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The existing mean-field-like calculations of the different direct and indirect order parameter fluctuation
~OPF! contributions to the in-plane paraconductivityDsab and fluctuation-induced magnetoconductivityDs5 ab
are extended here to layered superconductors with two different interlayer distances and different strengths of
the tunneling couplings between adjacent layers~the so-called bilayered, or biperiodic layered, superconduct-
ors!. The calculations are performed for magnetic fieldsH in the weak limit, applied perpendicular to the
superconducting layers, and at temperatures near but above theH50 mean-field transition temperature,Tc0.
We obtain final explicit expressions and find that the effects of the layer biperiodicity may be summarized
through an effective numberNe of independent fluctuating superconducting layers per unit cell length, already
encountered also in our recent calculations of the fluctuation-induced diamagnetismDxab in biperiodic layered
superconductors. Our study includes some limiting cases of the indirect contributions associated with the
density of states~DOS! fluctuations, which have been recently proposed forDsab andDs5 ab for single periodic
layered superconductors. As an application, we use then our theoretical results to analyze the paraconductivity
and the fluctuation-induced magnetoconductivity recently measured in thea direction ~nonaffected by the
presence of CuO chains! of untwinned YBa2Cu3O72d crystals. This analysis shows that the approaches based
on the conventional Lawrence-Doniach~i.e., single layered! model cannot explain simultaneously and quan-
titatively the intrinsicDsa , Ds5 a , andDxab in YBa2Cu3O72d crystals, even when the DOS contributions are
considered. In contrast, when the double periodicity of this layered superconductor is taken into account, it is
possible to explain consistently and at a quantitative level all such experimental data in the reduced tempera-
ture region aboveTc0 bounded by, approximately, 231022 and 1021, which is expected to correspond to the
mean-field region without high temperature and nonlocal effects. In the resulting biperiodic scenario, the
indirect ~i.e., Maki-Thompson and DOS! contributions to the in-planeDsa andDs5 a are negligible, confirming
our earlier findings which suggested unconventional, pair-breaking, wave pairing. Moreover, the direct OPF
effects have a dimensionality~two-dimensional–three-dimensional! crossover in the mean-field region. Our
results strongly suggest also that to understand at a quantitative level the OPF effects on any in-plane or bulk
physical observable in layered superconductors with various superconducting layers per unit cell length, it is
crucial to take into account the influence of such a multiperiodicity.@S0163-1829~96!09829-3#

I. INTRODUCTION

Due to their short coherence length amplitudes in all di-
rections, high-Tc and layered nature, the high-temperature
copper oxide superconductors~HTSC! present important or-
der parameter fluctuation~OPF! effects at easily accessible
temperature distances from their superconducting
transition.1–3 One of the magnitudes best adapted, from both
the theoretical and the experimental point of view, to study
the OPF effects in HTSC is the so-called in-plane
fluctuation-induced conductivity above the superconducting
transition, which in presence of an external magnetic field,
H, applied perpendicular to theab ~CuO2! superconducting
layers, may be defined as

Dsab~e,H ![sab~e,H !2sabB~e,H !, ~1.1!

where e[(T2Tc0)/Tc0 is the reduced temperature,Tc0 is
the mean-field superconducting transition temperature at
zero applied magnetic field,sab(e,H) is the measured in-
plane electrical conductivity, andsabB(e,H) is the so-called
in-plane background electrical conductivity~the normal con-

ductivity above the superconducting transition if the thermal
fluctuations were absent!. The usefulness ofDsab(e,H) is
strongly enhanced, mainly in the case of HTSC, by the fact
that it may be decomposed in two additive parts which may
be calculated and measured separately: the zero-magnetic-
field fluctuation-induced conductivity,Dsab(e,H50), cur-
rently called paraconductivity and henceforth noted simply
asDsab~e!, and the so-called fluctuation-induced magneto-
conductivity,Ds5 ab(e,H), which in terms ofsab(e,H) and
sabB(e,H) may be defined as

Ds5 ab~e,H ![@sab~e,H !2sab~e,0!#

2@sabB~e,H !2sabB~e,0!#, ~1.2!

so that we have forDsab(e,H),

Dsab~e,H !5Dsab~e!1Ds5 ab~e,H !. ~1.3!

The central point here is that the available experimental re-
sults in HTSC clearly indicate that the background in-plane
magnetoconductivity,sabB(e,H)2sabB(e,0), measured in
the normal region well aboveTc , is always very small, or-
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ders of magnitude smaller thanDs5 ab(e,H) measured near
Tc .

4–10 This result strongly suggests, therefore, that
Ds5 ab(e,H) may be approximated, even through the transi-
tion, as

Ds5 ab~e,H !'Ds̃ab~e,H ![sab~e,H !2sab~e,H50!.
~1.4!

i.e., as the difference between two directly measurable mag-
nitudes, without any dependence on a never well settled
background. However, for applied magnetic fields in the
weak limit ~see also below! the fluctuation-induced magne-
toconductivity measured in HTSC has been found to be also
orders of magnitude smaller than the zero-field
paraconductivity.4–10 Therefore, the two contributions to the
total fluctuation-induced in-plane paraconductivity,Dsab~e!
andDs5 ab(e,H), are complementary from both the theoreti-
cal and the experimental point of view and their simulta-
neous study may provide useful information on the OPF ef-
fects aboveTc in the HTSC.

In the case of the HTSC, the correct comparison of the
theoretical predictions forDsab~e! andDs5 ab(e,H) with the
experimental data needs also a proper account of the layered
structure of these materials. Usually, this is made by means
of the Lawrence and Doniach~LD! model of layered
superconductors,11 which just considers a stack of supercon-
ducting layers with only one interlayer distance and the same
strength of the tunneling interlayer coupling between all the
adjacent superconducting planes. Quite exhaustive calcula-
tions for bothDsab~e! andDs5 ab(e,H) within the LD model
have been already presented by several authors.11–17 How-
ever, the copper oxide superconductors have in general vari-
ous superconducting layers per unit cell length, with differ-
ent interlayer distances and different strengths of the
interlayer tunneling couplings. So, it is important to extend
the calculations ofDsab~e! andDs5 ab(e,H) indicated above
to the case of multiperiodic layered superconductors, with
different interlayer distances and tunneling coupling
strengths. In fact, previous analysis of the fluctuation-
induced diamagnetism for a~weak! magnetic field applied
perpendicular to the superconducting layers,Dxab~e!, mea-
sured in different HTSC, have shown that the multiperiodic-
ity effects play an important role in the understanding of
Dxab~e! at a quantitative level.18–20Therefore, one must ex-
pect a similar conclusion for the case ofDsab~e! and
Ds5 ab(e,H). For the zero-magnetic-field in-plane paracon-
ductivity, Dsab~e!, some important~although quite partial
and with few echo on experimentalists! theoretical results on
both the direct, or Aslamazov-Larkin~AL !, and on the
anomalous Maki-Thompson~MT! contributions toDsab~e!
in multiperiodic layered superconductors have been already
published, first by Maki and Thompson13 and later@for the
direct contribution,DsabAL(e)# by Klemm.

21 Also, some of
the results of Maki and Thompson forDsabAL(e) have been
confirmed by Baraduc and Buzdin22 for a particular limit of
the parameters involved. To our knowledge, however, the
fluctuation-induced in-plane magnetoconductivity,
Ds5 ab(e,H), has not yet been calculated until now in a mul-
tiperiodic layered superconductor. Also, the relationships
amongDsab~e!, Ds5 ab(e,H), andDxab~e!, which will pro-
vide very useful tests of consistency in comparing the theory

with the experimental data, have been studied until now only
for Dxab~e! andDsab~e! for layered superconductors with a
single periodicity.10,23,24

