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Paraconductivity at high reduced temperatures in YBa2Cu3O7Àd superconductors
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By using high quality single crystals and epitaxial thin films, the in-plane paraconductivity in almost
optimally doped YBa2Cu3O72d , with Tc0*92 K, was determined well inside the so-called short-wavelength
fluctuation regime, which corresponds to reduced temperatures,e[ ln(T/Tc0), above typicallye50.1. 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 YBa2Cu3O72d superconductors.
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I. INTRODUCTION

Thermal fluctuations of Cooper pairs and of magnetic v
tices is one of the interesting aspects of the physics of
high temperature cuprate superconductors~HTSC!.1 In the
case of the thermal fluctuations of Cooper pairs above
superconducting transition temperature with zero app
magnetic field,Tc0 , one of the problems still open at prese
is the behavior of these fluctuations in the high-reduc
temperature region, i.e., at reduced temperaturese
[ ln(T/Tc0) higher than typically 0.1. In particular, it wa
early observed that fore*0.1 the fluctuation effects on th
electrical conductivity measured parallel to the superc
ducting CuO2 layers @the in-plane paraconductivity
Dsab(e)# in different HTSC compounds strongly disagr
with the conventional mean-field-like behavior for layer
superconductors which may be easily calculated using
Gaussian-Ginzburg-Landau~GGL! approach.2–6 This con-
trasts with theDsab(e) results for 1022&e&1021, which
may be understood at a quantitative level~both in amplitude
and e behavior! on the grounds of the GGL approach f
multilayered superconductors.3–10

A similar failure of the mean-field-like approaches to e
plain the paraconductivity in the high-reduced-temperat
region was already observed by Johnson, Tsuei,
Chaudhari11 in some low temperature superconducto
~LTSC! and it was attributed to the fact that at these hig
reduced-temperatures the GGL theory strongly overestim
the statistical weight of the fluctuations with characteris
lengths of the order ofj~0!, the superconducting coherenc
length amplitude atT50 K. These short wavelength fluctua
tions break down the ‘‘slow variation condition’’ for the su
perconducting order parameter, a central hypothesis of
GGL approach.12 In fact, this difficulty affects any Landau
type theory of the thermal fluctuations around a phase t
sition, as it was noticed for the first time by Levanyuk in t
0163-1829/2001/63~14!/144515~7!/$20.00 63 1445
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general case13 and then, in the case of the superconduct
transition, by Schmid14 and by Gollub and co-workers.15

These early results already suggested that the paracondu
ity calculated on the grounds of the GGL approaches co
be extended to the short wavelength region by introducin
momentum cutoff in the fluctuation spectrum, i.e., by impo
ing the condition11,14,15

k2,cj22~0!, ~1!

where k is the momentum~in units of the reduced Planc
constant,\! of each fluctuating mode,Ck , andc is a con-
stant~temperature independent! cutoff amplitude close to 1.
Such a procedure has already somewhat mitigated the
agreement between the theoreticalDs~e! and the experimen-
tal results arounde.0.1, but without eliminating the differ-
ences, which abovee;0.2 remain very important in both
LTSC ~Ref. 11! and HTSC.2,5,6 Although in the last years
there has been other theoretical attempts to understand
high-reduced-temperature behavior ofDsab(e) in HTSC,16

until now this problem, which concerns both the phenome
logical and the microscopic aspects of the fluctuating Coo
pairs in these materials,1,17 remains completely unsolved.

As a further attempt to understand the behavior of
thermal fluctuations of Cooper pairs in the high-reduce
temperature region (e*0.1) in HTSC, in this paper we firs
present detailed measurements of the in-plane paracon
tivity in almost optimally doped YBa2Cu3O72d(Y-123)
single crystals and epitaxial thin films in thee region
bounded by 1022&e&1, which covers more than three o
ders of magnitude in paraconductivity amplitude, and wh
allows us to deeply penetrate in the short wavelength reg
for the thermal fluctuations. We calculate thenDsab(e) on
the grounds of the bilayered GGL approximation but by ta
ing into account the short wavelength fluctuations throu
two different cutoff conditions: The conventional momentu
©2001 The American Physical Society15-1
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cutoff @Eq. ~1!# and, for the first time, by using a cutoff in th
total energyof the fluctuating modes~in units of \2/2m* ,
wherem* is the effective mass of the Cooper pairs!,

@k21j22~e!#,cj22~0!. ~2!

