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Paraconductivity at high reduced temperatures in YBgCu30,_ s superconductors
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By using high quality single crystals and epitaxial thin films, the in-plane paraconductivity in almost
optimally doped YBgCu;0;_ 5, with T,;=92 K, was determined well inside the so-called short-wavelength
fluctuation regime, which corresponds to reduced temperaterelsy(T/T), above typicallye=0.1. It is then
shown that these data may be explained in terms of the Gaussian-Ginzburg-Landau approach for bilayered
superconductors by introducing a total energy cutoff, instead of the momentum cutoff approximation always
used until now. These results seem to confirm the absence of appreciable pseudogap effects on the in-plane
resistivity in optimally doped YB#&u;0; _ 5 superconductors.
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[. INTRODUCTION general casé and then, in the case of the superconducting
transition, by Schmitf and by Gollub and co-workers.
Thermal fluctuations of Cooper pairs and of magnetic vor-These early results already suggested that the paraconductiv-
tices is one of the interesting aspects of the physics of thy calculated on the grounds of the GGL approaches could
high temperature cuprate superconduct¢43SC).! In the  be extended to the short wavelength region by introducing a
case of the thermal fluctuations of Cooper pairs above thgomentum cutoff in the fluctuation spectrum, i.e., by impos-
superconducting transition temperature with zero appliedng the condition™***°
magnetic field,T.9, one of the problems still open at present
is the behavior of these fluctuations in the high-reduced- k?<c&2(0), (1)
temperature region, i.e., at reduced temperatures
=In(T/Ty) higher than typically 0.1. In particular, it was wherek is the momentun{in units of the reduced Planck
early observed that foe=0.1 the fluctuation effects on the constantf) of each fluctuating modey,, andc is a con-
electrical conductivity measured parallel to the superconstant(temperature independgrdutoff amplitude close to 1.
ducting CuQ layers [the in-plane paraconductivity, Such a procedure has already somewhat mitigated the dis-
Ao,p(€)] in different HTSC compounds strongly disagree agreement between the theoretidal(e) and the experimen-
with the conventional mean-field-like behavior for layeredtal results around=0.1, but without eliminating the differ-
superconductors which may be easily calculated using thences, which above~0.2 remain very important in both
Gaussian-Ginzburg-Landa(GGL) approact?® This con- LTSC (Ref. 11 and HTSC>*® Although in the last years
trasts with theAo,,(€) results for 102<e=<10!, which  there has been other theoretical attempts to understand the
may be understood at a quantitative legmdth in amplitude  high-reduced-temperature behavior &ér,,(€) in HTSCL®
and e behavioy on the grounds of the GGL approach for until now this problem, which concerns both the phenomeno-
multilayered superconductots? logical and the microscopic aspects of the fluctuating Cooper
A similar failure of the mean-field-like approaches to ex- pairs in these materials;’ remains completely unsolved.
plain the paraconductivity in the high-reduced-temperature As a further attempt to understand the behavior of the
region was already observed by Johnson, Tsuei, anthermal fluctuations of Cooper pairs in the high-reduced-
Chaudhari® in some low temperature superconductorstemperature regione=0.1) in HTSC, in this paper we first
(LTSC) and it was attributed to the fact that at these high-present detailed measurements of the in-plane paraconduc-
reduced-temperatures the GGL theory strongly overestimatdwity in almost optimally doped YB#u;0; s(Y-123)
the statistical weight of the fluctuations with characteristicsingle crystals and epitaxial thin films in the region
lengths of the order o(0), the superconducting coherence bounded by 10°<e=<1, which covers more than three or-
length amplitude at =0 K. These short wavelength fluctua- ders of magnitude in paraconductivity amplitude, and which
tions break down the “slow variation condition” for the su- allows us to deeply penetrate in the short wavelength region
perconducting order parameter, a central hypothesis of thiar the thermal fluctuations. We calculate th&o,,(€) on
GGL approach? In fact, this difficulty affects any Landau- the grounds of the bilayered GGL approximation but by tak-
type theory of the thermal fluctuations around a phase tranng into account the short wavelength fluctuations through
sition, as it was noticed for the first time by Levanyuk in the two different cutoff conditions: The conventional momentum
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cutoff [Eq. (1)] and, for the first time, by using a cutoff in the tivity in the high-reduced-temperature region.