The main aim of this paper is twofold. First, we present
the first calculation of the two contributions toDsab(e,H),
the in-plane paraconductivity and the fluctuation-induced in-
plane magnetoconductivity, in a biperiodic layered supercon-
ductor. Then, we use these theoretical results to analyze the
paraconductivity and the fluctuation-induced magnetocon-
ductivity recently measured in thea direction ~nonaffected
by the presence of CuO2 chains! in untwinned YBa2Cu3O72d
crystals.10,24This analysis is performed consistently with the
previous analysis of the fluctuation-induced diamagnetism
measured in the same crystals.19,20 For that, in Sec. II we
introduce some preliminaries concerning the theoretical
model. Then, in Sec. III we calculate the AL and MT con-
tributions to the zero-magnetic-field paraconductivity,
Dsab~e!. Here we also extend to multiperiodic layered super-
conductors the relationship between the direct contributions
to Dsab~e! andDxab~e!. In Sec. IV, the orbital Aslamazov-
Larkin ~ALO! and the orbital Maki-Thompson~MTO! con-
tributions toDs5 ab(e,H) in a biperiodic layered supercon-
ductor are obtained. To perform our calculations, first we
find relationships~to our knowledge unnoticed up to now!
among the AL contribution to the zero-magnetic-field para-
conductivity,DsabAL(e), and the rest of the different contri-
butions arising inDsab~e! andDs5 ab(e,H). We apply then
these results to obtain explicit expressions forDsab~e! and
Ds5 ab(e,H) in the single-periodicity and biperiodic layered
cases. Also, these relationships allow us to summarize the
main effects introduced by the biperiodicity by using a single
quantity,Ne~e!, the so-called effective number of indepen-
dent fluctuating planes. A discussion of the physical meaning
of Ne~e!, that give us also some clarifying insights on the
physical differences between the order parameter fluctuations
in single-periodicity and biperiodic layered superconductors,
is presented in Sec. V. In Sec. VI, we briefly consider other
additional contributions toDsab~e! andDs5 ab(e,H) in bipe-
riodic layered superconductors: The Zeeman terms and the
contributions associated with the fluctuations of the normal
quasiparticle density of states~DOS!, these last contributions
having been recently proposed by Dorin and co-workers17

for layered superconductors with one single periodicity. Fi-
nally, in Sec. VII we compare these different theoretical re-
sults for biperiodic layered superconductors with available
experimental data onDsa~e!, Ds̃a(e,H), and Dxab~e! ob-
tained in high quality Y-123 single crystals.10,19,24The im-
plications of this comparison onDsa~e! and Ds̃a(e,H) in
the Y-123 superconductors as well as on various general as-
pects of the OPF effects aboveTc in HTSC will be also
briefly commented in this section and in the conclusions.

II. PRELIMINARY REMARKS: THE MODEL

To calculateDsab~e! andDs5 ab(e,H) in a biperiodic lay-
ered~also called bilayered! superconductor, we will assume
the usual Lawrence-Doniach~LD! mean-field free energy
functional for layered superconductors, as generalized by
Klemm to the case of several superconducting layers in a
layer periodicity length:21
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DF@C#5 (
n52`

`

(
j51

N E d2r H a0euC jnu21 (
m5x,y

\2

2mab

3US ]m2
2ie

\
AmDC jnU21a0g j uC jn2C j11,nu2J .

~2.1!

As schematized in Fig. 1, in this equationN is the number of
superconducting layers in the unit cell lengths5d11•••dN ,
and gj are the tunneling coupling constants between the
( j ,n) and (j11,n) layers, where the index (j ,n) stands for
the j51,...,N superconducting layer of thenth cell of length
s. We also use in Eq.~2.1! the values (j ,n)5(N11,n) for
the ~1,n11! layer and we consider in each (j ,n) plane a
superconducting wave functionCjn(x,y). As we are inter-
ested only in the Gaussian fluctuation regime, in Eq.~2.1! we
have neglected terms in powers higher thanuCu2. Also,mab
is the in-plane effective mass of the superconducting pairs
~we neglect the possible in-plane anisotropy!, \ and e are,
respectively, the reduced Plank constant and the electron
charge, anda0 is a normalization constant relatingmab to the
corresponding correlation length throughjab(e)
5jab(0)e

21/25\/(2maba0e)
1/2. In Eq. ~2.1!, a weak mag-

netic field,H, applied perpendicular to the superconducting
planes has been introduced by means of the usual gauge-
invariant substitution]m→]m22ie\21Am in the H50 free
energy expression. We used the gauge choice
A5~2m0Hy,0,0!, whereA is the electromagnetic vector po-
tential andm0 is the vacuum permeability. This choice sim-

plifies DF@C# eliminating the magnetic-field dependence of
the tunneling couplings.

The z-direction spectrum of fluctuations resulting from
the aboveDF@C# functional is composed byN different
branches,v jkz

, with j51,...,N and2p/s,kz,p/s.21 For
the casesN51 and 2, thesev jkz

are given by

v jkz
5H 2g1~12coskzs!

g11g21~21! j11Ag1
21g2

212g1g2coskzs
~ for N51!,
~ for N52!. ~2.2!

Such a spectrum allows one to obtain thec-direction
Ginzburg-Landau~GL! correlation length via its usual rela-
tionship with the effective mass of the superconducting pairs,
mc5a0

21\2(]2v/]kz
2)vmin

21 . This corresponds to jc(e)

5jc(0)e
21/2, where the amplitudejc~0! may be given in

terms of the model parameters as

jc~0!55 sS
1

g1
D 21/2

~for N51!,

s

&
S 1g1

1
1

g2
D 21/2

~ for N52!.

~2.3!

Other aspects of this multilayered model may be seen in the
original paper of Klemm21 and also in Ref. 20.

III. PARACONDUCTIVITY

Two different kinds of contributions to the in-plane para-
conductivity may be considered.2,3,25–27 First, there is the
director Aslamazov-Larkin~AL ! contribution, just reflecting
the conductance of the short-lived thermally activated Coo-

per pairs. In addition, the appearance aboveTc0 of such
Coopper pairs may also change the responses to external
fields of the normal carriers of the material. The latter pro-
duce the so-calledindirect contributions of the thermal fluc-
tuations. In this section, we consider the direct AL contribu-
tion, notedDsabAL(e), and the indirect anomalous Maki-
Thompson contribution, notedDsabMT . The total in-plane
paraconductivity will be then given by

Dsab~e!5DsabAL~e!1DsabMT~e!. ~3.1!

We note that also other indirect contributions toDsab~e!, as
the ones produced by the fluctuations of the normal carrier
density of states~DOS!, have been recently proposed by
Dorin and co-workers for single layered superconductors.17

A discussion of such possible additional indirect contribu-
tions in the case of biperiodic layered superconductors is
deserved to Sec. VI.

A. The Aslamazov-Larkin contribution

To obtainDsabAL(e), we apply toDF@C# given by Eq.
~2.1! the procedure proposed by Abrikosov in Ref. 28~based

FIG. 1. Schematic view of the superconducting layers in layered
superconductors with one~N51! or two ~N52! layers per unit cell
length ~called in this work single and, respectively, biperiodic lay-
ered superconductors!, with a summary of our notation. The index
( j ,n) denotes thej51,...,N superconducting layer of thenth cell
of lengths5d11•••dN . The tunneling coupling constant between
the (j11,n) and the (j ,n) layers is notedgj .
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on the standard GL-like Schmid’s formalism29!. We obtain
thenDsabAL(e) in terms ofv jkz

as

DsabAL~e!5
e2

32p\ (
j51

N E
2p/s

p/s dkz
e1v jkz

. ~3.2!

The importance of this expression is twofold. First, it allow
the direct calculation of explicit expressions for
DsabAL(e), as we discuss below. But, in addition, we will
see that this expression allows us to demonstrate various use-
ful relationships betweenDsabAL(e) and other fluctuation-
induced contributions toDsab~e!, Ds5 ab(e,H), andDxab~e!,
this last being the fluctuation-induced diagmagnetism for a
weak magnetic field applied perpendicularly to theabplanes.
In fact, in the case ofDxab~e! such a relationship may be
directly obtained by just noting that Eq.~3.2! involves the
same summation-integration as the Eqs.~7! and ~10! of our
previous calculation ofDxab~e! in Ref. 20. So, we get~in
mksa units!

Dxab~e!/T

DsabAL~e!
5
16m0kBjab

2 ~0!

3p\
52.793105jab

2 ~0!.

~3.3!

Note that this relationship~already proposed in Ref. 23 for
theN51 case! will apply to the measured in-plane paracon-
ductivity only if the indirect contributions toDsab~e! are
negligible ~see later!.

From Eq.~3.2! Dsab~e! may now be obtained: for one
single periodicity~i.e., N51!, we get the well-known LD
result11

DsabAL
N51 ~e!5

AAL

e S 11
BLD

e D 21/2

. ~3.4!

HereAAL andBLD are the AL paraconductivity amplitude25

and, respectively, the Lawrence-Doniach parameter,11 given
by

AAL[
e2

16\s
, BLD[S 2jc~0!

s D 2. ~3.5!

For a biperiodic layered superconductor~i.e., forN52!, Eq.
~3.2! lead to

DsabAL
N52 ~e!5Ne~e!DsabAL

N51 ~e!, ~3.6!

whereNe~e!, henceforth called the effective number of inde-
pendent fluctuating superconducting layers, is given by

Ne~e!5S 141c1b1c2b
21c1

2b3

11 c̃1b1 c̃2b
21c1

2b3
D 21/2

. ~3.7!

Here b is a shorthand forb[BLD/e and c1 ,c2 ,c̃1 ,c̃2 are
coefficients with dependence only on the tunneling-coupling
ratio, g1/g2, between adjacent layers, as

c15
1

2

~g1 /g211!2

g1 /g2
, c̃152c111,

~3.8!

c25c1
21

1

2
c1 , c̃25c1

212c1 .