This last condition eliminates the most energetic fluctuat
modes and not only those with short wavelengths@which are
the only ones suppressed by Eq.~1!#. A total energy cutoff
was already suggested, on the basis of a microscopic
proach, by Patton and co-workers18 and by Nam19 when
studying the short-wavelength regime in the fluctuatio
induced-diamagnetism at high applied magnetic fields
LTSC. However, such a cutoff condition has been never u
until now to analyze the paraconductivity in LTSC or
HTSC in the high-reduced-temperature region. Its adequ
can be easily inferred on the grounds of the GGL appro
by just taking into account that the probability of each flu
tuating mode is controlled by its total energy@k21j22(e)#
and not only to its momentum.12 Therefore, the momentum
cutoff given by Eq.~1! considers fluctuation modes at hig
temperatures which, due to the shrinking of the cohere
length, are less probable than others which are eliminate
this cutoff criterion close toTc0 . This is why the use of a
momentum cutoff in the GGL approach, although it may
a reasonable approximation nearTc0 , leads to an overesti
mation of the fluctuation effects at high temperatures, wh
j~e! becomes of the order ofj~0!. We will see in this paper
that the use of the total energy cutoff given by Eq.~2! cor-
rects this failure.

II. EXPERIMENTAL DETAILS AND RESULTS

One of the main motivations of our choice of the almo
optimally doped Y-123 single crystals and epitaxial th
films, with Tc0*92 K, to determineDsab(e) in the high-
reduced-temperature region was the common assumptio
the absence of important effects on the normal in-plane
sistivity, rab(T), associated with the normal state pseudog
in this samples.20 This will avoid the possible entangleme
between both type of intrinsic effects, those associated w
the pseudogap and with the thermal fluctuations, which co
make difficult their separation, mainly in the high-reduce
temperature region. In fact, we will see here that our pres
results seem to confirm the absence of apprecia
pseudogap effects onrab(T) in these optimally doped
samples: when properly calculated, the thermal fluctuati
alone provide a quantitative explanation of the observed
viations aboveTc0 of the linearity of the normal resistivity
But, in addition, these optimally doped samples also pres
two important experimental advantages: First, at present
quite easy to grow high quality samples of this cuprate fa
ily, which probably are those that present the best stoich
metric and structural quality of all the available samples
any HTSC system. Second, it is now well established2–10,21

that rab(T) of the almost optimally doped Y-123 sample
presents at a quantitative level a linear temperature de
dence fore*1, i.e., forT*200 K and up to at least 300 K
We will see here below that these characteristics are of
cial importance for a reliable extraction of the paracond
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tivity in the high-reduced-temperature region.
The preparation and characterization procedures of

different Y-123 single crystals and epitaxial thin films us
here and also the experimental setup used to measure
in-plane resistivity as a function of the temperature ha
been reported in detail elsewhere.7,22 The general character
istics of these samples, including their in-plane resistiv
~see below!, are similar to those of the best optimally dope
Y-123 samples studied until now.3–10 The main differences
with previous paraconductivity analyses in optimally dop
Y-123 samples concern the estimation of the so-called b
or background resistivity,rabB(e), used to extract the in-
plane paraconductivity through the conventional express
Dsab(e)[rab

