e.g., P
Radaelli, D.G. Hinks, A.W. Mitchell, B.A. Hunter, J.L. Wagne
B. Dabrowski, K.G. Vandervoort, H.K. Viswanathan, and J.
Jorgensen, Phys. Rev. B49, 4163~1994!.

2The general aspects of the superconducting fluctuations in
and high-Tc superconductors may be seen, e.g., in M. Tinkha
Introduction to Superconductivity~McGraw-Hill, New York,
1996!, Ch. 8; W.J. Skocpol and M. Tinkham, Rep. Prog. Ph
-

i-
l-

,

T.

.

.

-
,

.

38, 1049~1975!.
3For a summary of the paraconductivity in optimally doped HTS

and earlier references see, e.g., F. Vidal and M. V. Ramallo
The Gap Symmetry and Fluctuations in High-Tc Superconduct-
ors, Vol. 371 of NATO Advanced Study Institute, Series B
Physics, edited by J. Bok, G. Deutscher, D. Pavuna, and S
Wolf ~Plenum, New York, 1998!, p. 443.

4M. Suzuki and M. Hikita, Phys. Rev. B44, 249 ~1991!; 47, 2913
~1993!.

5J.R. Cooper, S.D. Obertelli, A. Carrington, and J.W. Loram, Ph
Rev. B 44, 12 086 ~1991!; A. Carrington, D.J.C. Walker, A.P.
Mackenzie, and J.R. Cooper,ibid. 48, 13 051~1993!.

6N. Mori, Y. Takano, H. Enomoto, H. Ozaki, and K. Sekizaw
Physica B194–196, 2049~1994!.

7T. Kimura, S. Miyasaka, H. Takagi, K. Tamasaku, H. Eisaki,
Uchida, K. Kitazawa, M. Hiroi, M. Sera, and N. Kobayash
Phys. Rev. B53, 8733~1996!.

8J.Y. Juang, M.C. Hsieh, C.W. Luo, T.M. Uen, K.H. Wu, and Y.
Gou, Physica C329, 45 ~2000!.

9K. Asaka, K. Koizumi, H. Bando, N. Mori, and H. Ozaki, Physic
1-14



tte

P

u

u,

la-

co

ys

.

in

, D

E
. B

lo,

ts

ea
J.A

pli

al,

,

ded
igh

d
e

be-

nty
nc-

ed

and

ra-
sis
rv-

CO
ta
io-

ean

the
l-

in

co-

ys.

a,

e,
. B

IN-PLANE PARACONDUCTIVITY IN La22xSrxCuO4 . . . PHYSICAL REVIEW B68, 094501 ~2003!
B 284–288, 995 ~2000!.
10E. Silva, S. Sarti, R. Fastampa, and M. Giura, Phys. Rev. B64,

144508~2001!.
11A. Gueffaf, M. Salim, and M.S. Raven, J. Phys.: Condens. Ma

13, 875 ~2001!.
12C. Meingast, V. Pasler, P. Nagel, A. Rykov, S. Tajima, and

Olsson, Phys. Rev. Lett.86, 1606~2001!.
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