A plot of Ne is shown in Fig. 2~a!, and a discussion of its
physical meaning will be presented in Sec. V. Note that Eqs.
~3.5!–~3.8! include the results proposed by Maki and
Thompson in Ref. 13 for biperiodic layered superconductors.
This may be seen by using Eq.~2.3! and identifying the
microscopic parametersK andG used by Maki and Thomp-
son asK5g1 andG5g2. The expression of Baraduc and
Buzdin22 for DsabAL

N52 (e), valid only for g1@g2, may also be
easily obtained as a particular case of our results.

B. The Maki-Thompson contribution

To calculateDsabMT(e) in the case of a multiperiodic
layered superconductor, we apply the same procedure al-
ready used for layered superconductors with a single period-
icity by Hikami and Larkin.12 We get

FIG. 2. ~a! Effective number,Ne , of independent fluctuating
superconducting planes per unit cell length,s, and ~b! mean-field
critical exponent,x @as defined in Eq.~5.2!#, in a biperiodic layered
superconductor as a function of the reduced temperature in units of
the Lawrence-Doniach crossover parameter,BLD , and for different
values of the relative tunneling coupling strength,g1/g2, between
adjacent superconducting layers. As discussed in Sec. V, the plot
reveals two combined crossovers: theNe51 to 2 crossover, and the
dimensional 3D–2D crossover~i.e., x521/2 to21!. The limit for
one single periodicity layered superconductors~N51! corresponds
to g1/g2→` with BLDÞ0. See main text for details.
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DsabMT~e!5
2

e2ef
E

ef

e

de8DsabAL~e8!, ~3.9!

where ef is the pair-breaking parameter~see below! and
DsabAL(e8) is given again by the summation-integration ap-
pearing in Eq.~3.2!. Therefore, we see thatDsabMT(e) may
be written in terms of the AL contribution, in the form of a
mean value ofDsabAL(e) over the reduced temperaturesef
and e. This relationship~to our knowledge unnoticed up to
now! is valid for all the multiperiodicities of the layering, as
well as for the three-dimensional~3D! and 2D limits. The
pair-breaking parameteref appearing in Eq.~3.9! is given
by12,17

ef[
t

tf
FCS 12D1

\

4pkBtT
C8S 12D2CS 121

\

4pkBtTD G ,
~3.10!

wheret is the scattering time,tf is the phase pair-breaking
time ~with tf>t, according to the Matthiessen rule30!, C is

the digamma function, andC8 its derivative. In the dirty and
clean limits ~i.e., tT!1 and, respectively,tT@1, in kB/\
units!, Eq. ~3.10! may be reduced to12,16,17

ef5
p\

8kBTtf
~dirty limit !, ~3.11a!

ef5
p\

8kBTtf

7z~3!\

2p3kBTt
~clean limit), ~3.11b!

wherez(x) is the Riemann function andz~3!51.202. In view
of Eq. ~3.9!, DsabMT(e) for N51 and 2 may be obtained
from the corresponding expressions forDsabAL(e). For
N51, we get

DsabMT
N51 ~e!5

2AAL

e2ef
lnS e

ef
S 11A11BLD /e

11A11BLD /ef
D 2D ,

~3.12!

and for a biperiodic layering

DsabMT
N52 ~e!5

4AAL

e2ef
lnS e

ef

A112c1BLD /e1A112c1BLD /e12c1~BLD /e!2

A112c1BLD /ef1A112c1BLD /ef12c1~BLD /ef!2
D . ~3.13!

Equations~3.12! and ~3.13! include the results proposed for
N51 by Hikami and Larkin in Ref. 12 and forN52 by Maki
and Thompson in Ref. 13~in the last case, by doing the same
identificationsK5g1 andG5g2 mentioned in the previous
subsection!. Moreover, note as well that Eq.~3.9! shows that
the biperiodicity effects onDsabMT(e) are also accounted by
Ne .

IV. FLUCTUATION-INDUCED
MAGNETOCONDUCTIVITY

It is now well established in single-periodic layered su-
perconductors that, for a weak magnetic field applied perpen-
dicular to the layers, the fluctuation-induced in-plane magne-
toconductivity,Ds5 ab(e,H), may be approximated as12–15

Ds5 ab~e,H !5Ds5 abALO~e,H !1Ds5 abMTO~e,H !, ~4.1!

whereDs5 abALO(e,H) andDs5 abMTO(e,H) are the so-called
orbital-Aslamazov-Larkin~ALO! and, respectively, orbital-
Maki-Thompson~MTO! contributions to the magnetocon-
ductivity, produced by the coupling of the magnetic field
with the orbital motion of the electrical carriers of the mate-
rial. In Eq. ~4.1!, we have not considered the so-called Zee-
man fluctuation-induced terms, which reflect the Zeeman
splitting effects, due to the coupling of the magnetic field
with the carriers’ spin, on the AL and MT contributions to
the paraconductivity. In the HTSC, these last effects are neg-
ligible for weak magnetic fields applied perpendicular to the
superconducting layers.5–10 Also, as before for theH50
case, we are not going to take here into account the possible
DOS contributions. We will include, however, an appropri-
ate discussion of these different contributions in Secs. VI and

VII. So, the central aim of this section is to present calcula-
tions of Ds5 abALO(e,H) and ofDs5 abMTO(e,H) in a biperi-
odic layered superconductor with a magnetic field applied in
the c direction. The magnetic field is assumed in the so-
called weak limit, given by31,32

h[
2em0jab

2 ~0!H

\
5

H

Hc2
ic ~0!

!e, ~4.2!

whereH c2
ic (0) is the amplitude~for T50 K! of the upper

critical magnetic field parallel to thec direction andh is the
so-called reduced magnetic field applied in thec direction.
The possible high magnetic-field effects31,32 which may ap-
pear~already in the modelization presented in Sec. II! if the
conditionh!e is not verified will be not discussed here.

A. The orbital Aslamazov-Larkin contribution

To calculate the orbital Aslamazov-Larkin~ALO! magne-
toconductivity in a layered superconductor with several pe-
riodicities, we will use again the procedure proposed by
Hikami and Larkin to calculateDs5 ab(e,H) in a single-
periodicity layered superconductor.12 So, we consider first
Ds5 abALO

(qz) (e,H), the part of the ALO magnetoconductivity
arising from the in-plane spectrum of fluctuations for a given
z-direction fluctuational stateqz . This part simply coincides
with the ALO contribution for a 2D film of thickness unity
and at a reduced temperaturee1vqz

, wherevqz
is the fluc-

tuational spectrum of thez-direction stateqz .
33,34 Then, we

sum over all theqz . In the multiperiodic layered case, as
shown in Sec. II, such a fluctuational spectrum corresponds
to thev jkz

given by Eq.~2.2!, and theqz sum corresponds to
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the summation overj51,...,N and integration ofkz/2p over
2p/s<kz<p/s. We obtain then

Ds5 abALO~e,H !5
2h2e2

64p\ (
j51

N E
2p/s

p/s dkz
~e1v jkz

!3
. ~4.3!

In this expression, we have retained only terms at the second
order in the reduced magnetic fieldh, in accordance with our
previous assumption on its smallness@see Eq.~4.2!#. By us-
ing in Eq. ~4.3! derivation with respect toe, we obtain a
relationship between the AL in-plane paraconductivity and
the ALO in-plane magnetoconductivity with a weak perpen-
dicular magnetic field,

Ds5 abALO~e,H !5
2h2

4

]2DsabAL~e!

]e2
. ~4.4!

Such a relationship, expressingDs5 abALO(e,H) in terms of
DsabAL(e), is the equivalent of Eq. ~3.9! relating
DsabMT(e) and DsabAL(e). It allows us to obtain the ex-
plicit expressions forDs5 abALO(e,H) by using the ones ob-
tained above forDsabAL(e). Also, as it was the case of the
Eq. ~3.9! for DsabMT(e), Eq. ~4.4! clearly indicates that the
effects of a biperiodic layering, that appear onDsabAL(e)
throughNe , are transmitted toDs5 abALO(e,H) via that rela-
tionship. ForN51, Eqs.~3.4! and ~4.4! lead to

Ds5 abALO
N51 ~e,H !5

2h2

e2 F11BLD /e13/8~BLD /e!2

214BLD /e12~BLD /e!2G
3DsabAL

N51 ~e!, ~4.5!

which is the result first proposed forN51 by Hikami and
Larkin.12 By using Eqs.~3.6! and ~4.4!, we obtain for the
N52 case,

Ds5 abALO
N52 ~e,H !5

2h2

e2 F4S P1

P0
D 22S P1

P0
1
Q1

Q0
D 2

32
P2

P0
1
Q2

Q0
GDsabAL

N52 ~e!, ~4.6!

where P0, P1, P2 and Q0, Q1, Q2 are polynomials on
b[BLD/e5„2jc(e)/s…

2, with coefficients depending only on
g1/g2 through the quantitiesc1, c2, c̃1, and c̃2 :

P0511~114c1!b14~c11c2!b
214~c1

21c2!b
314c1

2b4,

P15~1/41c1!b12~c11c2!b
213~c1

21c2!b
314c1

2b4,

P25~1/41c1!b13~c11c2!b
216~c1

21c2!b
3110c1

2b4,

Q05414c̃1b14c̃2b
214c1

2b3,

Q15213c̃1b14c̃2b
215c1

2b3,

Q25316c̃1b110c̃2b
2115c1

2b3. ~4.7!