total energyof the fluctuating modesin units of #2/2m* The preparation and characterization procedures of the
wherem* is the effective mass of the Cooper pairs different Y-123 single crystals and epitaxial thin films used
here and also the experimental setup used to measure their
[K*+&7%(e)]<c&2(0). (2)  in-plane resistivity as a function of the temperature have

qbeen reported in detail elsewhér& The general character-
stics of these samples, including their in-plane resistivity
(see belowy, are similar to those of the best optimally doped
ET\;—123 samples studied until now° The main differences

This last condition eliminates the most energetic fluctuatin
modes and not only those with short wavelendthkich are
the only ones suppressed by Eij)]. A total energy cutoff

was already suggested, on the basis of a microscopic ap-. . O . :
proach, by Patton and co-work&tsand by Nam® when ith previous paraconductivity analyses in optimally doped

studying the short-wavelength regime in the fluctuation-Y-123 samples concern the estimation of the so-called bare

induced-diamagnetism at high applied magnetic fields i’ Packground resistivitypapg(e), used to extract the in-
LTSC. However, such a cutoff condition has been never useB!2n€ paracolnducnwt)l/ throzugi](? the conventional expression
until now to analyze the paraconductivity in LTSC or in 2@ab(€)=pap (€) ~papp(€).” =" This background resistiv-
HTSC in the high-reduced-temperature region. Its adequacy May be seen as the resistivity that the samples would have
can be easily inferred on the grounds of the GGL approacH’ absence of therma! fluctuations effects aqd it may be es-
by just taking into account that the probability of each fluc-timated b_y extrapolating thr_ough the transition _tpugo(T)
tuating mode is controlled by its total enerfi?+ £ 2(e)] data obtamed.well abovE.y, in a temperature region where
and not only to its momentur?. Therefore, the momentum these fluctuation effects may be negligible. In most of the
cutoff given by Eq.(1) considers fluctuation modes at high Previous works, including those that have analyzed before
temperatures which, due to the shrinking of the coherenc® paraconductivity in the high-reduced-temperature region,
length, are less probable than others which are eliminated bjabs(€) Was estimated by extrapolating the normal resistiv-
this cutoff criterion close td .. This is why the use of a Iy data above typically 150 K Such a choice of the
momentum cutoff in the GGL approach, although it may bePackground region does not appreciably aff&et,,(¢) for

a reasonable approximation neBy,, leads to an overesti- temperatures relatively close 1, (for e<0.1) but its influ-
mation of the fluctuation effects at high temperatures, wher@Nc& may be important in the high-reduced-temperature re-
&) becomes of the order @{0). We will see in this paper 9ion (for €>0.1). In particular, this choice arbitrarily im-

that the use of the total energy cutoff given by E2). cor-  POS€SAcay(€)=0 for €=0.5. In our present work we
rects this failure. attempt to avoid these shortcomings by locating the back-