21(e)2rabB
21 (e).2–10 This background resistiv-

ity may be seen as the resistivity that the samples would h
in absence of thermal fluctuations effects and it may be
timated by extrapolating through the transition therab(T)
data obtained well aboveTc0 , in a temperature region wher
these fluctuation effects may be negligible. In most of t
previous works, including those that have analyzed bef
the paraconductivity in the high-reduced-temperature reg
rabB(e) was estimated by extrapolating the normal resist
ity data above typically 150 K.2–10 Such a choice of the
background region does not appreciably affectDsab(e) for
temperatures relatively close toTc0 ~for e,0.1! but its influ-
ence may be important in the high-reduced-temperature
gion ~for e.0.1!. In particular, this choice arbitrarily im-
poses Dsab(e)50 for e*0.5. In our present work we
attempt to avoid these shortcomings by locating the ba
ground region as far as possible fromTc0 , but imposing
simultaneously that such a background must reproduce
quantitative level the already very well established in-pla
paraconductivity results in Y-123 samples in thee region
bounded by 1022<e<1021.2–10This last condition provides
a convenient check for the upper limit of the temperatu
distance between the analyzed data points and the b
ground fitting region, the dispersion due to the backgrou
uncertainties being strongly amplified when this temperat
distance increases. Our systematic analyses of different b
ground regions in different samples let us to propose
background region the one to between 225 K~which corre-
sponds toe.0.9! and 275 K. Such a procedure is adequa
only in the case of high quality optimally doped Y-12
samples having at a quantitative level a linear normal s
resistivity in this temperature region. Therefore, among
the different samples we have studied, we have fina
selected those that present a linearrab(T) above 225 K, with
a rms of 0.1% or less, which extrapolates to zero resistiv
at T50 K well to within 610 mV cm and with
0.5mV cm K21<drab /dT<1 mV cm K21. We have
checked that for these samples theDsab(e) data are very
stable to small changes of extension and localization of
fitting region. For instance, by changing it from 225–275
to 200–250 K we found thatDsab(e) change less than 10%
for e,0.1 and less than 50% for 0.1,e,0.5 ~see below!.

An overview of the in-plane resistivity as a function of th
temperature for three of our samples having the above i
cated general characteristics is presented in Fig. 1~a!. The
solid lines are the corresponding resistivity backgroun
5-2
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FIG. 1. Three examples of the resistivity ve
sus temperature curves of the almost optima
doped YBa2Cu3O72d samples studied here. Th
solid lines correspond to the so-called bac
ground resistivity and they were obtained by e
trapolating the linear resistivity measured abo
225 K. For clearness, we have plotted in this fi
ure only 2% of the measured data. The scoops
~b! and~c! correspond to the epitaxial film note
F2.
an
n
ra
in

d

se-
this
which correspond then to the extrapolation through the tr
sition of their normal resistivity obtained in the regio
225 K<T<275 K. Two scoops of these results for tempe
tures aroundTc0 and well above the transition are shown
14451
-

-

Fig. 1~b! and, respectively, Fig. 1~c!. These data correspon
to theF2 film.

The in-plane paraconductivity of the three samples
lected above is shown in Fig. 2. The shadowed region in
n-
d
er
-
re-
e
i-
FIG. 2. Comparison of the in-plane paraco
ductivity measured in different optimally dope
Y-123 samples with the GGL predictions und
different cutoff conditions. In spite of the uncer
tainties associated with the background, these
sults clearly illustrate the improvement of th
GGL approach when a total energy cutoff cond
tion is used.
5-3
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figure corresponds to theDsab(e) data obtained in the othe
samples we have studied in this work. This region also c
ers theDsab(e) data obtained by other groups in high qua
ity optimally doped Y-123 single crystals,8,10 and the always
existent uncertainty in the background subtraction. In fact
some of these samples the uncertainties due to the extr
lation of the normal resistivity above 225 K must be mi
gated by just in this caseimposingthat close toTc0 ~let us
say, e5531022! the corresponding paraconductivity mu
agree with the one obtained by using as a background
normal resistivity extrapolated above 150 K. Note that
data in Fig. 2 extend over almost two orders of magnitude
reduced temperature, which correspond to more than t
orders of magnitude inDsab(e) amplitude. As we are inter
ested in studying the so-called mean-field region, were
GGL approaches are expected to apply, we have only re
sented our data fore*1022. This is because fore&1022 it
appears a differentDsab(e) behavior which may be attrib
uted to the penetration in the so-called full-critic
region.4,7–10 Note finally that, as it can be seen in Fig. 2,
the high-reduced-temperature region (e*0.1) the relative
experimental dispersion strongly increases, mainly due to
background uncertainties, and abovee;0.3 becomes of the
order or even bigger than 100%. However, we will see be
that in this temperature region the differences among
various theoretical predictions remain bigger than these
certainties.