B. The orbital Maki-Thompson contribution

To calculate orbital-Maki-Thompson magnetoconductiv-
ity, Ds5 abMTO(e,H) in a layered superconductor with several
periodicities, we will proceed in a quite similar way as we

have done above forDsabMT(e) and forDs5 abALO(e,H). We
first considerDs5 abMTO

(qz) (e,H), the MTO contribution due
only to the in-plane fluctuational energy, which is given by
the result valid for 2D films of thickness unity at reduced
temperaturese1vqz

and with pair breaking parameteref

1vqz
.12,34,35Then, we sum over all thez-direction fluctua-

tional statesqz , given for the multiperiodic layered super-
conductors by Eq.~2.2!. At lowesth2 order, we obtain then
for Ds5 abMTO(e,H),

Ds5 abMTO~e,H !5
e2

96p\

h2

e2ef
(
j51

N S E
2p/s

p/s dkz
~e1v jkz

!2

2E
2p/s

p/s dkz
~ef1v jkz

!2D . ~4.8!

As before forDs5 abALO(e,H), differentiation with respect to
e and ef leads us to a direct relationship between the AL
zero-field paraconductivity and the orbital Maki-Thompson
magnetoconductivity in the weak magnetic-field limit,

Ds5 abMTO~e,H !5
21

3

h2

e2ef
S ]DsabAL~e!

]e

2
]DsabAL~ef!

]ef
D . ~4.9!

Through these dependences, we may get now explicit ex-
pressions for Ds5 abMTO(e,H) by simply using the
DsabAL(e) results. ForN51, we obtain

Ds5 abMTO
N51 ~e,H !5

h2

e2ef
F S 21BLD /e

11BLD /e
D DsabAL

N51 ~e!

6e

2S 21BLD /ef

11BLD /ef
D DsabAL

N51 ~ef!

6ef
G ,

~4.10!

a result first proposed by Hikami and Larkin.12 ForN52, we
obtain

Ds5 abMTO
N52 ~e,H !5

h2

e2ef
F SR1~e!

R0~e!
2
S1~e!

S0~e!
D DsabAL

N52 ~e!

6e

2SR1~ef!

R0~ef!
2
S1~ef!

S0~ef!
D DsabAL

N52 ~ef!

6ef
G ,

~4.11!

whereR0, R1, S0, andS1 are given by

R0~e!511 c̃1b1 c̃2b
21c1

2b3,

R1~e!5213c̃1b14c̃2b
215c1

2b3,

S0~e!51/41~1/41c1!b1~c11c2!b
21~c1

21c2!b
31c1

2b4,

S1~e!5~1/41c1!b12~c11c2!b
213~c1

21c2!b
314c1

2b4.
~4.12!

Here we have used again the notationb[BLD/e.
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V. EFFECTIVE NUMBER OF INDEPENDENT
FLUCTUATING PLANES IN A BIPERIODIC

LAYERED SUPERCONDUCTOR

In view of the results of the preceding sections, the main
relevant quantity determining the effects of the layer biperi-
odicity on the in-plane paraconductivity and fluctuation-
induced magnetoconductivity~for weak magnetic fields! is
the coefficientNe~e/BLD ,g1/g2!, given by the Eq.~3.7!. First
of all, suchNe directly summarizes@see Eq.~3.6!# theN52
effects on the direct AL contribution to the paraconductivity,
DsabAL(e). Added to that, we have shown that the rest of
the until here considered contributions to the paraconductiv-
ity and fluctuation-induced magnetoconductivity@i.e.,
DsabMT(e), Ds5 abALO(e,H), and Ds5 abMTO(e,H)# may be
related to such AL direct contribution, and soNe determines
the biperiodicity effects also in these contributions. In fact,
the same conclusion will be valid as well for the Zeeman
contributions toDs5 ab(e,H), discussed in Sec. VI below.
Moreover, our previously published calculations20 of the
fluctuation-induced diamagnetism for weak magnetic fields
applied perpendicular to theab planes,Dxab~e!, shows that
the sameNe~e/BLD ,g1/g2! relates as wellDx ab

N52~e! to
Dx ab

N51~e! @note here Eq.~3.3!#. Finally, in Ref. 20 we have
shown thatNe indeed summarizes the biperiodicity effects
already in the effective, or thermodynamic, GL free energy,
^DF&, that gives rise to such a fluctuation-induced diamag-
netism, so that

^DF&N525Ne~e!^DF&N51. ~5.1!

All these results strongly suggest that, in analogy with the
equipartition of the free energy by uncoupled degrees of
freedom,Ne may be seen as an effective number of indepen-
dent fluctuating planes in a unit cell. This physical meaning
of Ne is confirmed by its limiting values~1<Ne<2! and by
its behavior with respect to the parameters of the system.
Such a behavior has been summarized in Fig. 2~a!, whereNe
has been shown as a function ofe/BLD and ofg1/g2. In this
figure, and in what follows, we consider only values ofg1/g2
higher or equal to one,g1/g2>1, because our final expres-
sions remain invariant if we interchange theg1 andg2 val-
ues.

To characterize the differences between the order param-
eter fluctuations~OPF! configurations of theN52 and 1 lay-
ered superconductors, it will be also useful to introduce, in
addition toNe , the mean-field critical exponent,x, of the
direct in-plane paraconductivity, defined as the slope of
DsabAL(e) in a log-log representation, i.e.,

x~e![S ] ln DsabAL~e!

] ln e D
g1 /g2

. ~5.2!

The exponentx takes values bounded by the pure 3D and 2D
results ~x521/2 and, respectively,x521!, so informing
about the dimensional behavior of the OPF. In Fig. 2~b! we
show a plot ofx as a function ofe/BLD and ofg1/g2. The
results presented in Figs. 2~a! and 2~b! clearly illustrate one
of the main differences between theN52 and the single-
periodicity ~or N51! layered superconductors: Whereas the
exponent crossover between the 3D limit~x521/2! and the
2D limit ~x521! appears in both cases, theNe crossover

betweenNe51 and 2 is present forN52, but it is absent in
the single periodicity layered superconductors, withN51.
This last difference affects directly the amplitude ofDsab~e!
and ofDs5 ab(e,H) and it is, therefore, crucial in comparing
with the experimental data~see Sec. VII!.

The differences between theN51 and 2 cases concern
also the possible OPF limiting behaviors. In the conventional
N51 case, these limiting behaviors are associated with the
relationship betweenjc~e! ands and, therefore, as it is well
known, there are three possibilities~each of them with a
different dimensional exponent,x, but which indeed lead al-
ways toNe51!.

~i! jc(e)@s, wherex521/2, and where the OPF are 3D.
~ii ! jc(e)'s, that corresponds to the 2D–3D crossover.
~iii ! jc(e)!s, wherex521 and the OPF are 2D.
However, in theN52 case, the situation is slightly more

complex, and the different possible behaviors will be given
by the different combinations of the values ofjc(e)/s and
g1/g2 ~or, equivalently, by the different possible combina-
tions ofx andNe!. For instance, in contrast to theN51 case,
for N52 it is possible to have three different 2D behaviors.

~i! The case characterized byx521 andNe52, in which
each superconducting layer undergoes fluctuations com-
pletely uncorrelated to the other layers.

~ii ! The case characterized byx521 andNe51, in which
the system is composed by superconducting sheets, each one
fully uncorrelated to the others, but each sheet being in turn
composed by two layers so strongly correlated between them
that each bilayer may be considered as a single 2D supercon-
ducting plane without internal structure.

~iii ! The case characterized byx'21 andNe crossing
over the values 1 and 2. Here the system presents again
uncorrelated superconducting bilayers, but now composed by
two superconducting layers with some correlation between
them ~intermediate between the former cases!. In this last
case, each bilayer presents a frustrated internal 3D structure,
and in consequence the value of the exponent differs some-
thing from the 2D value~x521!, as it can be seen in the Fig.
2. To our knowledge, this mesoscopic effect in biperiodic
layered superconductors has not been tested experimentally
up to now.