ground region as far as possible from,, but imposing
simultaneously that such a background must reproduce at a
guantitative level the already very well established in-plane
One of the main motivations of our choice of the almostparaconductivity results in Y-123 samples in teaegion
optimally doped Y-123 single crystals and epitaxial thin bounded by 10%°< e<10*.271This last condition provides
films, with T,,=92K, to determineAo,,(€) in the high- a convenient check for the upper limit of the temperature
reduced-temperature region was the common assumption distance between the analyzed data points and the back-
the absence of important effects on the normal in-plane reground fitting region, the dispersion due to the background
sistivity, p,,(T), associated with the normal state pseudogapincertainties being strongly amplified when this temperature
in this sample$? This will avoid the possible entanglement distance increases. Our systematic analyses of different back-
between both type of intrinsic effects, those associated witlground regions in different samples let us to propose as
the pseudogap and with the thermal fluctuations, which couldbackground region the one to between 22%which corre-
make difficult their separation, mainly in the high-reduced-sponds toe=0.9) and 275 K. Such a procedure is adequate
temperature region. In fact, we will see here that our preseminly in the case of high quality optimally doped Y-123
results seem to confirm the absence of appreciablsamples having at a quantitative level a linear normal state
pseudogap effects om,,(T) in these optimally doped resistivity in this temperature region. Therefore, among all
samples: when properly calculated, the thermal fluctuationthe different samples we have studied, we have finally
alone provide a quantitative explanation of the observed deselected those that present a linpgg(T) above 225 K, with
viations aboveT ., of the linearity of the normal resistivity. a rms of 0.1% or less, which extrapolates to zero resistivity
But, in addition, these optimally doped samples also presertt T=0K well to within =10 uQOcm and with
two important experimental advantages: First, at present it i8.5uQ cmK <dp,,/dT<1 uQ cmK1 We have
quite easy to grow high quality samples of this cuprate famchecked that for these samples the,,(€¢) data are very
ily, which probably are those that present the best stoichiostable to small changes of extension and localization of the
metric and structural quality of all the available samples offitting region. For instance, by changing it from 225-275 K
any HTSC system. Second, it is now well establigh&?!  to 200-250 K we found thak o-,,(€) change less than 10%
that p,,(T) of the almost optimally doped Y-123 samples for e<0.1 and less than 50% for G1e<0.5 (see below.
presents at a quantitative level a linear temperature depen- An overview of the in-plane resistivity as a function of the
dence fore=1, i.e., forT=200K and up to at least 300 K. temperature for three of our samples having the above indi-
We will see here below that these characteristics are of crusated general characteristics is presented in Fig\. The
cial importance for a reliable extraction of the paraconducsolid lines are the corresponding resistivity backgrounds,

Il. EXPERIMENTAL DETAILS AND RESULTS
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which correspond then to the extrapolation through the tranFig. 1(b) and, respectively, Fig.(t). These data correspond

sition of their normal resistivity obtained in the region to theF2 film.
225K=T=275K. Two scoops of these results for tempera- The in-plane paraconductivity of the three samples se-
tures aroundl o and well above the transition are shown in lected above is shown in Fig. 2. The shadowed region in this
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figure corresponds to theo,,(€) data obtained in the other periodicity of the Cu@ layers, i.e., in our case=11.7/2 A
samples we have studied in this work. This region also cov=59A. This approximation, that is going to be used
ers theAo,,(€) data obtained by other groups in high qual- through all this paper, is indeed adequate to bilayered super-
ity optimally doped Y-123 single crystas,’and the always conductors with a similar Josephson coupling strength be-
existent uncertainty in the background subtraction. In fact, inween the adjacent CyQayers which, as it is now well
some of these samples the uncertainties due to the extrapgstablished, is the case of Y-13.

lation of the normal resistivity above 225 K must be miti-  Equation(3) is general and the in-plane paraconductivity
gated by just in this casenposingthat close toT, (let us  for any cutoff criterion may be obtained by simply imposing
say, e=5x10 ?) the corresponding paraconductivity must the corresponding upper limits on tkéntegrals. In the case
agree with the one obtained by using as a background thef the in-plane paraconductivity predicted in single layered
normal resistivity extrapolated above 150 K. Note that thesuperconductors without any cutoff, it is only necessary to
data in Fig. 2 extend over almost two orders of magnitude inake into account that the out-of-plane spectrum of the fluc-
reduced temperature, which correspond to more than thregations is limited by the layered structure throughy|

orders of magnitude ido,,(€) amplitude. As we are inter- < /s, whereas the integral ok, should be carried out up
ested in studying the so-called mean-field region, were theo the infinity. This leads to