III. PARACONDUCTIVITY UNDER DIFFERENT CUTOFF
CONDITIONS

A. Theory

The paraconductivity under different cutoff condition
may be calculated on the grounds of the phenomenolog
GGL approach by using the relationship betweenDsab(e)
and the momentum of the fluctuating modes. Such a relat
ship may in turn be easily obtained following the same p
cedure proposed in Ref. 9 to calculateDsab(e) without a
cutoff. In the case of asingle layeredsuperconductor, the
resulting expression is

Dsab~e!5
e2jab

4 ~0!

8p\ E dkzE dkxy

3
kxy

3

$e1BLD@12cos~kzs!#/21jab
2 ~0!kxy

2 %3
,

~3!

wherekz andkxy are, respectively, thez momentum and the
modulus of the in-plane momentum of the fluctuation mod
e is the electron charge,BLD[„2jc(0)/s…2 is the so-called
Lawrence-Doniach~LD! parameter which controls the fluc
tuation dimensionality,s is the superconducting layers per
odicity length, andjab(0) and jc(0) are, respectively, the
in-plane and the out-of-plane superconducting cohere
length amplitudes atT50 K. Let us stress that in applyin
Eq. ~3! to thebilayeredY-123 compound the effective per
odicity length must be equal to one half the crystallograp
14451
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periodicity of the CuO2 layers, i.e., in our cases511.7/2 Å
.5.9 Å. This approximation, that is going to be use
through all this paper, is indeed adequate to bilayered su
conductors with a similar Josephson coupling strength
tween the adjacent CuO2 layers which, as it is now well
established, is the case of Y-123.4,9

Equation~3! is general and the in-plane paraconductiv
for any cutoff criterion may be obtained by simply imposin
the corresponding upper limits on thek integrals. In the case
of the in-plane paraconductivity predicted in single layer
superconductors without any cutoff, it is only necessary
take into account that the out-of-plane spectrum of the fl
tuations is limited by the layered structure throughukzu
<p/s, whereas the integral onkxy should be carried out up
to the infinity. This leads to

Dsab~e!5
e2

16\s

1

e S 11
BLD

e D 21/2

, ~4!

which is the well-known LD expression.4

To calculateDsab(e) under a momentum cutoff, we not
first that since thez spectrum of the fluctuations is alread
modulated through2p/s<kz<p/s, the inclusion of a mo-
mentum cutoff in this direction is not necessary. For Y-12
this is a correct approach because the effective periodicit
s55.9 Å, whereasjc(0).1.1 Å and, therefore, the condi
tion ukzu<p/s is stronger thankz

2,cjc
22(0) ~if c.1, see

below!. So, Eq. ~1! becomeskxy
2 ,cjab

22(0). The in-plane
paraconductivity under the momentum cutoff criterio
Dsab(e,c)M , is then found to be

Dsab~e,c!M5
e2

16\s H 1

e S 11
BLD

e D 21/2

2
c~c1e1BLD/2!

@~c1e1BLD!~c1e!#3/2

2
1

e1c S 11
BLD

e1cD 21/2J . ~5!

This expression has two interesting asymptotic limits:
conventional LD in-plane para-conductivity, Eq.~4!, which
is recovered by imposinge!c, and the 2D limit of the para-
conductivity under a momentum cutoff which may be o
tained by just imposingBLD!e. In this last case we obtain

Dsab
2D~e,c!M5

e2

16\s F1

e
2

c

~c1e!2
2

1

e1cG , ~6!

which corresponds to theDsab(e,c)M expression first ob-
tained for this 2D limit in Ref. 6. Note that fore@c, this
expression is proportional toe23.