Finally, let us inspect here the influence ofg1/g2 on
Ds ab

N52~e! andDs5 ab
N52(e,H) @and onDx ab

N52~e!#. For that,
we first note that the results of Secs. III and IV@and of Ref.
20 forDxab~e!# have shown that all the dependences of these
physical quantities ong1/g2 arise throughNe , which may
take the two limiting values@if jc~0!Þ0#

Ne51, for g1 /g2→`, ~5.3!

and @by making g1/g251 in Eq. ~3.7! and factorizing the
resulting polynomials#,

Ne52S 11
BLD

e

114
BLD

e

D 21/2

, for g1 /g251. ~5.4!

In the first limit ~g1@g2!, the tunneling interaction between
the more coupled superconducting planes is so strong that
these planes are, in all the mean-field-like region, equivalent
to a single layer without internal structure. It is then easy to
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check that in this case the expressions forDs ab
N52~e! and

Ds5 ab
N52(e,H) @and also forDx ab

N52~e!#, given by Eqs.~3.6!,
~3.13!, ~4.6!, ~4.11!, and ~3.3!, coincide with theN51 ex-
pressions with the same unit cell lengths5d11d2 @given by
Eqs.~3.4!, ~3.12!, ~4.5!, ~4.10!, and~3.3!#. Note that, in fact,
this is the limit used until now, without other justification
than its simplicity, by most of the authors in analyzing the
OPF effects on different observables in the multiperiodic
layered high-Tc cuprates.

3–9,36,37

In the opposite limit~i.e., for g15g2!, the biperiodic sys-
tem will become equivalent to a layered superconductor with
a single periodicity, but now withs/2 as characteristic length,
instead of the unit cell lengths. It is easy to see, by using Eq.
~5.4!, that in this last caseDs ab

N52(e,H) is again given by
theN51 expressions, but withs/2 instead ofs in the expres-
sions ofAAL andBLD @i.e., in Eq.~3.5!#. In other words, in
theseg1/g2 limits, theN52 expressions forDsab(e,H) @and
Dxab~e!# may be written as forN51, but substituting the unit
cell length,s, by an effective interlayer distance,de , given
by

de5 H s,s/2, for g1 /g2→`,
for g15g2 .

~5.5!

VI. OTHER CONTRIBUTIONS TO THE
PARACONDUCTIVITY AND TO THE FLUCTUATION-

INDUCED MAGNETOCONDUCTIVITY

A. Zeeman contributions

We have neglected so far the effects of the Zeeman split-
ting on the fluctuation-induced magnetoconductivity, first in-
troduced by Aronov, Hikami, and Larkin14 and Thompson.15

As it is now well established,5–10these contributions are neg-
ligible in the HTSC for weak magnetic fields applied perpen-
dicular to the layers. However, these contributions are im-
portant forH applied parallel to the layers. Therefore, for
completeness, we are going to calculate here, for a biperiodic
layered superconductor, these terms. This may be easily
done by taking into account that, as first showed in Refs. 14,
15, and 38, the Zeeman effect produced onDs5 (e,H) by an
external field may be summarized by means of a shift of the
critical temperature given by

eZ~H ![e17z~3!S mBH

2pkBTc
D 2, ~6.1!

wherez(x) is the Riemann function@with z~3!51.202# and
mB5e\/2me2 is the Bohr magneton. The Zeeman contribu-
tions are then given by

Ds5 abALZ~e,H !5DsabAL„eZ~H !…2DsabAL~e!,
~6.2a!

Ds5 abMTZ~e,H !5DsabMT„eZ~H !…2DsabMT~e!,
~6.2b!

whereDsabAL(e) andDsabMT(e) are theH50 expressions
obtained in Sec. III. One may expand the above expressions
in powers of the weak magnetic field up to orderh2, in
accordance with theh!e condition stated in Eq.~4.2!. We
obtain then for the ALZ contribution in the single periodicity
~N51! superconductors,

Ds5 abALZ
N51 ~e,H !5

27z~3!

2e S mBH

2pkBTc
D 2 21BLD /e

11BLD /e

3DsabAL
N51 ~e!, ~6.3!

a result already proposed by Aronov, Hikami, and Larkin in
Ref. 14. For biperiodic layered superconductors~N52!, we
find

Ds5 abALZ
N52 ~e,H !5

27z~3!

2e S mBH

2pkBTc
D 2SR1~e!

R0~e!
2
S1~e!

S0~e! D
3DsabAL

N52 ~e!. ~6.4!

In the case of the MTZ contribution, we obtain, for all the
values ofN,

Ds5 abMTZ~e,H !5
27z~3!

e2ef
S mBH

2pkBTc
D 2

3„DsabMT~e!22DsabAL~e!…,

~6.5!

a result which coincides whenN51 with the expression al-
ready proposed by Thompson15 for single periodicity layered
superconductors. Finally, let us stress here that these expres-
sions hold forH perpendicular or parallel to theab super-
conducting planes.

B. Density of states contributions

Our above calculations of the MT contributions to
Dsab(e,H) are based on the grounds of the standard first-
order perturbative diagrammatic techniques that Maki and
Thompson applied in their original works,26,27 assuming a
Fermi-liquid BCS-like behavior of the electrical carriers.
Quite recently, however, the effects introduced by some fur-
ther perturbative orders were considered by several authors,
mainly addressed by the study of the striking experimental
features of the paraconductivity in thec direction,
Dsc(e,H), of the HTSC compounds.17,39–41 In what con-
cerns the in-plane paraconductivity and fluctuation-induced
magnetoconductivity, the same calculations have been intro-
duced by Dorin and co-workers for layered superconductors
with a single periodicity.17 Here, we will just extend these
last results to two particular limits, characterized byg15g2
and g1@g2, of the biperiodic layered superconductors. We
will see in the next section that these two limits are particu-
larly useful in analyzing the experimental data measured in
Y-123 crystals.

In the N51 case, the new contributions to the in-plane
paraconductivity may be written as17

DsabMTR~e!54kMTRAs lnS e

4
~11A11Bs /e!2D ,

~6.6a!

DsabDOS~e!54kDOSAs lnS e

4
~11A11Bs /e!2D ,

~6.6b!

whereDsabMTR(e) andDsabDOS(e) are the so-called regu-
lar Maki-Thompson and, respectively, density of states
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~DOS! contributions. This last contribution may be related to
the variation, produced by the appearance of the Cooper
pairs, of the density of states of the normal carriers. In Eq.
~6.6!, the constantsAs andBs are given by

As5AAL , Bs5BLD ~ if N51!, ~6.7!

andkMTR andkDOS are parameters depending on the relax-
ation time of the normal carriers,t, as

kMTR[

C8S 121
\

4pkBtTD2C8S 12D2
\

4pkBtT
C9S 12D

p2FCS 12D1
\

4pkBtT
C8S 12D2CS 121

\

4pkBtTD G , ~6.8a!

kDOS[

C8S 121
\

4pkBtTD2
\

2pkBtT
C9S 12D

p2FCS 12D1
\

4pkBtT
C8S 12D2CS 121

\

4pkBtTD G , ~6.8b!

whereC(x), C8(x), andC9(x) are the digamma function
and its derivatives. In the clean and dirty limits these expres-
sions may be reduced to17

kMTR50.3455, kDOS50.691 ~dirty limit !,
~6.9a!

kMTR50.5865, kDOS59.384S kBtT

\ D 2 ~clean limit!.

~6.9b!

In accordance with Eq.~5.5!, the regular-MT and DOS con-
tributions to the in-plane paraconductivity in a biperiodic
layered superconductor may be now directly obtained in the
g15g2 andg1@g2 limits by just using in Eq.~6.6! the new
As andBs given by

As52AAL , Bs54BLD ~ if N52 and g15g2!,
~6.10a!

As5AAL , Bs5BLD ~ if N52 and g1@g2!.
~6.10b!

In the case of the in-plane fluctuation-induced magneto-
conductivity, these contributions are given, forN51, by17

Ds5 abMTR~e,H !5
h2kMTRAs

3e2

21
Bs

e

S 11
Bs

e D 3/2, ~6.11a!

Ds5 abDOS~e,H !5
h2kDOSAs

3e2

21
Bs

e

S 11
Bs

e D 3/2. ~6.11b!

Again, for N52 in the g15g2 and g1@g2 limits, the same
expressions are applicable if we use forAs andBs the values
given by Eq.~6.10! instead of theN51 values given by Eq.
~6.7!.