GGL approaches are expected to apply, we have only repre-
sented our data foe=10"2. This is because foe<1072 it e? 1 B.p| 12
appears a differenh o,,(€) behavior which may be attrib- Aoap(€)= 73 ;(1 ) ,
uted to the penetration in the so-called full-critical
region®’~'°Note finally that, as it can be seen in Fig. 2, in which is the well-known LD expressich.
the high-reduced-temperature regioa=(0.1) the relative To calculateA o,,(€) under a momentum cutoff, we note
experimental dispersion strongly increases, mainly due to thfrst that since the spectrum of the fluctuations is already
background uncertainties, and abawe 0.3 becomes of the  modulated through- w/s<k,=< /s, the inclusion of a mo-
order or even bigger than 100%. However, we will see belownentum cutoff in this direction is not necessary. For Y-123,
that in this temperature region the differences among thehis is a correct approach because the effective periodicity is
various theoretical predictions remain bigger than these uns=59A, whereast.(0)=1.1A and, therefore, the condi-
certainties. tion |k,|</s is stronger thark?<c¢, 2(0) (if c=1, see
below). So, Eg.(1) becomesk§y<c§;§(0). The in-plane
Ill. PARACONDUCTIVITY UNDER DIFFERENT CUTOFF paraconductivity under the momentum cutoff criterion,
CONDITIONS Ao,p(€,C)y, is then found to be

A. Theory

2 1 B —-1/2
The paraconductivity under different cutoff conditions AUab(G,C)M:ﬁ{—(1+—>
may be calculated on the grounds of the phenomenological S| €

GGL approach by using the relationship betweem,(€)

4

€

and the momentum of the fluctuating modes. Such a relation- _ c(c+tetBio/2)
ship may in turn be easily obtained following the same pro- [(c+e+Bp)(c+e)]¥?
cedure proposed in Ref. 9 to calculaier,,(e) without a
cutoff. In the case of aingle layeredsuperconductor, the 1 B | M
resulting expression is " e+c + e+c ' ®)
e?&£2,(0) This expression has two interesting asymptotic limits: the
Aoay(€)= Wf deJ dkyy conventional LD in-plane para-conductivity, E@), which

is recovered by imposing<<c, and the 2D limit of the para-
kiy conductivity under a momentum cutoff which may be ob-

> , . J . _ . :
[+ B[ 1—cogk,s)]/2+ §§b(0)kfy}3 tained by just imposin® p<<e. In this last case we obtain

3) e?

Ad?P(e,c)y= ! ¢ !
abt =M™ 675

€ (cte)? €tcC

, (6)

wherek, andk,, are, respectively, the momentum and the
modulus of the in-plane momentum of the fluctuation modes, ) )
e is the electron chargeB,p=(2¢,(0)/s)? is the so-called whlch corresfponds.to. thAaab(e,c)M expression first Qb-
Lawrence-DoniaciLD) parameter which controls the fluc- tained for this 2D limit in Refs. 6. Note that foe>c, this
tuation dimensionalitys is the superconducting layers peri- €Xpression is proportional te”~. N
odicity length, andé,,(0) and £,(0) are, respectively, the To obtain from Eq.(3) the in-plane paracondugtlwty un-
in-plane and the out-of-plane superconducting coherencder @ total energy cutoffAoap(€,c)e, we must first note
length amplitudes aT =0 K. Let us stress that in applying that the total energy of the fluctuation modes is givefrby
Eq. (3) to thebilayeredY-123 compound the effective peri- 5 72

odicity length must be equal to one half the crystallographic E(Wy) =Kyt €ap (0)[ €+ B p(1—cogk,s))/2].  (7)
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Therefore, the total energy cutoff limits the in-plane momen-

tum of the fluctuations through

k2, <[c— e~ Byp(1—cogk,8))/2]£,2(0), 8

whereask, is restricted, as in the case of the momentum

cutoff, to the interval- 7r/s<k,< w/s. By introducing these
limits of integration in Eq.(3) we obtain

e+ BLD/Z

€ C C2

BLD —-1/2 2
€

e? |1
AO’ab(E,C)E:@{ (l+
9

Here again the LD limifEg. (4)] can be recovered by simply

imposing e<c, whereas the 2D limit corresponds B
<e. This last gives

2D e (1 2 €
AO’ba(E,C)EZ@ E—E-i-? . (10

For completeness, we also calculate here Ahg(e,c)