To obtain from Eq.~3! the in-plane paraconductivity un
der a total energy cutoff,Dsab(e,c)E , we must first note
that the total energy of the fluctuation modes is given by4,9

E~Ck!5kxy
2 1jab

22~0!@e1BLD„12cos~kzs!…/2#. ~7!
5-4
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Therefore, the total energy cutoff limits the in-plane mome
tum of the fluctuations through

kxy
2 ,@c2e2BLD„12cos~kzs!…/2#jab

22~0!, ~8!

whereaskz is restricted, as in the case of the momentu
cutoff, to the interval2p/s<kz<p/s. By introducing these
limits of integration in Eq.~3! we obtain

Dsab~e,c!E5
e2

16\s F1

e S 11
BLD

e D 21/2

2
2

c
1

e1BLD/2

c2 G .

~9!

Here again the LD limit@Eq. ~4!# can be recovered by simpl
imposing e!c, whereas the 2D limit corresponds toBLD
!e. This last gives

Dsba
2D~e,c!E5

e2

16\s S 1

e
2

2

c
1

e

c2D . ~10!

For completeness, we also calculate here theDs(e,c)
expressions for bulk isotropic~3D! superconductors unde
both cutoff conditions. These expressions cannot be obta
by just imposing the 3D condition,BLD@e, in Eqs.~5! and
~9!, because these last equations were calculated by sup
ing that the inclusion of a cutoff in thez direction is not
necessary in layered superconductors. However, this
simplification is not indeed adequate in the 3D case. So,
first use the conditionBLD@e in Eq. ~3! to obtain2,6

Ds3D~e!5
e2j4~0!

6p\ E dk
k4

@e1j2~0!k2#3
. ~11!

The paraconductivity under any cutoff condition may be c
culated now by simply imposing in the above equation
corresponding limit in thek integral. Then, we get

Dsab
3D~e!5

e2

32\j~0!
e21/2, ~12!

Dsab
3D~e,c!M5

e2

48p\j~0! H 3Farctan~Ac/e!

Ae
2

eAc

~e1c!2G
25

c3/2

~e1c!2J , ~13!

and

Dsab
3D~e,c!E5

e2

48p\j~0! H 3Farctan„A~c2e!/e…

Ae
2

eAc2e

c2 G
25

~c2e!3/2

c2 J , ~14!

for, respectively, the 3D paraconductivity without cuto
with momentum cutoff and with total energy cutoff. No
that Eq.~12! may be recovered from both Eq.~13! and Eq.
~14! by simply imposinge!c.
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Let us finally note that some of the similitudes and diffe
ences betweenDsab(e,c) for both cutoff conditions may be
easily obtained by just rewriting Eq.~2! as k2,(c
2e)j22(0), where we have assumed the mean-fielde de-
pendence of the superconducting coherence length,j(e)
5j(0)e21/2. We see, in particular, that close toTc0 , when
e!c, both cutoff conditions coincide and they will affect i
the same way not only the paraconductivity@as it can be
easily checked by comparing Eqs.~5! and ~9!# but also the
thermal fluctuation effects aboveTc0 on any other
observable.23 The main paraconductivity difference betwee
both cutoff conditions appears whene becomes of the orde
of c: Whereas under the momentum cutoff condition t
paraconductivity amplitude decreases below its value in
sence of a cutoff but it does not present any singularity
e5c, it approaches to zero at such a reduced tempera
under the total energy cutoff.