VII. AN EXAMPLE OF APPLICATION: ANALYSIS
OF THE IN-PLANE EXPERIMENTAL DATA

OBTAINED IN UNTWINNED YBa 2Cu3O72d CRYSTALS

As an example of their interest, we are going to use here
our theoretical results on the in-plane paraconductivity and
fluctuation-induced magnetoconductivity in biperiodic lay-
ered superconductors to analyze the data obtained by Pomar
and co-workers10,24 in the a direction of two untwinned
YBa2Cu3O72d ~Y-123! crystals. The high quality of these
almost full oxygenated Y-123 crystals, withTc.92 K and a
resistive upper half width of less than 0.1 K, and also the
reproducibility of the data from sample to sample well to
within the 15% of the estimated experimental uncertainty,
strongly suggests that theseDsa~e! andDs̃a(e,H) data must
be close to the intrinsic ones.42,43Let us stress here that in the
a direction these fluctuation-induced effects are due solely to
the CuO2 superconducting layers, without any contribution
from the CuO chains also present in this compound and
which role on the transport properties in theb direction is not
well settled up to now. As a crucial test of consistency, si-
multaneously we will briefly analyze also, in terms of our
previous theoretical results for the fluctuation-induced dia-
magnetism in biperiodic layered superconductors,20 the
available experimental data onDxab~e! measured in the weak
magnetic-field limit in the same crystals.19 Moreover, as it
was shown in Ref. 20, the OPF effects onxc~e!, the magnetic
suseceptibility for weak magnetic fields applied in theab
planes, may be neglected in this case. So, for the three dif-
ferent observables, theH50 mean field critical temperature,
Tc0, which is never directly accessible, was estimated from
measurements ofxc~e!. TheseDsa~e! andDs̃a(e,H) experi-
mental data were already compared with the AL contribution
~i.e., neglecting any indirect contribution! for N52 with
g15g2.

10,24 So, we will extend here these results to other
g1/g2 values and, mainly, we will analyze in detail the pos-
sible relevance of the indirect contributions, included the
DOS and MTR terms recently proposed by Dorin and
co-workers,17 on both the in-plane paraconductivity and the
fluctuation-induced magnetoconductivity. Until now these
last contributions were used to analyze only the experimental
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data obtained in the transversal~perpendicular to theab
plane! direction of different HTSC. So, the interest of our
present analysis is enhanced by the fact that these indirect
contributions are confronted with high quality in-plane ex-
perimental data.

A. The one single periodicity approach

We will first check if the conventional approach for lay-
ered superconductors with one single periodicity~N51! and
with the anomalous MT term as the only indirect contribu-
tion is compatible with the experimentalDsa~e!, Ds̃a(e,H),
and Dxab~e! data in Y-123 crystals. As noted before, this
conventional approach, that corresponds to the limit
g1/g2→` of theN52 theory and which leads toNe51, was
used by many of the authors, without other justification than
its simplicity, in analyzing their data in biperiodic layered
superconductors.3–9,37,42 In this case, the AL and the MT
contributions are given by, respectively, Eqs.~3.4! and
~3.12!. In Fig. 3~a!, the average values of the paraconductiv-
ity measured in thea direction of two Y-123 crystals having
a central part without twins is compared with the theoretical
Ds ab

N51~e!. The solid line in this figure corresponds to the
best fit of Eq.~3.1!, with DsabAL(e) andDsabMT(e) given
by Eq. ~3.4! and, respectively, Eq.~3.12!. The fitting was
done in the e region bounded by the arrows, i.e, for
231022,e,1021, with tf , t, andjc~0! as free parameters
but by imposingtf>t, in accordance with the Matthiessen
rule.30 Note also that the lower limit of thee region consid-
ered here coincides with the estimated Ginzburg temperature
for Y-123 compounds,10,19,24 whereas the upper limit has
been chosen to avoid the possible influence on the paracon-
ductivity of nonlocal or other high-temperature effects.21,37,38

So, we will consider thise region as the mean-field-like tem-
perature region~MFR! aboveTc0 for the Y-123 compounds.
Note here thattf and t are expected to be temperature de-
pendent, but they may be approximated as constants~and
equal to their respective value atT5100 K! in that MFR.
The resulting values from this fit aretf~100 K!'t~100
K!51.4310214 s, andjc~0!50.11 nm. As it may be seen in
this figure, the agreement between this conventional ap-
proach and the experimental data is quite good, the rms error
being of the order of 3%. These values of the free parameters
lead to a contribution of the anomalous MT term of about
15% of the total paraconductity ate51022 and of the order
of 35% ate51021.

The comparison between the theoretical in-plane
fluctuation-induced magnetoconductivity, always in the limit
g1/g2→`, and the experimental data obtained in the weak
magnetic-field limit in the same Y-123 crystals studied
before,10 is presented in Fig. 3~b!. In this figure, the solid line
corresponds to the best fit, in the samee region as before for
the paraconductivity, of Eq.~4.1!, with the ALO term given
by Eq. ~4.5! and the MTO term given by Eq.~4.10! and by
imposing the above found values oftf , t, and jc~0!. The
resulting value of the in-plane superconducting coherence
length amplitude~atT50 K!, the only remaining free param-
eter, isjab~0!51.05 nm, the rms error being of the order of
5%. We see, therefore, that this scenario, notedA in Table I,
may reasonably explain simultaneously the experimental
Dsa~e! andDs̃a(e,H) in the MFR in Y-123 crystals. How-
ever, a crucial test of consistency for this scenario is pro-

vided by the fluctuation-induced diamagnetism,Dxab~e!, be-
cause~as seen previously in Sec. III! this observable depends
on the same parameters asDsa~e! andDs̃a(e,H). In Figs.
3~c! and 3~d! we compare Dxab(e)/TDsa(e) and
Dxab(e)/T with the experimental results obtained in the

FIG. 3. Comparison between the theoretical results for layered
superconductors with a single periodicity~N51!, but by taking into
account only the direct Aslamazov-Larkin~dashed line! and the
indirect anomalous Maki-Thompson~dotted line! contributions, and
the experimental data of the paraconductivity along thea axis ~a!,
the fluctuation-induced magnetoconductivity~b!, the fluctuation-
induced diamagnetism~d!, and the relationship betweenDsa and
Dxab/T ~c!, measured in untwinned Y-123 crystals by Pomar and
co-workers~Refs. 10 and 24! and by Torro´n and co-workers~Refs.
19!. ThisN51 approximation is equivalent tog1/g2→` in theN52
theory. The solid lines correspond to the best fits of the theory to the
experimental data in the mean-field-like region bounded by the ar-
rows. The resulting values of the various parameters arising in the
theory are summarized in Table I~scenario A!.
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same samples,19,24 in both cases by using the values of the
different parameters found before, i.e., without any fitting
parameter. The disagreement between the theory forN51
~solid lines! and the experimental data is evident, the rms
error in the MFR being of the order of 35%. These results
show that the conventional approach cannot explain quanti-
tatively and simultaneously the experimental data onDsa~e!,
Ds̃a(e,H), andDxab~e! obtained in the MFR in high quality
Y-123 crystals.

To check if the presence of the new indirect contributions
recently proposed by Dorin and co-workers17 could eliminate
the difficulties found before for the one single periodicity
approach, in Fig. 4 we compare again this approach with the
same experimental data, but adding to the theoretical expres-
sions ofDsa~e! and of Ds5 a(e,H) the corresponding new
terms, given by Eqs.~6.6! and, respectively,~6.11!. The solid
line in Fig. 4~a! was obtained by fitting~6.6! to the experi-
mental data in the same MFR as above, and withtf , t, and
jc~0! as free parameters, but again by imposingtf>t. As it
may be seen, the agreement is again excellent, the resulting
values for the free parameters beingjc~0!50.17 nm,t~100
K!51.5310214 s, andtf~100 K!55.7310213 s. In this case,
the AL term represents about 60% of the total paraconduc-
tivity whereas the net~the anomalous MT term is positive,
i.e., enhances the conductivity, whereas the DOS and the
regular MT contributions are negative, i.e., they decrease the
conductivity! contribution of the indirect terms is around
40%. However, such a good agreement of the one single
periodicity approach for the in-plane paraconductivity is se-
verely questioned by analyzing the in-plane fluctuation-
induced magnetoconductivity. In Fig. 4~b!, we present the
best fit of the total~included the new indirect contributions!
theoretical fluctuation-induced magnetoconductivity to the
experimental data, by imposing the values ofjc~0!, tf andt
found above, but withjab~0! as the unique free parameter.
As it may be seen in this figure, the agreement between the
theory and the experimental data is very poor, the rms error

of the fit being of the order of 90%. The resultingjab~0!
value is 0.9 nm. In addition, it is very easy to check that with
such a lowjab~0!, this scenario, notedB in Table I, cannot
explain theDxab~e! data, the rms error being@always in the
same MFR, i.e., thee region bounded by the arrows in Fig.
4~a!# bigger than 100%.