PHYSICAL REVIEW B63 144515

Let us finally note that some of the similitudes and differ-
ences betwee o 4,(€,c) for both cutoff conditions may be
easily obtained by just rewritng EQq(2) as k®<(c
—€)&2(0), where we have assumed the mean-fielde-
pendence of the superconducting coherence length)
=£(0)e Y2 We see, in particular, that close Tq,, when
e<<c, both cutoff conditions coincide and they will affect in
the same way not only the paraconductivigs it can be
easily checked by comparing Eq$) and (9)] but also the
thermal fluctuation effects abovel,; on any other
observablé? The main paraconductivity difference between
both cutoff conditions appears wherbecomes of the order
of ¢ Whereas under the momentum cutoff condition the
paraconductivity amplitude decreases below its value in ab-
sence of a cutoff but it does not present any singularity at
e=c, it approaches to zero at such a reduced temperature
under the total energy cutoff.

B. Comparison with the experimental data

The dotted curve in Fig. 2 corresponds to the best fit of

expressions for bulk isotropi¢3D) superconductors under the in-plane paraconductivity predicted by the GGL ap-
both cutoff conditions. These expressions cannot be obtaingstoach without any cutoff conditiofEq. (4)] to the experi-

by just imposing the 3D conditiorB > ¢, in Egs.(5) and

mental data measured in samjf@ (circles. In comparing

(9), because these last equations were calculated by suppdsq. (4) with the measurements the only free parameter is

ing that the inclusion of a cutoff in the direction is not

£:(0), which has been determined by fitting Ed) to the

necessary in layered superconductors. However, this lasfata in the region 10°<e<10"!. This leads to&,(0)
simplification is not indeed adequate in the 3D case. So, we-1.1 A. As expecteal‘lothe agreement between HEg) and

first use the conditio, > € in Eq. (3) to obtairf®

e2§4(0) k4
3D\ _ -
Ao®P(e)= —— fdk[6+§2(o)k2]3. (11)

the experimental data is excellent for Fese<10"! but
appreciable differences appear already &r10 1. The
solid line in this figure corresponds to the best fit of E%),
with &.(0) andc as free parameters, to the experimental data
obtained in sampl&2 in the e region 10 °<e<5x10"1.

The paraconductivity under any cutoff condition may be cal-As it can be seen, the agreement is excellent in almost the
culated now by simply imposing in the above equation theentire e region and it leads t&.(0)=1.0A for sampleF2

corresponding limit in the integral. Then, we get

e
Ao3D(e)= 3 E00) e 2 (12)
2 arctari\c/e)  eyc
3D _ _
AUab(E:C)M_4&Tﬁg(o)| \/E (€+C)2
c32
_5(€+C)2], (13

and

arctar(\/(c—€)/€) - e\e— 61
Ve c?

Ac3P(e,c)e= ¢
abt =BT 4874 £(0)

(c— 6)3/2]

2

(14
c

for, respectively, the 3D paraconductivity without cutoff,
with momentum cutoff and with total energy cutoff. Note

that Eq.(12) may be recovered from both E(L3) and Eq.
(14) by simply imposinge<<c.