B. Comparison with the experimental data

The dotted curve in Fig. 2 corresponds to the best fit
the in-plane paraconductivity predicted by the GGL a
proach without any cutoff condition@Eq. ~4!# to the experi-
mental data measured in sampleF2 ~circles!. In comparing
Eq. ~4! with the measurements the only free parameter
jc(0), which has been determined by fitting Eq.~4! to the
data in the region 1022&e&1021. This leads tojc(0)
.1.1 Å. As expected,2–10the agreement between Eq.~4! and
the experimental data is excellent for 1022&e&1021 but
appreciable differences appear already fore.1021. The
solid line in this figure corresponds to the best fit of Eq.~9!,
with jc(0) andc as free parameters, to the experimental d
obtained in sampleF2 in the e region 1022<e<531021.
As it can be seen, the agreement is excellent in almost
entire e region and it leads tojc(0).1.0 Å for sampleF2
@which is well within the accepted value ofjc(0)51.1
60.1 Å# ~Refs. 3–10! andc50.7 @which is comparable with
the cutoff amplitude we have found in other HTSC by stud
ing the fluctuation induced diamagnetism nearTc0 ~Ref.
23!#. In contrast, the dashed line, which was obtained
using these last values ofjc(0) and ofc in Eq. ~5!, appre-
ciably differs from the data whene*0.2. Such a disagree
ment between the experimental results andDsab(e,c)M can-
not be overcome by using other values ofjc(0) and c: A
lower value ofc will mitigate the disagreement in the high
reduced-temperature region but it will then break the agr
ment for 1022&e&1021. Analogous results were obtaine
with almost the same values ofjc(0) andc, in the analyses
of the measurements in the samplesF4 ~squares! and C1
~triangles!. The data dispersion among our different measu
ments~shadowed region! is mainly due to the uncertaintie
in the background subtraction and not torab(T) differences
between samples. This dispersion leads to values ofc be-
tween 0.5 and 1 for optimally doped Y-123 superconducto
Note also that some differences between the theore
Dsab(e,c)E and the data appear arounde.831022. Al-
though they are well inside the dispersion among our diff
ent measurements, we believe that these differences are
and that they could be due to the crudeness of our cu
5-5
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procedure. In fact, such a disagreement is mitigated in
case of those samples and/or backgrounds which lea
somewhat higher values ofc than the used in Fig. 2~upper
part of the shadowed region!. However, the data points ex
plicitly analyzed in Fig. 2 represent better the values
Dsab(e) measured in most of the samples.

Let us finally stress that the above conclusion also app
at least at a qualitative level, to theDs~e! measurements o
Ref. 11 in bulk amorphous LTSC: By comparing these d
with Eqs. ~13! and ~14! we have found that the best agre
ment corresponds to the total energy cutoff condition, an
leads toc.0.9. It will be, however, very useful to have ne
data of the paraconductivity in the high-reduced-tempera
region in other LTSC.

IV. CONCLUSIONS

By using high quality single crystals and epitaxial th
films, the in-plane paraconductivity of optimally dope
YBa2Cu3O72d superconductors was determined at all
duced temperatures above 1022, including the so-called
high-reduced-temperature region~above typically 1021!. It is
then shown that these data may be explained in terms o
Gaussian-Ginzburg-Landau approach for bilayered super
ductors by introducing a total energy cutoff in the spectr
of the fluctuations, instead of the momentum cutoff appro
mation always used until now. In some extent, this total
ergy cutoff takes into account the energy contribution as
ciated with the localization of the two carriers inj~e!, the
characteristic Cooper pair size. These results probably s
then, at a phenomenological level, the long standing prob
addressed in the Introduction of this paper. They may a
have implications on other general aspects of the HT
e
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physics. In particular, these results seem to confirm the
sence of appreciable pseudogap effects onrab(T) in these
optimally doped samples: when properly calculated, the th
mal fluctuations alone provide a quantitative explanati
even well aboveTc0 , of the observed deviations of the lin
earity of the normal resistivity. These results also sugge
similar mean-field-like behavior~with different dimensional-
ity but with, apparently, a comparable cutoff strength! for the
fluctuating Cooper pairs in both the LTSC and these HTS
whose implications on the descriptions of the supercond
ing transition will deserve further analyses. In fact, our
sults suggest that also in the normal state the smaller pos
size of a fluctuating Cooper pair is of the order ofj~0!. The
paraconductivity expressions under a total energy cutoff p
vide a useful tool to examine the behavior of the fluctuat
Cooper pairs in all the normal region not too close toTc0 in
LTSC and in other HTSC systems and with different dopin
The implications of the total energy cutoff on the behavior
other observables~in particular, the fluctuation induced dia
magnetism! in the high-reduced-temperature region also d
serve further analyses.
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