We may, therefore, conclude already here that the con-
ventional approaches with one single layered periodicity can-
not explain simultaneously and consistently the experimental
Dsa~e!, Ds̃a~e!, andDxab~e! data obtained in the MFR in the
same Y-123 crystals, even if the new indirect contributions
proposed by Dorin and co-workers17 are taken into account.
In fact, the presence of appreciable DOS and regular MT
contributions will still enhance the importance of the dis-
agreement found between theN51 theory and the experi-
mental results in Y-123 crystals.

B. The biperiodic approach

We will now compare the same experimental data already
used in the precedent subsection with our theoretical results
for biperiodic layered~also called bilayered! superconduct-
ors. To avoid the introduction of new free parameters in the
theoretical expressions, we are going to impose henceforth in
this comparison the conditiong1/g251. Let us stress already
here that thisg1/g2 value is close to those that are obtained if,
as it may be expected, the strength of the tunneling coupling
between adjacent superconducting layers is approximately
proportional to the inverse of the distances between them, or
even proportional to the square of these interlayer
distances.44 As it may be easily inferred from the plots
shown in Figs. 2~a! and 2~b!, in this g1/g251 limit the bipe-
riodic approach leads to very appreciable differences with
the one single periodicity approach~g1/g2→`!.

In comparing the biperiodic approach with the experimen-
tal data, we will follow the same procedure as used before
for theN51 theory. The solid line in Fig. 5~a! corresponds to

TABLE I. Values of the characteristic parameters arising in the different theoretical scenarios compared
here with the experimental data of the in-plane paraconductivity, fluctuation induced magnetoconductivity,
and fluctuation induced diamagnetism measured in untwinned YBa2Cu3O72d crystals~Refs. 10, 19, and 24!.
The different symbols are defined in the main text. ScenariosA andB, with g1/g2→`, correspond to the
approaches with one single periodicity~N51!, whereas the scenariosC andD correspond to the biperiodic
approach, in the limiting caseg1/g2'1, i.e., by assuming a similar tunneling coupling strength between
adjacent layers. InB andD the possible indirect DOS and MTR contributions toDsa(e,H) andDs̃a(e,H)
are taken into account, whereas these effects are neglected inA andC. The too low~unphysical! values oftf

andt in scenarioC, the most plausible one to explain the in-plane OPF effects in Y-123 crystals, just suggest
the absence in this scenario of appreciable indirect OPF contributions toDsa(e,H) andDs̃a(e,H) in all the
mean-field-like region. Note also the excellent agreement between the experimental paraconductivity and the
different theories in the four scenarios analyzed here, which is a clear illustration that the analysis of only one
observable does not suffice to discriminate between very different theoretical approaches. However, the
ambiguity disappears by simultaneously analyzing alsoDs̃a(e,H) andDxab~e!. The uncertainties of these
different values, associated with the different error sources, remain below 15%.

Scenario g1/g2

jc~0!
~nm!

t
~s!

tf

~s!
jab~0!
~nm!

rms error

Dsa Ds̃a Dxab/TDsa Dxab/T

A →` 0.11 1.4310214 1.4310214 1.05 3% 5% 35% 35%
B →` 0.17 1.5310214 5.7310213 0.90 3% 90% .100% .100%
C 1 0.12 2.2310216 2.2310216 1.10 3% 5% 1% 3%
D 1 0.13 1.3310214 3.6310213 0.95 3% 70% .100% .100%
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the best fit, in the same MFR as before~thee region between
the arrows, in this figure!, of the total paraconductivity given
by Eq.~3.1! with the AL and the anomalous MT terms given
by, respectively, Eqs.~3.6! and ~3.13!, to the experimental
Dsa~e! data, with againtf , t, andjc~0! as free parameters
andt>t. The resulting best fit values arejc~0!50.12 nm and
t~100 K!5tf~100 K!52.2310216 s. The agreement between
the theory and the experimental data is excellent, the rms
error being 3% in such a MFR. These values lead to an
anomalous MT contribution of less than 10% of the total
paraconductivity in all the MFR. In fact, as we will see be-

low, thist is much more smaller than the relaxation time that
may be obtained from the analysis of the normal conductiv-
ity and, therefore, the physical meaning of these so lowt and
tf values may also suggest the nonapplicability to the HTSC
of the BCS-based calculations of these indirect contributions
to the in-plane paraconductivity~see below!.

The comparison between the theoretical in-plane
fluctuation-induced magnetoconductivity in biperiodic lay-
ered superconductors, always in the caseg1/g251, and the

FIG. 4. Comparison between the theoretical expressions for one
single periodicity layered superconductors, but now including the
indirect DOS and MTR terms, with the same experimental results
as in Fig. 3. The solid lines are the best fits of the theory to the data.
The disagreement between this scenario, notedB in Table I, and the
experimental results is evident.

FIG. 5. Comparison between the same experimental results as in
Fig. 3 with the theoretical results for biperiodic layered supercon-
ductors, in the limitg1/g251, and by neglecting the indirect DOS
and MTR contributions. The corresponding scenario is notedC in
Table I. The solid lines correspond to the best fits of the theory to
the data. This scenario leads to the absence of appreciable anoma-
lous MT contributions to the paraconductivity and to the
fluctuation-induced magnetoconductivity.
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experimental data is presented in Fig. 5~b!. In this figure, the
solid line correspond to the best fit, in the same MFR as
before, of Eq. ~4.1!, with Ds5 abALO(e,H) and
Ds5 abMTO(e,H) given by Eqs.~4.6! and, respectively,~4.11!,
and by imposing the above found values oftf , t, andjc~0!.
The resulting value of the only remaining free parameter, the
zero-temperature in-plane coherence length, isjab~0!51.1
nm, and the rms error is 5%. This scenario, which leads to
the absence also in the fluctuation-induced magnetoconduc-
tivity of appreciable indirect contributions, is notedC in
Table I and it may also explain at a quantitative level the
fluctuation-induced diamagnetism measured in the same
samples. Such a comparison is shown in Figs. 5~c! and 5~d!
for Dxab(e)/TDsa(e) and, respectivelyDxab~e!. In agree-
ment with the irrelevance of the anomalous MT contribution
to the paraconductivity in all the MFR, we see in Fig. 5~c!
that the theoreticalDxab/TDsa(e) is practicallye indepen-
dent in all the MFR, in excellent agreement with the experi-
mental data, the rms error being of the order of 1% in thise
region. Such a good agreement is also found forDxab~e!, the
rms error being less than 3%.

We will check now the possible relevance, in the case of
this biperiodic layered description~always withg1/g251!, of
the new indirect terms~DOS and MTR! on theDsa~e! and
Ds̃a(e,H) measured in Y-123 crystals. The solid line in Fig.
6~a! correspond to the best fit of the total in-plane paracon-
ductivity given by

Dsab~e!5DsabAL
N52 ~e!1DsabMT

N52 ~e!1DsabMTR
N52 ~e!

1DsabDOS
N52 ~e!, ~7.1!

with these terms given by Eqs.~3.6!, ~3.13!, and~6.6!, with
g1/g251 or, equivalently, by imposing the conditions given
by Eq.~6.10a!. The fit was done in the same MFR as before,
and again withtf , t, andjc~0! as free parameters. The re-
sulting values arejc~0!50.13 nm,t~100 K!51.3310214 s,
andtf~100 K!53.6310213 s, and the agreement between the
theory and the experimental data is excellent, the rms error
being again of the order of 3%. In fact, as it may be seen in
Fig. 6~a!, in this case the anomalous MT term from one side,
and the DOS and the regular MT contributions from the
other, are almost mutually compensated, so their net contri-
bution to the paraconductivity is of the order of 15%. How-
ever, the comparison with the fluctuation-induced magneto-
conductivity will allow us to further check the possible
presence of these indirect contributions: The solid line in
Fig. 6~a! corresponds to the best fit of the total in-plane
fluctuation-induced magnetoconductivity, given by

Ds5 ab~e,H !5Ds5 abALO
N52 ~e,H !1Ds5 abMTO

N52 ~e,H !

1Ds5 abMTR
N52 ~e,H !1Ds5 abDOS

N52 ~e,H !, ~7.2!

where these terms are given by Eqs.~4.6!, ~4.11!, and~6.11!,
with g15g2, or equivalently, under the conditions given by
Eq. ~6.10a!. In this fit, we have imposed the values ofjc~0!,
tf , and t found before, but withjab~0! as free parameter.
From this fit we obtainjab~0!50.95 nm and the disagree-
ment between the theory and the experimental data is very
important, the rms error being of the order of 70%. It will be
very easy to check that this scenario, notedD in Table I, is
also not at all able to account for theDxab~e! data.