[which is well within the accepted value of.(0)=1.1
+0.1A] (Refs. 3—10 andc=0.7 [which is comparable with
the cutoff amplitude we have found in other HTSC by study-
ing the fluctuation induced diamagnetism néay (Ref.
23)]. In contrast, the dashed line, which was obtained by
using these last values @f(0) and ofc in Eq. (5), appre-
ciably differs from the data whee=0.2. Such a disagree-
ment between the experimental results and,,(e,c)y can-

not be overcome by using other values &f0) andc: A
lower value ofc will mitigate the disagreement in the high-
reduced-temperature region but it will then break the agree-
ment for 10°<e<10 1. Analogous results were obtained,
with almost the same values §§(0) andc, in the analyses

of the measurements in the sampke4 (squares and C1
(triangles. The data dispersion among our different measure-
ments(shadowed regionis mainly due to the uncertainties
in the background subtraction and notdg,(T) differences
between samples. This dispersion leads to values loé-
tween 0.5 and 1 for optimally doped Y-123 superconductors.
Note also that some differences between the theoretical
Ao,(e€,0)g and the data appear aroure=8x10 2. Al-
though they are well inside the dispersion among our differ-
ent measurements, we believe that these differences are real
and that they could be due to the crudeness of our cutoff
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procedure. In fact, such a disagreement is mitigated in thehysics. In particular, these results seem to confirm the ab-
case of those samples and/or backgrounds which lead &ence of appreciable pseudogap effectspgg(T) in these
somewhat higher values afthan the used in Fig. upper  optimally doped samples: when properly calculated, the ther-
part of the shadowed reginnHowever, the data points ex- mal fluctuations alone provide a quantitative explanation,
plicitly analyzed in Fig. 2 represent better the values ofeven well aboveT,, of the observed deviations of the lin-
Ao,p(€) measured in most of the samples. earity of the normal resistivity. These results also suggest a
Let us finally stress that the above conclusion also appliesimilar mean-field-like behavidwith different dimensional-
at least at a qualitative level, to thes(e) measurements of ity but with, apparently, a comparable cutoff strendtr the
Ref. 11 in bulk amorphous LTSC: By comparing these datdluctuating Cooper pairs in both the LTSC and these HTSC,
with Egs.(13) and (14) we have found that the best agree- whose implications on the descriptions of the superconduct-
ment corresponds to the total energy cutoff condition, and itng transition will deserve further analyses. In fact, our re-
leads toc=0.9. It will be, however, very useful to have new sults suggest that also in the normal state the smaller possible
data of the paraconductivity in the high-reduced-temperatursize of a fluctuating Cooper pair is of the orderé®). The
region in other LTSC. paraconductivity expressions under a total energy cutoff pro-
vide a useful tool to examine the behavior of the fluctuating
Cooper pairs in all the normal region not too closeTtg in
. ) o o . LTSC and in other HTSC systems and with different doping.
_ By using high quality single crystals and epitaxial thin The implications of the total energy cutoff on the behavior of
films, the in-plane paraconductivity of optimally doped giher observablegn particular, the fluctuation induced dia-

YBa,Cus07_; superconductors was determined at all re-magnetisiin the high-reduced-temperature region also de-
duced temperatures above “F0 including the so-called gerve further analyses.

high-reduced-temperature regi@bove typically 10%). Itis
then shown that these data may be explained in terms of the
Gaussian-Ginzburg-Landau approach for bilayered supercon-
ductors by introducing a total energy cutoff in the spectrum This work has been supported by the CICYT, Spain, un-
of the fluctuations, instead of the momentum cutoff approxi-der Grant No. MAT98-0371, by the CICYT-FEDER Funds,
mation always used until now. In some extent, this total enSpain, under Grant No. 1FD97-0146, and by Unkenosa
ergy cutoff takes into account the energy contribution assounder Grant No. 0666-98. M.V.R. acknowledges Professor
ciated with the localization of the two carriers #te), the  A. J. Leggett and the Fulbright Foundation for his stay in the
characteristic Cooper pair size. These results probably solvgniversity of lllinois at Urbana-Champaign. F.V. wishes to
then, at a phenomenological level, the long standing probleracknowledge the hospitality of Professor Yao Liang and Dr.
addressed in the Introduction of this paper. They may als®avid Cardwell during his stay in the IRC at the University
have implications on other general aspects of the HTS®@f Cambridge financed by the BBVA Foundation.
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