We may conclude already here, therefore, that the only
scenario which explains quantitative and simultaneously the
intrinsicDsa~e!, Ds̃a(e,H), andDxab~e! data obtained in the
MFR in Y-123 untwinned crystals is the scenarioC, which
corresponds to a biperiodic layered superconductor with
g1'g2. In this scenario, 2jc(0)>s51.17 nm fore&0.04, so
the OPF have a 2D–3D crossover in the MFR, the effective
critical exponent and the effective number of fluctuating
planes varying to within 20.75&x~e!&20.5 and 1.2
&Ne~e!&1.6 in the MFR~0.02&e&0.1!. Another important
aspect of this scenario is that the OPF effects on the three
magnitudes analyzed here may be explained at a quantitative

FIG. 6. Comparison of the theoretical expressions for biperiodic
layered superconductors in the limitg1/g2'1, but now including the
indirect DOS and MTR terms, with the same experimental data as
in Fig. 3. The solid lines are the best fits of the theory to the data.
The disagreement between this scenario, notedD in Table I, and the
experimental results is evident.
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level in terms of the so-called direct effects: The AL con-
tribution in the case of the in-plane paraconductivity and the
ALO contribution in the case of the fluctuation-induced mag-
netoconductivity. These results confirm at a quantitative
level our earlier proposal, based on the analysis of the para-
conductivity and of the fluctuation-induced diamagnetism in
different HTSC systems,23,45 that the indirect contributions
~now including also the DOS and regular-MT ones! are neg-
ligible in the MFR in Y-123 compounds and that, therefore,
the wave pairing in the HTSC could be unconventional~ex-
tended or non-1s0! pair breaking.

46,47 In fact, by taking into
account the in-plane normal electrical conductivity of our
samples atT5100 K, and using a carrier density of about
nH5431027 m3 we obtain for the mean free path of the
normal carriers,l'8 nm. By combining this value with the
value oft in this scenarioC, we obtain for the Fermi veloc-
ity, vF563102 m/s, a value in disagreement with those cur-
rently proposed for Y-123 compounds in the literature48

~vF'105 m/s!. In addition, such a lowt will indicate that the
Y-123 compounds will be in the so-called dirty limit, also in
contrast with most of the existing proposals.7,16,38As t only
appears in the MT contributions and these terms were calcu-
lated on the grounds of the BCS-like theory, with a conven-
tional 1s0 wave pairing, these last results suggest again the
nonapplicability to the copper oxide superconductors of such
an approach. Complementary, another conclusion to be
stressed here is that our present results also confirm, at a
quantitative level, our earlier suggestion45 that the use of the
conventional LD-like approaches for layered superconduct-
ors with one single periodicity will introduce a considerable
error in analyzing the biperiodic layered HTSC.

Finally, let us also stress here that thesimultaneousanaly-
sis of high quality experimental data of in-plane paraconduc-
tivity and of the fluctuation-induced magnetoconductivity
~together with the analysis of the in-plane fluctuation-
induced diamagnetism measured in the same samples! is cru-
cial to discriminate between the different scenarios of Table
I. The results shown in this table clearly illustrate that the
analysis of an unique observable measured in an unique
HTSC family will not allow, even by using high quality
data,49 a discrimination between these different~or even
other! possible scenarios for the OPF effects. To further il-
lustrate this point, in Fig. 7 we present the relationship be-
tween DsabAL

N52 (e) with g1/g251 and DsabAL
N51 (e)

1DsabMT
N51 (e), for different relative strengths of the anoma-

lous MT term, i.e., for differenttf values, but always with
jc~0!50.12 nm andt;10215 s. As we may see in this figure,
these two different theoretical approaches almost agree in all
the MFR if tf;2310215 s in theN51 approach. So, the
discrimination between these two very different scenarios is
only possible by analyzing simultaneously the OPF effects
on other magnitudes, as for instanceDxab~e! andDs̃a(e,H),
measured in the same samples.

VIII. CONCLUSIONS

In this work the different direct and indirect contributions,
associated with the Cooper pairs created by thermal fluctua-
tions above the superconducting transition, to the in-plane
paraconductivity,Dsab~e!, and to the fluctuation-induced
magnetoconductivity,Ds5 ab(e,H), in a biperiodic layered

superconductor, with two interlayer distances in the unit cell
length and with two different tunneling coupling strengths
between adjacent superconducting layers, were calculated.
Our results show, in particular, that by introducing an effec-
tive number,Ne , of independent fluctuating layers per unit
cell length, it is possible to express the Aslamazov-Larkin
and the anomalous Maki-Thompson contributions toDsab~e!
andDs5 ab(e,H) in terms of the corresponding quantities in
one single periodicity layered superconductors with the same
unit cell length. Also,Ne is the same effective number of
fluctuating planes that we have previously found in studying
the fluctuation-induced diamagnetism,Dxab~e!, in biperiodic
layered superconductors.20 As an example of their interest,
these theoretical results in biperiodic and in single layered
superconductors have been used to analyze the experimental
data on the paraconductivity and on the fluctuation-induced
magnetoconductivity in thea direction ~nonaffected by the
presence of CuO chains! obtained in untwinned
YBa2Cu3O72d crystals.10,24 As an important test of consis-
tency, we have analyzed also the data of the in-plane
fluctuation-induced diamagnetism measured in the same
crystals.19 In these analyses taken into account are all the
different direct and indirect OPF contributions toDsab~e!
andDs5 ab(e,H), including the indirect contributions associ-
ated with the fluctuations of the normal quasiparticle density
of states ~DOS!, recently proposed by Dorin and
co-workers.17 Some of the conclusions of these analysis are
as follows.~i! The currently used Lawrence-Doniach~single
layered! approaches forDsab~e!, Ds5 ab(e,H), andDxab~e!,
which consider the Y-123 compounds as stacks of supercon-
ducting layers with only one superconducting layer per unit
cell length cannot explain simultaneous and consistently the
experimentalDsa~e!, Ds̃a(e,H), andDxab~e! in these com-
pounds, and this with or without the consideration of indirect
OPF contributions.~ii ! The presence of appreciable DOS
contributions is not compatible with theDsa~e!, Ds̃a(e,H),
andDxab~e! data in the Y-123 crystals, and this in both the
single or the biperiodic layered approaches. This conclusion
directly affects the recent proposals17,39–41of the existence of
important DOS effects as an explanation for the behavior
nearTc0 of the magnetoconductivity in thec direction in

FIG. 7. Relationship betweenDsabAL
N52 (e), with g1/g251, and

DsabAL
N51 (e)1DsabMT

N51 (e), for different tf values andt510215 s.
We see that fortf'2310215 s,DsabAL

N52 (e) almost coincides, in all
the MFR, withDsabAL

N51 (e)1DsabMT
N51 (e).
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HTSC. New theoretical and experimental work on the OPF
effects in this transversal direction in HTSC will be therefore
suitable.~iii ! If the important modifications associated with
the biperiodicity of the Y-123 compounds are taken into ac-
count, it is possible, then, to explain simultaneously, consis-
tently and at a quantitative level theDsa~e!, Ds̃a(e,H), and
Dxab~e! experimental data obtained in untwinned Y-123
crystals in the reduced temperature region bounded by
231022<e<1021. This e region corresponds quite well to
the expected mean-field region in these compounds, where
the mean-field OPF theories are expected to be applicable
without the inclusion of nonlocal and high-temperature
contributions21,37,38which may appear at highere values, and
also without the modifications that appear in the so-called
full critical region closer toTc0.

10,24 In this biperiodic sce-
nario for the Y-123, the tunneling coupling strengths be-
tween different adjacent superconducting CuO2 layers are of
the same order, just as it could be expected if such couplings
are inversely proportional to the interlayer distances or even
to the squares of these distances.44 Let us comment here that
quite recent measurements in Y-123 crystals by Ling and
co-workers support also the existence in this compound of
two tunneling junctions per crystallographic unit cell.50

Moreover, another important aspect of this scenario is that

the indirect~regular-MT and DOS included! contributions to
Dsa~e! andDs̃a(e,H) are negligible in all the MFR: the
direct~i.e., Aslamazov-Larkin! OPF contributions toDsab~e!
andDs5 ab(e,H) suffice to explain at a quantitative level the
corresponding experimental data. These last results confirm
at a quantitative level our earlier proposals, based on the
preliminary analysis of the in-plane paraconductivity and of
the fluctuation-induced diamagnetism in different HTSC
families, that the indirect OPF effects are negligible in
HTSC, and they again suggest, therefore, the possibility of
an unconventional~extended or non-1s0!, pair breaking,
wave pairing in these compounds.23,45 Also, our analysis
confirms at a quantitative level the presence of a dimension-
ality ~2D–3D! crossover of the superconducting OPF in the
MFR of the Y-123 crystals.
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